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Abstract. Prescribed burning is used in Australia as a tool to manage fire risk and protect assets. A key challenge is
deciding how to arrange the burns to generate the highest benefits to society. Studies have shown that prescribed burning in
thewildland–urban interface (WUI) can reduce the risk of house loss due towildfires, but the costs and benefits of different

arrangements for prescribed burning treatments have rarely been estimated. In this study, we use three different models to
explore the costs and benefits of modifying the spatial arrangement of prescribed burns on public land, using the south-
west of Western Australia as a case study. We simulate two hypothetical scenarios: landscape treatments and WUI

treatments. We evaluate the long-term costs and benefits of each scenario and compare the results from the three models,
highlighting the management implications of each model. Results indicate that intensifying prescribed burning treatments
in public land in theWUI achieves a greater reduction in damages comparedwith applying themajority of the treatments in

rural areas. However, prescribed burning in the WUI is significantly more expensive and, despite additional benefits
gained from this strategy, in most cases it is not the most economically efficient strategy.
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Introduction

Wildfires, termed bushfires in Australia, can cause significant
damage to ecosystems, life and property (Gill 2005; Bowman

et al. 2009). In the last two decades, Australia has experienced
some of the worst fires in its history (e.g. Canberra bushfires in
January 2003, McLeod 2003; Black Saturday fires in February
2009, Teague et al. 2010). With climate change predictions

showing a likely increase in the number of extremeweather days
(Cary et al. 2012; Barbero et al. 2015; Jolly et al. 2015), the need
for improved strategies for wildfire management and mitigation

is growing.
Prescribed burning – the planned application of fire to the

landscape – is one of the strategies implemented throughout

Australia to reduce the intensity of bushfires and reduce the risk
to people and property from damaging bushfires (Penman et al.
2011; Bentley and Penman 2017). There is a debate regarding

the effectiveness of prescribed burning in reducing wildfire risk
(Fernandes and Botelho 2003; Cary et al. 2009; Altangerel and
Kull 2013; Gill et al. 2013) and where it should be applied to
maximise its effectiveness (Stockmann et al. 2010; Penman

et al. 2011). At the same time, the application of prescribed
burning is becoming more difficult. With climate change, the
window of opportunity presenting suitable conditions for the

application of prescribed burning treatments is becoming smal-
ler (Quinn-Davidson and Varner 2012; Jolly et al. 2015). In
addition, escaped prescribed burns and issues caused by smoke
emissions (e.g. health issues caused by increased levels of fine

particulate matter air pollution or damage to agricultural pro-
duction such as wine grapes) have resulted in resistance to the
practice in certain communities (Brunson and Evans 2005; Bell

and Oliveras 2006; Broome et al. 2016). Thus, there is a need to
identify strategies that maximise the benefits of the practice and
strike the right balance between asset protection, resource needs

and potential disruptions.
The economic evaluation of prescribed burning, and more

broadly the economic evaluation of fire management practices,

is still a sparsely researched topic (Hesseln 2000; Fernandes and
Botelho 2003; Mercer et al. 2007). Some research has been
conducted to develop models for determining the optimal
prescribed burning regime (e.g. Prestemon et al. 2001; Mercer
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et al. 2007; Mercer et al. 2008; Butry et al. 2010), or the optimal
timing for applying the treatment (e.g. Jones et al. 1999). Other
work has investigated the most cost-effective strategy to reduce

the area burned by wildfires or to reduce the probability of
houses being destroyed by fire (Omi et al. 1999; Liu et al. 2010;
Stockmann et al. 2010; Penman et al. 2014).

As a general rule, fire agencies practice wildfire prevention
based on values at risk and take into consideration the differ-
ences in value and importance of communities, houses, infra-

structure and natural resources when planning and allocating
resources for fire mitigation and suppression (Department of
Fire and Emergency Services (DFES), Department of Parks and
Wildlife (DPaW), Government of Western Australia 2016).

However, most of the published research literature evaluating
the costs and benefits of prescribed burning in different loca-
tions has used in their models the same value per hectare for all

hectares in the landscape (i.e. values at risk are the same for all
hectares) or has not estimated the benefits in dollar values to be
able to compare them with the costs of wildfire mitigation. For

instance, Prestemon et al. (2001),Mercer et al. (2007) and Butry
et al. (2010) evaluated the costs and benefits of prescribed
burning in Florida, but assumed that all parts of the landscape

had the same value per hectare. Omi et al. (1999) and Liu et al.
(2010) estimated the costs of different strategies to reduce area
burned but did not estimate the benefits of reductions in wildfire
area. Stockmann et al. (2010) and Penman et al. (2014) esti-

mated the costs of different placements for prescribed burning
treatments to reduce the risk of wildfires destroying houses.
Their models estimated the probability of a fire reaching houses

and investigated which prescribed burning strategy achieves the
highest reduction in risk to houses. However, these studies did
not estimate house losses in dollar values, fromwhich to be able

to infer the value for money delivered by the treatments. In the
present study, we have developed a model that can simulta-
neously: (i) estimate the costs of prescribed burning, taking into
account changes in costs with treatment size and location (i.e.

distance from human habitations); (ii) use a different value per
unit area rather than the same value for all hectares in the
landscape; and (iii) estimate the benefits (in dollars) of changes

in wildfire area and asset loss for each fuel reduction strategy to
compare them with implementation costs. We compare the
results of our model with the results that would be obtained

from a model using a single value per hectare and a model
minimising the probability of a fire reaching houses.

There are several arguments for concentrating fuel manage-

ment around the wildland–urban interface (WUI). One argu-
ment is that house losses due towildfire can be reducedwhen the
fuel load close to houses is reduced (Bar Massada et al. 2011;
Gibbons et al. 2012; Penman et al. 2015). Some authors argue

that reducing the potential of home ignition by reducing fuels
adjacent to houses should be the focus of land-management
agencies (Cohen 1999; Cohen 2004; Stocks et al. 2004; Calkin

et al. 2014). Also, when a fire is getting close to a town,
firefighting resources may be more effective at protecting life
and property if the intensity of the fire is reduced when the fire

encounters a treated area close to the town (Underwood et al.

1985; McCaw 2013). Another argument is related to the distri-
bution of fire ignitions.Wildfire ignition probability is generally
higher close to population centres (Penman et al. 2013;

Plucinski et al. 2014), so if fuel management is intensified
around the WUI, these ignitions are less likely to produce
damaging wildfires. However, prescribed burning close to

human habitations is usually more expensive because these
burns require more planning and fire agencies tend to use more
resources per hectare treated to prevent the burns from escaping

(Berry et al. 2006; Calkin and Gebert 2006; Hesseln et al. 2006;
Penman et al. 2014).

The question addressed here is: what spatial arrangement of

prescribed burning (WUI vs landscape treatments) maximises
the net benefits of prescribed burning, allowing for its various
benefits, costs and risks? In particular, are the benefits from
concentrating prescribed burning in theWUI sufficient to justify

the higher costs of doing so? We use wildfire simulation
technology in combination with an economic model to evaluate
different strategies for prescribed burning in the long term. We

compare our model with previous models evaluating the costs
and benefits of prescribed burning programs. We use the south-
west forest region of Western Australia (WA) as a case study.

