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In this article, we consider wildfire riskmanagement decisions using a dynamic stochastic model of homeowner
interaction in a setting where spatial externalities arise. Our central objective is to apply observations from the
social science literature about homeowner preferences to this economic externality problem and determine
how assumptions about insurance, information and starting fuel loads affect outcomes and the effectiveness
of policy. Three new features of our approach are, first, to assess fuel treatment behavior under potential
misinformation scenarios, second, to allow for heterogeneous starting fuel loads across ownerships, and, finally,
to evaluate the effectiveness of insurance and direct regulation at improving outcomes. Among other results, we
find that risk-adjusted insurance may not create incentives for fuel treatment when government suppression
exists, and in games with heterogeneous starting fuel loads, the social costs from misinformation can persist
over a greater range of fire probability and damage function parameter values. These results suggest that,
even as information about wildfire improves, the social costs inherent in private decisions will be more
persistent than previously thought on landscapes where fuel stock differs across ownerships.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, the extent and severity of wildfires in the western
U.S. have become an important policy issue (Dombeck et al., 2004;
National Interagency Fire Center, 2011). Annual wildfire suppression
often exceeds $1 billion, and this suppression has left large amounts
of hazardous forest fuels on U.S. landscapes putting communities at
risk. Given budget-constrained governments, the fuel reduction
decisions individual landowners make in the wildland–urban inter-
face (WUI) are critical, yet these measures are costly and as a result
many landowners fail to mitigate risk.

Because wildfire moves across landscapes and ownership bound-
aries, forest fuel conditions on an individual property affect wildfire
damage on both the individual property and neighboring properties.
Positive spatial externalities (i.e., benefits to adjacent landowners) cre-
ated by removing hazardous forest fuels have been documented (Hann
and Strohm, 2003) and found significant for large wildfires (Finney,
2001; Gill and Bradstock, 1998). Fuel reduction undertaken on an indi-
vidual property limits the accumulation of forest fuels and decreases
the risk of fire damage on neighboring properties. Recognizing these
spatial links, many landowners living in the WUI consider the state of
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neighboring forests when making decisions about investment in fuel
treatment (Brenkert-Smith et al., 2005; Monroe and Nelson, 2004).
The pattern of fuel treatment on the landscape, therefore, depends on
the pattern of landowner risk mitigating decisions across the landscape
and how these decisions interact.

The relatively few economic studies of risk-mitigating decisions in
the context of spatial externalities with multiple landowners include
Butry and Donovan (2008), Shafran (2008) and Busby et al. (2012).3

Butry and Donovan (2008) develop a simulation model to evaluate
several landscape-level fuel treatment strategies and illustrate the
benefits from collective action, but do not examine landowner inter-
action. Busby et al. (2012) and Shafran (2008) develop game theoret-
ic models that allow for strategic interaction between landowners.

Through the use of written survey and interview data, social science
research has recently explored a variety of reasons landowners fail to
undertake fuel reduction. These include misinformation about wildfire
risk (Talberth et al., 2006), a reliance on and an overly optimistic belief
in the ability of government suppression to protect private property
(Fried et al., 1999; Gardner et al., 1987; McCaffrey, 2006), or that insur-
ance will always be available to compensate landowners for wildfire
damages (Brenkert-Smith et al., 2005). Brenkert-Smith et al. (2005)
also note that availability of insurance is an important factor in that
landowners view losses as less costly when they are insured, which
3 Crowley et al. (2009) use a Faustmann model to examine similar spatial external-
ities among adjacent forest landowners, but insurance and home structures are not
considered.
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Table 1
Sequence of events in each time period.

1. Landowners k, j choose fuel treatment.
2. Insurance premium for current period is calculated, according to post-treatment

fuel stock.
3. Fire occurs or does not occur.
4. Government chooses level of fire suppression.
5. Landowners k, j realize payoffs (losses from fire).
6. Insurance drops, if any, are made.
7. Fuel stock grows.
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begs the question of how the possibility of insurance drops (loss of
access to landowner insurance) might affect behavior. Reluctance to re-
move hazardous fuel may also be due to positive amenity values that
vegetation provides to landowners (Brenkert-Smith et al., 2005;
Talberth et al., 2006). Collectively, these studies show that landowner
incentives for fuel treatment depend in complex ways on the informa-
tion landowners have, the presence of public agency fire suppression,
amenity values and the availability of insurance.

The focus on wildfire education programs in many fire-prone
communities also reflects the need, highlighted in the social science
research, to improve landowner information about wildfire and the
benefits of risk-mitigating fuel treatments. State, federal and communi-
ty education programs focus primarily on fire behavior, vegetation
management, and raising awareness about fire danger (e.g., Bitterroot
Community Wildfire Protection Plan, 2010; Colorado Springs Fire
Department, 2011; Sunriver Owners Association, 2010). In addition,
numerous studies have pointed to the need to improve information
about wildfire and risk management (e.g., Bowman et al., 2008;
Jarrett et al., 2009). To better understand the impact of misinformation
on the fuel treatment decision and social costs, we examine cases
where landowners have misinformation about the probability of fire,
fire damage and the spatial externalities associated with fuel manage-
ment decisions. Identifying the sources of misinformation with the
greatest social costs will improve the ability of land management
agencies and communities to design effective education programs.

Similar to Busby et al. (2012) and Shafran (2008), our purpose is
to examine the fuel treatment decision between adjacent landowners
where spatial externalities are present, but our work goes beyond
existing literature to include investigating the role of insurance and
the possibility that landowners are misinformed about wildfire risk.
We also build upon the recent insights from social science research
and specify a dynamic economic model of the fuel treatment decision
that incorporates key spatial features of the wildfire risk management
problem and allows an exploration of the social inefficiencies associ-
ated with misinformation, government suppression, and insurance
programs. We use our model to, first, assess fuel treatment behavior
and associated social costs for landowners with misinformation
about wildfire, and, second, to examine outcomes when landowners
make fuel treatment decisions over time on a landscape that begins
initially with unequal fuel loads across ownerships. This is a depar-
ture from related Faustmann-based studies that assume that starting
fuels are equal or zero (e.g., Crowley et al., 2009). Relaxing this
assumption permits study of the strategic interaction between land-
owners in a more realistic setting, given that individual ownerships
are managed independently. Finally, we evaluate the effectiveness
of insurance, where the cost of coverage depends on landowners'
fuel management decisions, and we consider fuel treatment cost-
sharing and fuel stock regulation as a means for reducing social
costs. A better understanding of the fuel treatment decision in the
cases we examine will improve the ability of policy-makers and
public land managers to craft more effective public policies, leading
to better protected and informed WUI communities.

The remainder of this paper is organized as follows. First, we outline a
stochastic dynamic game theoreticmodel that captures features of spatial
externalities, strategic behavior, misinformation, and insurance for two
adjacent properties in a fire-prone area. In Section 2,we describe the sim-
ulation approach used to solve this model for various types of imperfect
information and spatial externalities inherent in the problem. Sections 3
and 4 describe the results from the fuel treatment game and policy
applications, respectively. Finally, in Section 5, we offer a discussion of
the results, concluding remarks, and policy recommendations.

2. Model of a Fire-Prone Community

We begin by examining the strategic incentives for two adjacent
landowners (labeled by subscripts k and j) living in the fire-prone
WUI. Initially, we assume that each landowner values amenities gen-
erated by forest vegetation, is aware of the positive relationship be-
tween forest fuels and wildfire damage, and knows the probability
of fire in each time period. Both landowners begin with insurance,
but if fire damage is costly it can reduce landowner access to insur-
ance in future time periods.

In what follows, we describe the model using landowner k as the
primary landowner and j as the adjacent landowner, although the
same general specification holds also for landowner j. The spatial
features of the model are driven by the landscape pattern of forest
fuel. When a fire occurs, it may damage homes, reduce landscape
amenities by consuming vegetation, and lead to insurance drops.
The severity of wildfire impacts increases when there is more fuel
on the landscape. The presence of fire suppression can reduce wildfire
damage but is costly. The sequence of events described by the model
is outlined in Table 1.