Methods

We used three different models to evaluate the costs and benefits
of two different arrangements of prescribed burning treatments

(WUI vs landscape treatments) and different amounts of area
treated per year. The first model (here referred to as the ‘mini-
mum costs plus net value change model’) is the one we devel-
oped. It is a modified version of the original cost plus net value

change (CþNVC) model (Donovan and Rideout 2003), which is
the most widely used model for the economic evaluation of fire
management programs (Ganewatta 2008). The second and third

models (here referred to as the ‘equal asset value and modified
costs model’ and the ‘minimum house loss model’) are based on
previous studies evaluating the costs and benefits of prescribed

burning (Mercer et al. 2008; Butry et al. 2010; Stockmann et al.
2010; Penman et al. 2014).We applied the three models to a case
study area in the south-west of WA and compared their results.

Eachmodel estimates the costs of the prescribed burning program
according to the strategy implemented (WUI or landscape treat-
ments) and the amount of area treated, aswell aswildfire damages
(in dollar values or expressed as the probability of a fire reaching

houses, depending on the model used) and suppression costs. The
counterfactual used for all three models is the no-prescribed-
burning scenario (i.e. 0% area treated); thus the benefits of

applying the different prescribed-burning strategies correspond to
the reduction in damages and suppression costs achieved by the
implementation of each strategy compared with doing nothing.

Prescribed burning strategies

We evaluated two prescribed-burning strategies corresponding
to different spatial arrangements for the treatments:

(1) One where the majority of the area treated (but not all) is
located in rural areas (hereafter called ‘landscape treat-
ments’). This strategy is similar to the strategy currently

implemented by the WA Department of Biodiversity, Con-
servation and Attractions (DBCA) in the south-west ofWA.

(2) Another where the majority of the area treated (but not all)
is concentrated around human habitations (hereafter called
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‘WUI treatments’). Here, we implemented a similar strat-
egy to that suggested by Burrows and McCaw (2013),
where the treatments are distributed as follows:1

� Zone 1: Community protection zone. Fuels are main-
tained at ,4 years old within a 5-km radius of towns.

� Zone 2: Bushfire modification zone. Fuels are main-
tained at ,5 years old in areas in a 5–10-km radius
of towns and between 5 and 7 years old in areas in a

10–20-km radius of towns. The purpose of this zone
is to modify bushfire behaviour in order to reduce
damages and increase the likelihood of suppression of

the fires before they reach a town.
� Zone 3: Biodiversity management zone. In this zone,
located .20 km from towns, the goal is to maintain a

diversity of fire regimes and fuel ages (through mosaic
burning) where possible. Fuels are maintained at
,4 years old in one-third of the area, at 4–7 years old
in another third of the area, and carry older fuels in

the remaining third.

For each strategy, we tested five different prescribed burning

regimes:

(a) 0 ha treated per year. This is the 0% regime.
(b) 39 500 ha treated per year, which corresponds to 5% of the

area managed by DBCA in the case study area (DBCA
manages,790 000 hectares of land in the case study area.

This corresponds to 42% of the total area of the case study
area). This is the 5% regime.

(c) 79 000 ha treated per year, which corresponds to 10% of the

area managed by DBCA in the case study area. This is the
10% regime.

(d) 118 500 ha treated per year. This is the 15% regime.

(e) 158 000 ha treated per year. This is the 20% regime.

Each regime was applied over a 15-year period (with wild-

fires burning in each fire season) until fuels reached an ‘equilib-
rium’ level. All burned areas (both wildfire and prescribed fire)
alter the fuel levels (risk) of the ‘equilibrium’ layer for each

regime. All changes done to fuel levels for a period of 15 years
(as a result of prescribed burning and wildfires) in order to reach
the equilibrium are not part of the economic analysis; their only
purpose is to arrive at equilibrium loads where the fuels would

be at a level representative of the regime applied. The area
treated per annum for both strategies (landscape and WUI
treatments) is the same for any given regime (0, 5, 10, 15 or

20%), the only thing that changes between the two strategies is
where the treatments are located on the landscape. The treat-
ments were only applied on public land, selecting the patches

with the oldest fuel age within each zone. Feasibility was not
considered in the model, the assumption being that all areas
selected for treatment could actually be treated. The risk of fire

escaping and destroying high-value assets was not considered
for the selection of the patches, but was indirectly accounted for
in the costs of prescribed burning (higher costs for treatments
located closer to human habitations).

The costs of prescribed burning change depending on where
on the landscape the treatment is applied – close to or far from
human habitations – and the size of the patch burned (the costs of

prescribed burning are further explained in the descriptions of
the models below). Table 1 shows the area treated for different
treatment sizes and distances from towns for the strategy with

majority landscape treatments. This strategy is similar to the
strategy implemented byDBCA andwas derived from historical
records of the application of prescribed burning by DBCA in the

case study area. Table 2 shows the area treated with intensified
WUI treatments, which was derived from the three-zones
strategy suggested by Burrows and McCaw (2013).

Minimum cost plus net value change model

In this model, the most efficient strategy is the one that mini-
mises the sum of prescribed burning costs, suppression costs and

damages (Donovan and Rideout 2003; Rodrı́guez y Silva and
González-Cabán 2010). For each regime, we simulated 220 fire
seasons (parameterM), each containing 110 fires (parameterK),

with ignition location and weather conditions changing between
fire seasons (see more details in the section Using simulation

technology below). We then calculated the average suppression

costs and average damage for all fire seasons simulated. Our
model is formulated as follows:

MinC þ NVC ¼ PBC þ SUP costsþ NVC ð1Þ

with

PBC ¼
X4

i¼1

X3

x¼1

bimxWP PBAix ð2Þ

SUP costs ¼ 1

M

XM

m¼1

XK

k¼1

WSAkm ð3Þ

NVC ¼ 1

M

XM

m¼1

XK

k¼1

XJ

j¼1

AjkmZjZ ð4Þ

Prescribed burning costs (PBC) in Eqn (2) were calculated by

multiplying the total number of hectares prescribed-burned per
year PBA in treatments of size x and at distance i from the closest
town, by the average cost of prescribed burning per hectare (Wp).
We used two coefficients to change prescribed-burning cost per

hectare depending on the size of the treatment and its location
(i.e. distance from the closest town):bi varieswith distance i from
the closest town, and mx varies with the size x of the treatment.

Table 3 shows the values used for each coefficient and resulting
prescribed-burning costs per hectare, which are based on histori-
cal cost data (2003–13) provided by DBCA. Economies of scale

are incorporated in the model through the coefficient mx, which
diminishes as the size of the treatment gets larger. However, other
likely economies of scale resulting from reductions in the overall

level of fuels in the landscape, increased staff experience, or

1The strategy outlined here is slightly different to the one presented in Burrows andMcCaw (2013) but it follows the same principles of zoning for community

protection, bushfire modification and biodiversity management, and has similar splitting distances.
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improved leverage of available resources, etc., were not possible

to isolate from the DBCA costs data and consequently are not
accounted for in our model. Therefore, although economies of
scale are incorporated through the coefficient mx, total prescribed
burning costs increase linearly because the area treated in each

combination of treatment size and distance from towns increases

linearly between the regimes tested. Total prescribed burning
costs for each strategy are shown in Table 4 (see Supplementary
material Tables S1 and S2 for details on how these costs were
calculated for each strategy).

Table 2. Hectares treated per combination of treatment size and distance from towns in each prescribed burning regime (wildland–urban interface

(WUI) treatments, equal for all models)

Distance from

closest town (km)

Size of treatment (ha) Hectares treated per regimeA

5% 10% 15% 20%

,5 ,100 3448 3448 3448 3448

,5 100–500 2414 2414 2414 2414

,5 500–1500 1034 1034 1034 1034

,5 .1500 0 0 0 0

5–10 ,100 4139 5524 8550 11 576

5–10 100–500 3104 4143 6412 8682

5–10 500–1500 2070 2762 4275 5788

5–10 .1500 1035 1381 2137 2894

10–20 ,100 5564 10 036 15 534 21 032

10–20 100–500 7790 14 050 21 747 29 444

10–20 500–1500 5564 10 036 15 534 21 032

10–20 .1500 3338 6022 9320 12 619

.20 ,100 0 363 562 761

.20 100–500 0 908 1405 1902

.20 500–1500 0 1815 2809 3804

.20 .1500 0 15 065 23 319 31 572

Total 39 500 79 000 118 500 158 000

AThe number of hectares treated for each combination of treatment size and distance from towns was derived using the zoning strategy suggested by Burrows

and McCaw (2013). Their recommendations for fuel age within each zone are achieved when this number of hectares is treated per year.

Table 1. Hectares treated per combination of treatment size and distance from towns in each prescribed burning regime (landscape treatments,

equal for all models)

Distance from

closest town (km)

Size of treatment (ha) Hectares treated per regimeA,B

5% 10% 15% 20%

,5 ,100 80 160 240 320

,5 100–500 400 790 1190 1580

,5 500–1500 750 1500 2250 3000

,5 .1500 0 0 0 0

5–10 ,100 120 240 360 470

5–10 100–500 990 1970 2960 3950

5–10 500–1500 2250 4500 6750 9010

5–10 .1500 2760 5530 8300 11 060

10–20 ,100 180 350 530 710

10–20 100–500 2170 4350 6520 8690

10–20 500–1500 3380 6750 10 130 13 510

10–20 .1500 9680 19 360 29 030 38 710

.20 ,100 20 40 60 80

.20 100–500 400 790 1180 1580

.20 500–1500 1120 2250 3380 4500

.20 .1500 15 200 30 420 45 620 60 830

Total 39 500 79 000 118 500 158 000

AThe number of hectares treated for each combination of treatment size and distance from towns was derived using historical data from Department of

Biodiversity, Conservation and Attractions (DBCA). We estimated the average number of hectares treated by DBCA in each size-and-distance combination

over 10 years and scaled it to the total number of hectares treated in each regime.
BNumber of hectares are rounded to the nearest multiple of 10.
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SUP costs in Eqn (3) correspond to the average suppression
costs for all fire seasons simulated. We calculated suppression
costs for each fire season by multiplying the average suppres-
sion cost per hectare WS by the number of hectares burned Akm

by fire k (k¼ 1,y,K) in fire seasonm (m¼ 1,y,M), where K is
the total number of fires in a fire season (110 on average) and
M is the total number of fire seasons simulated for each strategy

and each regime (a total of 220; see more details in the section
Using simulation technology). We estimated average suppres-
sion cost per hectare (WS) at AU$1170 using DBCA suppres-

sion costs data and area burned in the case study area between
2003 and 2013.

NVC in Eqn (4) is the average net damage for all the fire

seasons simulated, which depends on the number of hectares
burned, the type of assets burned, and the intensity with which
they burned. Ajkm is the number of hectares burned in land-use
category j by fire k (k¼ 1,y,K) in fire season m (m¼ 1,y,M);

Zj is the value in dollars of 1 ha of land-use category j; and Z is
the percentage of value destroyed depending on the level of
intensity (0$ Z# 1).We used five different land-use categories

of the five most predominant land uses in the region. The values
used in our economic model for each land-use category are
shown in Table 5.

The model estimates the costs and benefits of prescribed
burning at ‘equilibrium’, that is, the simulations are run on what
would likely be a representative year in the future, if the
prescribed burning regime tested was applied for a long period

of time (i.e. at least 15 years). Therefore, prescribed burning
costs, suppression costs and damages are only estimated for
1 single year, which corresponds to any year in the future after

the long-term application of the regime evaluated. Our objective
is to minimise the costs and damages at equilibrium, which is
very different from a dynamic optimisation model. Dynamic

optimisation would require the use of discounting and would
likely lead to very different results. As we estimate the costs and
damages for 1 single year, our approach does not call for

discounting. Thus, our results should be interpreted as the
average costs and damages that could be expected in any 1 year

in the future following the long-term application of each regime.
Estimating the costs of reaching such equilibrium is beyond the

scope of the present study.2 Our model is not set up to do this
type of analysis; instead, it takes 1 single representative year
in the future and evaluates the costs and benefits for that year.

In the following two models, all costs and damages are also
estimated at equilibrium.

Equal asset value and modified costs model

Similarly to the previousmodel, the equal valuemodel also aims

to minimise the sum of prescribed burning costs, suppression
costs and damages, but differs from the previous model in two
aspects: first, it uses a single value per hectare for all hectares in

the landscape (as done by Prestemon et al. 2001; Mercer et al.
2007; Butry et al. 2010). Second, per-hectare costs of prescribed
burning change with the size of the treatments but they do not

changewith location. That is, two treatments of equal sizewould
have the same cost regardless of how close they are to human
habitations. In order to assess the effects of these model speci-
fications and compare the results with the previous model, we

have formulated it as follows:

MinC þ NVC ¼ PBC þ SUP costsþ NVC ð5Þ

2In order to move from a 0% regime (doing nothing) to a 10% regime and reach equilibrium for 10%, it is necessary to prescribe-burn 10% of public land every

year for a number of years. The annual costs of applying this strategy for several years until equilibrium is reached are not included in our model.

Table 4. Prescribed-burning costs and area treated for each strategy

Prescribed-burning

regime

Area

treated

Landscape treatments

(AU$)A
WUI treatments

(AU$)A

Minimum cost plus net value change model

0% 0 0 0

5% 39 500 2 541 000 9 478 000

10% 79 000 5 073 000 13 046 000

15% 118 500 7 613 000 17 582 000

20% 158 000 10 146 000 22 118 000

Equal asset value and modified costs modelB

0% 0 0 0

5% 39 500 1 959 000 4 596 000

10% 79 000 3 914 000 7 743 000

15% 118 500 5 871 000 11 468 000

20% 158 000 7 828 000 15 192 000

Minimum house loss model

0% 0 0 0

5% 39 500 2 541 000 9 478 000

10% 79 000 5 073 000 13 046 000

15% 118 500 7 613 000 17 582 000

20% 158 000 10 146 000 22 118 000

ARounded to the nearest 1000.
BPrescribed burning costs per hectare for the equal asset value and modified

costs model change only with treatment size. The larger the treatment, the

cheaper the cost per hectare. In this model, prescribed burning costs per

hectare do not change with distance from towns. Therefore, total prescribed

burning costs are different for this model compared with the other two

models. Wildland–urban interface (WUI) treatments are more expensive

compared with landscape treatments because treatments in and close to the

WUI tend to be smaller, and therefore more expensive per hectare.

Table 3. Prescribed burning costs per hectare for different treatment

sizes and distance from towns

Treatment size and

distance

Multiplication

coefficient

Coefficient

value

Cost per ha

(2013 AU$)

Average cost ha�1 92

Treatment size

,500 ha m1 1.66 153

500–1500 ha m2 0.51 47

.1500 ha m3 0.37 34

Distance from towns

,5 km b1 5.05 465

5–20 km b2 1.29 119

.20 km b3 0.67 62
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with

PBC ¼
X3

x¼1

mxWPPBAx ð6Þ

SUP costs ¼ 1

M

XM

m¼1

XK

k¼1

WS Akm ð7Þ

NVC ¼ 1

M

XM

m¼1

XK

k¼1

Akm Z Z ð8Þ

Prescribed burning costs (PBC) in Eqn (6) only change with
the size of the treatment (and not with its location) and therefore
only coefficient mx is used. Coefficient bi is removed from this

equation. Similarly, because all hectares have the same value,
the different types of land-use category j are not differentiated in
this model and NVC only depends on the number of hectares

burned bywildfireAkm and the value in dollars of a hectare Z. All
hectares in the landscape have the same value Z ¼ AU$8636,
which is theweighted average of the values presented in Table 5.

The percentage of value destroyed Z according to the level of
intensity is also taken into account in this model. Total pre-
scribed burning costs for each strategy according to the speci-
fications of this model are shown in Table 4 (see Supplementary

material Tables S3 and S4 for details on how these costs were
calculated).

Minimum house loss model

This model is based on the analyses conducted by Stockmann
et al. (2010) and Penman et al. (2014). In the minimum house
loss model, the aim is to find the prescribed burning strategy that

minimises house losses due to wildfires. To make the analysis
comparable with the aforementioned studies, this model mini-
mises the probability of wildfires reaching houses and is for-

mulated as follows:

MinPðPBAi; ai; ei; vÞ ð9Þ

subject to

PBC ¼
X4

i¼1

X3

x¼1

bimx WP PBAix ð10Þ

where P is the probability of a fire reaching houses, which
depends on the number of ignitions ai in location i (WUI or
landscape), several environmental variables ei (i.e. slope, aspect

and vegetation type) in location i, and fire weather v. Penman
et al. (2014) treated prescribed burning costs differently, using
generalised linear models (GLMs) to illustrate the relationship

between the natural logarithm of cost per hectare and the natural
logarithm of area (ha) treated in different locations (WUI and
landscape). Thus, theirmodel accounts for changes in per-hectare

costs of prescribed burning with treatment size and location.
Stockmann et al. (2010) used different per-hectare costs for
wildland and home ignition zone treatments, thus accounting

for changes in per-hectare costs with location, but did not account
for changes in per-hectare costs with treatment size. However, in
order to make the different models comparable, we have formu-
lated total prescribed burning costsPBC in the sameway as in our

model. Total prescribed burning costs for each strategy with the
specifications of this model are shown in Table 4.

Study area

The study area for this analysis is one of the three management

regions ofDBCA in the south-west ofWA, called the South-West
Forest Region (SWFR) (see study area location in Fig. 1). In the
area, DBCA implements a coordinated approach to prescribed

burning in public land (see DBCA-managed land in Fig. 2). For
other tenures (e.g. private land, unallocated crown land), there is
not a single agency responsible for fuel management. Private
landowners have to establish fire breaks and manage fuels on

boundaries adjacent to Crown and pasture land, but generally
there is no coordination between landowners to do so.

The SWFR, which has a size of ,1 880 000 ha, is charac-

terised by a Mediterranean climate with hot dry summers and
mild wet winters. The region receives between 600 and

Table 5. Land-use categories and replacement values

Land-use category AU$ ha�1 Estimation approach Source

Urban areas 1 156 015 Estimated using the National Exposure Information System (NEXIS), a dataset

developed by Geoscience Australia. It corresponds to the average replacement

value of the structure and the contents of houses in 1 ha in urban areas

(i.e. wildland–urban interface)

Dunford et al. (2014)

Conservation areas

and State forests

1192 The value used in an existing economic analysis of wildfire management for a

similar landscape was used here

Gibson and Pannell (2014)

Plantation forestry 9080 The value used in an existing economic analysis of wildfire management for a

similar landscape was used here

Gibson and Pannell (2014)

Agricultural (grazing,

cropping)

1064 Includes the cost of fence restoration and replacement of agricultural buildings

(structure and contents)

Bureau of Transport

Economics (2001);

Teague et al. (2010)

Agricultural (vines) 51 238 Estimated cost per hectare to have a wine-producing vineyard again AHA Viticulture (2006)

Mining 49 361 Estimated using data from the NEXIS database. It corresponds to the average

replacement value for industrial buildings in the region

Dunford et al. (2014)
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1000 mm of rainfall annually, but rainfall is seasonal and more

than 80% of annual rainfall occurs between May and October.
During the peak of the fire season (December to February),
mean monthly rainfall in the region averages less than 25 mm

and maximum temperatures are often above 358C (Burrows and
McCaw 2013). The vegetation in the region is dry enough to
burn between October and May and dry lightning is often a

source of ignition between October and March (McCaw and
Hanstrum 2003; Burrows and McCaw 2013).

The SWFR contains a mix of eucalyptus forests, agricultural

land and human habitations (see land use in the region in Fig. 3).
The forests and woodlands are dominated by three species of
trees – jarrah (Eucalyptus marginata), marri (Corymbia
calophylla) and karri (Eucalyptus diversicolor) – and the coastal

plains are mostly covered by mallee shrublands and heathlands.
The region has large WUI areas where high-value human assets
are often intermixedwith flammable vegetation. The population

of the SWFR is ,128 000 people, concentrated primarily
around two small coastal cities (Busselton and Bunbury) and
several towns in the agricultural and forested areas (see Fig. 4).

The region also receives ,1.6 million tourists per year (South
West Development Commission n.d.). Fire management in
the SWFR is complex not only because of the WUI context,
but also because of the many different land uses, tenures and

stakeholders, and the fact that the region is located in a
biodiversity hotspot (Myers and Mittermeier 2000; Mittermeier
et al. 2011), where biodiversity conservation is an important

land-management objective that needs to be integrated into fire
management (Burrows 2008).

Using simulation technology

To evaluate a prescribed burning strategy, we need to knowwhat
effects this strategy would have on wildfire behaviour and
wildfire damages to different types of assets (houses and their

contents, industrial and commercial buildings, crops, planta-
tions, livestock, etc.). Fire simulation has been successfully used
to evaluate the effects of prescribed burning on wildfire impacts

(e.g. Penman et al. 2014; Collins et al. 2015), evaluate different
risk management strategies (e.g. Penman et al. 2015), or obtain
rapid information on potential fire spread in order to better
coordinate the deployment of suppression resources (e.g. DFES

2013; Thwaites 2015). An advantage of using wildfire simula-
tion for the economic analysis of prescribed burning is that it
allows many wildfire scenarios to be tested. Used in this way,

fire simulators provide information on the confidence that can
be attached to the results.

We used the AUSTRALIS wildfire simulator (Johnston et al.

2008; Kelso et al. 2015) to simulate the spread of wildfires and
assess the effects of the two contrasting prescribed burning
strategies in a wide range of plausible wildfire scenarios in the
south-west ofWA.AUSTRALIS predicts the spread of awildfire

across the landscape using empirically derived fire spread
models for different types of vegetation (from Noble et al.

1980; McCaw and Burrows 1989; McCaw 1997; Cheney et al.

1998; Plucinski 2003). Various types of information (weather,
topography, vegetation and fuel age data) are required as inputs
to the simulator to estimate the spread time between discrete

areas of the landscape, called cells, and the intensity with which
each cell burns. Here, a ‘cell’ is defined as a portion of the
landscape that has the size of 1 ha. For each cell in the landscape,

we know its physical attributes including fuel type, fuel load,
slope, orientation, and the type and value of the assets it contains.
We also knowwhether it was burned by a wildfire or not, and the
intensity with which it burned. We used this information to

estimate the damage caused by the fires simulated.
The baseline scenario for our analysis assumes no pre-

scribed burning for a period of at least 15 years, with wildfires

simulated in each fire season during that time, and fuel levels
modified accordingly. We simulated 24 200 fires under the no-
prescribed-burning scenario, varying the location of the igni-

tion points, the time and date of ignition and the climatic
parameters for the duration of the fire (i.e. temperature, relative
humidity, wind speed and wind direction). We then repeated
the same 24 200 simulations for each of the different regimes

tested using both prescribed burning strategies. The 24 200
fires correspond to 22 different ignition patterns (each contain-
ing 110 fires, which is the average number of fires burning

annually in the SWFR), simulated under 10 different weather
scenarios (we used the historical weather patterns of 20weather
stations in the SWFR between 2003 and 2013). This amounts to

a total of 220 fires seasons simulated for each regime. The
location of the ignition points was based on a logit model
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Fig. 1. Department of Biodiversity, Conservation andAttractions (DBCA)

management regions in the south-west of Western Australia.
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applied to 10 years of ignition location data in the region (2003
to 2013).3 The times and dates of ignition were generated at

random, using a normal distribution centred around January for
the date, and a normal distribution centred at midday for

50 km

Legend
South-West forest region boundary

State boundary
Land use

Agriculture
Mining
Nature conservation
Plantation forestry
Urban
Water

0 12.5 25

N

Fig. 3. Land use in the South-West forest region.

50 km2512.50

South-West forest region boundary
Land managed by DBCA

State boundary

N Legend

Fig. 2. Land managed by the Department of Biodiversity, Conservation and Attractions (DBCA) in the South-

West forest region.

3A logistic (or logit) model is a statistical model that uses a logistic function tomodel the probability of an outcome (for a binary dependent variable) given a set

of regressors (Greene 2012; Wooldridge 2009). Our model estimates the probability of ignition in a cell depending on its distance from roads, land use,

topography and fuel loads.
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the time. Areas prescribed-burned do not affect the logit model;
they simply reduce the fuel loads in different areas. If an
ignition occurs in a treated area, then it has less chances of

successfully spreading and becoming awildfire, thereby reduc-
ing the total number of wildfires. However, the initial number
of ignitions remains the same for the different prescribed-

burning regimes.

Suppression

The AUSTRALIS simulator does not simulate suppression
per se; that is, it does not simulate the deployment of firefighting
forces to suppress a fire event, or the results of their efforts on the
rate of spread of the fire. Without a model for suppression or a

rule for stopping the fires, the simulated fires would keep on
burning until they either encounter a natural barrier or until the
weather conditions lead to the self-extinction of the fire. How-

ever, this would be a poor reflection of reality, and a rule is
needed to act as a proxy for suppression. We developed a
stopping rule based on the time that it would take firefighting

forces to reach the fire and their capacity to suppress the fire
depending on the intensity of the fire front. We simulated all
historical fires occurring in the SWFR between 2003 and 2013

under the same weather conditions they occurred and tested
different stopping rules until the most appropriate rule was
found; that is, when the total area burned and the fire size dis-
tribution were similar to the historical data. Fig. 5 shows the fire
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Fig. 4. South-West forest region cities, towns and principal roads.
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size distribution of historical and simulated fires using the same
ignition point and weather conditions of the historical data. The
stopping rule is different for fires occurring in average weather

conditions (usually resulting in fires #1500 ha) and for fires
occurring inmore extremeweather conditions (usually resulting
in fires .1500 ha). The rule that best fitted historical data is

formulated as:
Stop fire spread from any cell after a delay D in seconds of:

D ¼ 600e0:00009d for fires occurring in average

weather conditions; and
ð11Þ

D ¼ 6000e0:00009d for fires occurring inmore extreme

weather conditions
ð12Þ

where d is the distance from the closest town, if the intensity I is:

I � 650 kWm�1 for fires occurring in average

weather conditions; or
ð13Þ

I � 200 kWm�1 for fires occurring inmore extreme

weather conditions:
ð14Þ

Both criteriaD and I have to be met for a cell in the simulator
to stop the fire spreading to neighbouring downwind cells. The
underlying simulation mechanism (implemented in software) is

described in detail in Johnston et al. 2008 and Kelso et al. 2015.
In reality, other factors such as the type of assets at risk would

also affect the spread of the fire, given the difference in

suppression resource deployments depending on the assets
threatened by the fire. For instance, suppression efforts are
higher when the fire approaches high values at risk, such as
human lives and property, and fire spread within or outside the

WUI is likely to be affected by this. Our suppression rule,
however, does not directly account for changes in suppression
strategies for fires in the WUI. This is only indirectly captured

by the delay criterion D, which would be significantly smaller
for fires occurring in the WUI, allowing cells of low intensity to
be extinguished earlier than if the fire occurred far from the

WUI. Prescribed-burned areas affect suppression effectiveness
in our proxy suppression model by changing the intensity of the
fire front. If the intensity is reduced when a wildfire reaches a

treated area, then criterion Imay bemet sooner and the spread of
the fire may be slowed or stopped.

Results

Minimum cost plus net value change model

The prescribed burning regime that minimises the CþNVC
(i.e. the sum of prescribed burning costs, suppression costs and
damages) for this model is 15% for both strategies (see Fig. 6,
Table 6 and Table 7); that is, when 118 500 ha is treated per year

in the SWFR. At this level, landscape treatments generate
more net benefits than WUI treatments, with a difference of
almost AU$9 million (AU$236 million net benefits for land-

scape treatments compared with AU$227 million for WUI
treatments). Thus, the most economically efficient prescribed

burning strategy in the SWFR is landscape treatments with a
15% regime.

Although the average size of area burned is relatively small
in urban areas compared with other land-use categories
(Table 8), damages are largely dominated by losses in urban

areas, regardless of which strategy is applied (Fig. 7). This is due
to the high value per hectare of the urban land-use category.
Consequently, WUI treatments, which achieve a greater reduc-

tion in wildfire area in the WUI, result in greater reductions in
damages compared with landscape treatments for all regimes.
However, WUI treatments are considerably more expensive
than landscape treatments, which results in landscape treatments

generating higher net benefits for all regimes except one. Only
when 5% of DBCA-managed land is treated per year (i.e.
39 500 ha) are the net benefits of WUI treatments higher than

landscape treatments (see Table 6 and Table 7). In this case, net
benefits are significantly higher for WUI treatments than for
landscape treatments, with a difference of nearly AU$49million

(AU$212 million net benefits for WUI treatments compared
with AU$163 million for landscape treatments). However, a
5% regime does not minimise the sum of costs and damages
(the CþNVC). For a fire manager in the SWFR, this means that
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if there are restrictions on the size of area that can be treated per
year and only 39 500 ha can be treated (5% regime), then WUI

treatments would generate more net benefits than landscape
treatments. But for the other regimes tested in our model, the
opposite is true.

Fig. 6 shows that the CþNVC curve initially decreases
rapidly, but flattens for both strategies when $10% of DBCA-
managed land is treated. This suggests that there are several near-
optimal options for both strategies. For a fire manager, this

means that if the optimal regime (15%) cannot be implemented, a
lower regime of 10% could be implemented with a relatively
moderate loss in net benefits for landscape treatments (less than

AU$6 million) and a minor loss in net benefits for WUI
treatments (AU$0.6 million). However, for a 10% regime,
landscape treatments still generate more net benefits than WUI

treatments (AU$231 million compared with AU$227 million).
To test the robustness of our results, we increased and

decreased all parameter values (separately) by 50%. The sensi-
tivity analysis shows that the results for landscape treatments are

quite robust (Table 9), with the optimal regime only changing
when prescribed burning costs are reduced by 50%. The mini-

mum CþNVC remains relatively stable despite the parameter
changes, and only shows a more significant change when
prescribed-burning costs are increased or decreased or when

the assumed level of damage caused by different levels of
intensity is increased or decreased. The results of WUI treat-
ments are less robust (Table 10). The optimal regime changes
when the value of urban areas is changed, as well as the value of

conservation areas, prescribed burning costs, suppression costs
and the level of damages caused by different levels of intensity.
However, the minimum CþNVC remains reasonably stable,

often close to the baseline results.
Our results suggest that in the study area,WUI treatments are

less cost-effective compared with landscape treatments if the

(economically) optimal level of prescribed burning is applied.
However, if the management agency is restricted in terms of the
size of area that can be treated (i.e. if for instance only 5% of the
area managed can be prescribed-burned), then WUI treatments

Table 8. Average area burned by wildfires per asset type for each strategy (ha)A

Prescribed burning

regime

Landscape treatments WUI treatments

Plantation

forestry

Agriculture Urban and

mining

Nature and

conservation

Plantation

forestry

Agriculture Urban and

mining

Nature and

conservation

0% 31 300 37 300 200 29 500 31 300 37 300 200 29 500

5% 12 800 16 800 70 12 200 9500 11 500 12 9300

10% 3000 4500 16 2900 3200 4500 10 3100

15% 2000 3400 7 2000 2000 3100 7 1900

20% 1500 2600 7 1400 1500 2700 7 1400

ARounded to the nearest 100.

Table 7. Results for different prescribed-burning regimes applying wildland–urban interface (WUI) treatments, minimum cost plus net value

change model (expected million AU$ per year for any year in the future after the long-term application of each regime)

Prescribed burning

regime

Prescribed

burning costs

Suppression

costs

Damages Cost plus net value

change (CþNVC)

Suppression costs

plus damages

Benefits (compared

with 0%)

Net benefits

0% 0.0 43.9 213.1 257.0 257.0

5% 9.5 13.4 22.3 45.2 35.7 221.3 211.8

10% 13.0 5.3 12.0 30.3 17.3 239.7 226.7

15% 17.6 3.7 8.4 29.7 12.1 244.9 227.3

20% 22.1 3.1 7.9 33.1 11.0 246.0 223.9

Table 6. Results for different prescribed-burning regimes applying landscape treatments, minimum cost plus net value change model (expected

million AU$ per year for any year in the future after the long-term application of each regime)

Prescribed burning

regime

Prescribed

burning costs

Suppression

costs

Damages Cost plus net value

change (CþNVC)

Suppression costs

plus damages

Benefits (compared

with 0%)

Net benefits

0% 0.0 43.9 213.1 257.0 257.0

5% 2.5 19.8 71.6 93.9 91.4 165.6 163.1

10% 5.1 5.2 16.2 26.5 21.4 235.6 230.5

15% 7.6 4.0 9.2 20.8 13.2 243.8 236.2

20% 10.1 3.1 8.0 21.2 11.1 245.9 235.8
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should be applied as they generate higher benefits for low levels
of prescribed burning.

Equal asset value and modified costs model

The prescribed burning regime that minimises the sum of pre-
scribed burning costs, suppression costs and damages for this

model is 20% for both strategies (see Fig. 8, Table 11 and
Table 12); that is, when 158 000 ha is treated per year in the
SWFR. Using this model, the most economically efficient pre-

scribed burning strategy in the SWFR is landscape treatments
with a 20% regime. Landscape treatments generate more net
benefits for all regimes except 5% (AU$509million net benefits
for landscape treatments compared with AU$613 million for

WUI treatments).
Damages are largely dominated by losses in agriculture,

plantations and nature and conservation for both strategies

(Fig. 9). This is due to the large number of hectares burned in
these land-use categories. Using the same value for all hectares
in the landscape, losses in urban areas appear insignificant.

Minimum house loss model

Looking solely at the probability of a fire reaching houses, WUI

treatments achieve amuchmore rapid reduction in risk to houses
compared with landscape treatments (Fig. 10). The application
ofWUI treatments at a 5% regime (39 500 ha treated) results in a
significant reduction in risk to houses; to achieve a similar level

of risk reduction, landscape treatments need to be applied at a
15% regime, requiring the treatment of 118 500 ha. Thus, a
substantially higher number of hectares needs to be treated with

landscape treatments to achieve the same level of reduction in
risk to houses as is obtained with WUI treatments. For high
levels of prescribed burning (15% regime or higher), the

reduction in risk to houses compared with doing nothing is the
same for both strategies.

Table 9. Sensitivity analysis of landscape treatments (minimum cost plus net value change (C1NVC) model)

Optimal regime CþNVC (million AU$)

(% DBCA-managed land prescribed burned)A

Baseline results 15 20.8

Change in parameter

�50% þ50%

Parameter Optimal regime CþNVC Optimal regime CþNVC

(million AU$) (million AU$)

Urban areas 15 18.7 15 23.0

Conservation areas and State forests 15 19.8 15 21.9

Plantation forestry 15 20.4 15 21.4

Agricultural (grazing, cropping) 15 20.3 15 21.5

Agricultural (vines) 15 20.6 15 21.2

Prescribed-burning costs 20 16.2 15 24.7

Suppression costs 15 18.9 15 22.8

Level of damage (depending on the level of intensity) 15 16.3 15 21.4

A‘DBCA-managed land’ corresponds to the area managed by the, Department of Biodiversity, Conservation and Attractions in the South-West forest region.
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Discussion

The three models yield very different results. The minimum
CþNVC suggests that the most economically efficient strategy

in the SWFR is landscape treatments when applied at a 15%
regime per annum, whereas the equal asset value and modified
costs model suggests a 20% regime, and the minimum house

loss model favours WUI treatments over landscape treatments
for all regimes. Furthermore, the equal asset value and modified
costs model estimates a much higher level of damages (in the

order of AU$850 million for the 0% regime) compared with the
minimum CþNVC model (approximately AU$200 million).
This suggests that using the same value for all hectares in
the landscape can lead to an overestimation of the benefits of

prescribed burning. For fire managers, this highlights the
importance of having good-quality information on the assets at
risk in the landscape and their respective values.

The results from the minimum house loss model show that
when house losses are not estimated in dollars, this can lead to
the conclusion that prescribed burning in the WUI is always

more effective than landscape treatments. Using only the
numbers of houses destroyed or the probability of a fire reach-
ing houses to evaluate the benefits of different arrangements of

prescribed burning shows only part of the picture. This can lead
fire managers to make suboptimal decisions that do not maxi-
mise the benefits to society and the environment. In contrast,
when house losses are converted to dollars, the benefits of

different treatment locations can be more fully appreciated
and the value for money delivered by the treatments better
understood.

It is clear from the three models that the absence of fuel
reduction treatments in the long term would result in consider-
ably higher damages and suppression expenditures for the

South-West forest region of WA or considerably higher risk of
house losses. This is consistent with the economic analyses of
prescribed burning conducted in other areas, which suggest that

Table 10. Sensitivity analysis of the wildland–urban interface (WUI) treatments (minimum cost plus net value change (C1NVC) model)

Optimal regime CþNVC (million AU$)

(% DBCA-managed land prescribed burned)A

Baseline results 15 29.7

Change in parameter

�50% þ50%

Parameter Optimal regime CþNVC Optimal regime CþNVC

(million AU$) (million AU$)

Urban areas 10 27.5 15 31.8

Conservation areas and State forests 10 28.8 15 30.8

Plantation forestry 15 29.4 15 30.3

Agricultural (grazing, cropping) 15 29.3 15 30.4

Agricultural (vines) 15 29.6 15 30.1

Prescribed-burning costs 15 21.0 10 37.0

Suppression costs 10 27.8 15 31.7

Level of damage (depending on the level of intensity) 10 24.5 15 30.3

A‘DBCA-managed land’ corresponds to the area managed by the, Department of Biodiversity, Conservation and Attractions in the South-West forest region.
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in order to protect life, property and the environment from
wildfires, a minimum level of prescribed burning has to be
continuously maintained in the long term (Snider et al. 2006;

Mercer et al. 2007; Liu et al. 2010; Stockmann et al. 2010;
Gibson and Pannell 2014; Penman et al. 2014). The minimum
CþNVC model indicates that the absence of prescribed burn-

ing for 15 years in the SWFR, with only wildfires altering
fuel levels, would result in average annual suppression costs
,10 times higher than the optimal level, and average damage

costs more than 20 times higher than the optimal level.
The results from all models show that increasing the rate of

prescribed burning in the SWFR reduces the average area burned
by wildfires and risk to structures such as housing, resulting in

reduced wildfire damages and reduced suppression costs. These
results are consistent with existing studies (Omi et al. 1999;
Snider et al. 2006;Mercer et al. 2007).However, this happens at a

decreasing rate; that is, prescribed burning exhibits diminishing
marginal returns, as other studies have also demonstrated (e.g.
Mercer et al. 2007; Butry et al. 2010; Bradstock et al. 2012).

What previous studies have not discussed is the wide range of
near-optimal options (the flattening of the CþNVC curve), even
though in some studies a similar outcome can be seen (e.g.Mercer

et al. 2007).Our results show that, if the optimal regime cannot be
implemented, suboptimal regimes could be implemented with
fairly minor losses in benefits. This information is very useful to
fire managers, who can use it to make decisions on the level of

investment for prescribed burning and the arrangement of the
treatments with a better knowledge of the trade-offs involved.

The optimal prescribed-burning rates derived from the mini-

mum CþNVC model and the equal asset value and modified
costs model point to rates that are considerably higher than
current practice in the case study area (15 and 20% respectively).

A regime of 15% of DBCA-managed land prescribed-burned

per year is comparable with the rate that was applied the 1960s
and 1970s in the region (Department of Parks and Wildlife
(DPaW) 2016). However, in today’s management context,

applying such high ratesmay not be feasible, given the reduction
in the climatic window for the application of the treatment due to
climate change, past fuel accumulations and the expansion of

the WUI in the region.
All models indicate that concentrating prescribed-burning

treatments in the WUI results in greater reductions in damages

when compared with landscape treatments (which has the
majority of the area treated located in rural areas). This is mostly
due to greater reductions in house losses or risk to houses, or in
the case of the equal asset value and modified costs model, due

to greater reductions in wildfire area (because most ignitions
occur close to human habitations, prescribed burning in theWUI
reduces the chances of these ignitions turning into large wild-

fires). Other simulation and empirical studies have shown a
similar effect (Cary et al. 2009; Bradstock et al. 2012; Gibbons
et al. 2012; Penman et al. 2014). However, for all regimes tested

in the present study except 5%, net benefits are higher for
landscape treatments than WUI treatments. Net benefits are
only higher for WUI treatments when 39 500 ha is treated per

year, but such a regime is a suboptimal strategy (i.e. it does not
minimise the sum of costs and damages). This information is
also useful to fire managers, who may be restricted on the
number of hectares that can be treated per year, given the limited

availability of resources, the short window of opportunity for the
application of the treatments, and the potential resistance to
the practice from the local population. If only 39 500 ha can

be treated per year in the SWFR (a suboptimal regime), then
WUI treatments would generate higher net benefits than land-
scape treatments. For the other regimes tested in the present

study, landscape treatments are more economically efficient.

Table 11. Results for different prescribed-burning regimes applying landscape treatments, equal asset value and modified costs model (expected

million AU$ per year for any year in the future after the long-term application of each regime)

Prescribed burning

regime

Prescribed

burning costs

Suppression

costs

Damages Cost plus net value

change (CþNVC)

Suppression costs

plus damages

Benefits (compared

with 0%)

Net benefits

0% 0.0 43.9 849.4 893.3 893.3

5% 2.0 19.8 362.2 384.0 382.0 511.2 509.3

10% 3.9 5.2 89.2 98.4 94.5 798.8 794.9

15% 5.9 4.0 64.4 74.2 68.3 824.9 819.0

20% 7.8 3.1 47.2 58.1 50.3 843.0 835.2

Table 12. Results for different prescribed-burning regimes applying wildland–urban interface (WUI) treatments, equal asset value and modified

costs model (expected million AU$ per year for any year in the future after the long-term application of each regime)

Prescribed burning

regime

Prescribed

burning costs

Suppression

costs

Damages Cost plus net value

change (CþNVC)

Suppression costs

plus damages

Benefits (compared

with 0%)

Net benefits

0% 0.0 43.9 849.4 893.3 893.3

5% 4.6 13.4 261.9 279.9 275.3 617.9 613.4

10% 7.7 5.3 93.6 106.6 98.9 794.4 786.6

15% 11.5 3.7 60.6 75.8 64.3 829.0 817.5

20% 15.2 3.1 48.2 66.5 51.3 842.0 826.8
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It is important to note that the results for WUI treatments
are less robust and are sensitive to changes in the value of
urban areas, conservation areas, prescribed burning costs,

suppression costs and the level of damages caused by different
levels of intensity. Thus, as new information becomes avail-
able and is integrated in this study, or if other costs and values

at risk are added to our model (such as the value of life and
injuries, opportunity costs, animal welfare, cultural heritage
values, other costs incurred owing to the time it takes to rebuild

or regrow the affected areas), the results could be considerably
different. Nevertheless, with the assets we have included in our
study (buildings, conservation areas, state forests, agricultural

production from crops and vines, and mining), our results show
that prescribed burning in public land in the WUI is signifi-
cantly more expensive and, despite additional benefits gained
from this strategy, in most cases it is not the most economically

efficient strategy.
Our results are contingent on treatments being applied on

public land only and ignore the efforts carried out by private

landowners to reduce wildfire risk to their properties. Including
fuel reductions on private land may significantly affect the
results. However, there are very limited data available regarding

what happens on private land. Improvements in this area will
help fire managers make better decisions regarding the distribu-
tion of treatments across the landscape and get better value for

money from prescribed-burning treatments.
Although the sum of costs and damages is generally lower

for landscape treatments than for WUI treatments, society as a
wholemay bewilling to accept higher prescribed-burning costs

in exchange for lower damages in fire-prone areas. Our study
only includes the reconstruction value of residential and
commercial buildings in urban areas. However, other high-

value human assets, particularly intangible (non-market)
values such as lives lost, injuries, memorabilia, animal welfare,
social disruption and mental health issues, have not been

included. This is a limitation of our model. Also, we have not
included the cost generated by the application of prescribed
burning in terms of nuisance to the local population from
smoke issues (Martin et al. 2007; Broome et al. 2016) or

damage to agricultural production (e.g. prescribed-burning
smoke impacts on neighbouring vineyards; McCaw 2013). If
these values were included in our study, the results could show

a different outcome.
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Fig. 9. Damages per asset category (using the equal asset value and

modified costs model) for different prescribed-burning regimes when

implementing (a) landscape treatments; and (b) wildland–urban interface

(WUI) treatments. Note: damages in the urban and mining categories were

too small to be shown in this graph. ‘DBCA-managed land’ corresponds to

the area managed by the Department of Biodiversity, Conservation and

Attractions in the South-West forest region.
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Fig. 10. Results for theminimumhouse loss model for different prescribed-burning regimes and the two contrasting strategies (WUI, wildland–urban interface;

‘DBCA-managed land’ corresponds to the area managed by the Department of Biodiversity, Conservation and Attractions in the South-West forest region).
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Although the application of prescribed burning in the
SWFR reduces the level of damages caused by wildfires, it
does not eliminate the risk entirely, and even with a very high

prescribed-burning regime (e.g. 20%), annual average wildfire
damages can be expected to reach AU$8 million (using the
minimum CþNVC model) or AU$47 million (using the equal

asset value and modified costs model). Therefore, no matter
howmuch prescribed burning is applied to the landscape, there
is always a residual level of risk. This is consistent with the

findings from other studies in Australia (Gill 2005; Gill and
Stephens 2009; Bradstock et al. 2012) and elsewhere (Calkin
et al. 2014).

Our model is sensitive to a few key parameters (prescribed

burning costs, suppression costs and the level of damage
caused by different levels of intensity). In order to make
better decisions for prescribed burning, it is important to have

improved information on prescribed-burning costs and the
level of damage cause by fires of different severity. In
addition, when prescribed burning is applied in the WUI,

obtaining accurate information on the value of assets at risk,
both human and environmental assets, becomes particularly
important.

In this study, we have assumed that all the prescribed-
burning treatments planned for any 1 year can be implemen-
ted within the estimated costs. But as the window of oppor-
tunity with suitable conditions to apply the treatments is

shortened under the influence of climate change, increases in
the area treated could become significantly more costly.
Furthermore, the costs of prescribed burning correspond

only to the fire management agency’s direct expenditure in
prescribed burning (i.e. equipment used, staff, trucks, plan-
ning, etc.). A limitation of our model is that it does not

include the potential ecological damage that the long-term
application of prescribed burning could cause to certain
species and changes in vegetation structure that it could
produce (Parr and Andersen 2006). For instance, low and

high levels of prescribed burning can cause a decline in
Callitris verrucosa populations, a predominant plant in
semiarid mallee shrubland communities in southern Austra-

lia that is highly sensitive to variations in fire regime (Brad-
stock et al. 2006). High fire frequency can significantly
increase the probability of extinction of obligate seeder

species of Banksia, irrespective of fire size (Bradstock
et al. 1996).

Future developments of our model would include a wider

range of values at risk, particularly non-market values, such
as lives, injuries, social disruption and environmental values.
For this, further research is needed on how non-market values
are affected by bushfires in the long term (Venn and Calkin

2011; Rideout et al. 2014). Given the high number of non-
market values affected by wildfires, several researchers have
already emphasised the need to better integrate non-market

values in economic analyses of fire management (Rideout
et al. 1999; Thompson and Calkin 2011; Venn and Calkin
2011). Also, as intensifying prescribed burning in the WUI

has the effect of replacing losses by increased prescribed
burning costs in the SWFR, better understanding is required
regarding society’s willingness to pay for reductions in
wildfire damage and their willingness to accept higher

prescribed-burning costs.

Conclusion

The three models yield very different results. The strategy and

area treated that minimise the sum of prescribed burning costs,
suppression costs and damages are different depending on the
model used. However, the equal asset value and modified costs

model overestimates wildfire damages and theminimum house
loss model does not provide enough information to assess the
value for money delivered by different arrangements of the

treatments. This study shows that the minimum CþNVC
model is more appropriate than the other models for the eco-
nomic evaluation of prescribed-burning strategies, because it
can make the trade-offs between the different options more

explicit.
Intensifying prescribed burning treatments in the WUI

achieves a greater reduction in damages and risk to houses

compared with applying the majority of the treatments in rural
areas. However, despite the additional benefits gained from
WUI treatments, in most cases it is not the most economically

efficient strategy. Only in limited circumstances does prescribed
burning on public land in the WUI generate more net benefits
than landscape treatments.

Our study also shows the value of using detailed simulation
technology for the evaluation of prescribed-burning strategies in
order to assist with strategic decision making for wildfire
management. Simulation is the only means of conducting a

large number of experiments with a wide range of prescribed-
burning strategies over a sustained period and can help fire
managers evaluate many different scenarios.
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