2.1. Fuels, Fire, and Suppression

In every time period, each landowner's choice is whether to un-
dertake fuel treatment on their property or to let forest vegetation
grow. By removing flammable vegetation, fuel treatment reduces
damage to the landowner's property structure if a wildfire occurs.
For example, the state of fuel loading for landowner k at time t is
given by Zt

k, and this fuel load changes over time according to:

Zk
t ¼ γ Zk

t−1−Mk
t−1

� �
ð1Þ

where Mt − 1
k is the amount of fuel removed by landowner k at time

t − 1 and γ is a community fuel growth rate that does not vary
over landowners k and j. Later in the simulation, we discuss a simpli-
fied index for Mt

k that represents Eq. (1) and is more tractable in the
dynamic programming solution process. With this in mind, the
convex cost of fuel treatment paid by landowner k is a function

of fuel removed on property k at time t:CM(Mt
k), such that C′

M Mk
t

� �
>

0 and C″
M Mk

t

� �
b0. For the simulation, we separate CM(Mt

k) into fixed

and variable components.
Both landowners take the probability of a fire occurring on their

property as independent of the fuel stock on the landscape, as in
Amacher et al. (2005) and Amacher et al. (2006). Fire can arrive
each year in the community with a probability at time t equal to:

p tð Þ ¼ pf t ;∀t: ð2Þ

When a fire occurs, both landowner parcels are assumed to burn,
but fire damage and fuel consumption on each individual property
depend on the fuel present on each landowner's property and the
adjacent property, and as in Amacher et al. (2005, 2006), and Busby
et al. (2012).

We assume a government agency (noted as ‘Government’ in what
follows) expends effort to suppress fires in the time period that fire ar-
rives. As in Crowley et al. (2009) and Busby et al. (2012), Government
acts as a follower by observing a fire at time t, and then choosing
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suppression effort (g) at time t. Government is not forward-looking,
but chooses suppression effort in response to a fire event and the
current fuel landscape at the time of fire.4 The choice of g is solved to
maximize property value net of fire damage and suppression cost.5

Each landowner's fuel reduction reduces total suppression costs, but
individual landowners do not consider Government suppression costs
in their fuel treatment decision.

2.2. Landowner Values at Risk

Landowners k and jmake a fuel reduction choice each time period
t to maximize the value of their structure plus the value of amenities
they enjoy on their property over time. The value of the structure for
landowner k is: Ht + 1

k = Ht
k ⋅ (1 + δ), where δ is an exogenous rate

of market appreciation. Amenity value is related directly to fuel
load, comprised of natural vegetation or landscaping (Donovan and
Butry, 2010), on the individual and adjacent property. The amenity
value at time t for landowner k is concave and increasing in fuel
present across the landscape, At

k = A(Ztk,Ztj), where, A′(Ztk,Ztj) > 0,
and concave, A″(Ztk,Ztj) b 0. We assume that landowners' properties
are spatial complements so that up to a certain point fuel accumulat-
ing on adjacent property j will increase amenity value of landowner k
and vice versa (Amacher et al., 2004; Donovan and Butry, 2010;
Swallow and Wear, 1993). In the model, amenities have both private
and public goods characteristics; they are private in the sense that
a landowner captures amenities as part of total property value,
Ht
k + At

k, but are public in that a landowner's decisions concerning
fuels impact the amenities of other property owners through spatial
neighborhood effects.

2.3. Damage Function

When fire arrives its impact is represented by a damage function
that gives the proportion of fuel stock (Z), structure value (H), and
amenity value (A) lost on parcel k as a function of the configuration of
the post-treatment fuel stock on the landscape, Dk,q = Dk,q(Zt − 1

k −
Mt − 1

k ;g), where q = Z,H,A. Following Busby et al. (2012), we assume
that fire acts similarly on all three variables. After a fire, post-fire fuel
load, structure value, and amenity value are:

Zk
t ¼ Zk

t−1−Mk
t−1

� �
⋅ 1−Dk;q¼Z
� �

ð3aÞ

Hk
t ¼ Hk

t−1⋅ 1−Dk;q¼H
� �

ð3bÞ

Ak
t ¼ Ak

t−1⋅ 1−Dk;q¼A
� �

: ð3cÞ

Fire damage for parcel k is a linear function of the post-treatment
fuel stock on the individual parcel and the neighboring parcel, so that:

Dk;q ¼ ∑2
j¼1w

k;j⋅ Zj
t−1−Mj

t−1

� �
: ð4Þ

The weight, wk,j, represents the contribution of parcel k's post-
treatment fuel stock to damage on the adjacent parcel j. The bigger
the weight assigned to parcel j, the more important that parcel's
fuel stock in determining fire damage on parcel k. The damage func-
tion is deterministic, linearly increasing in post-treatment (pre-fire)
4 It is difficult to imagine a strategic or forward-looking fire suppression agency. For
example, a forward-looking Government might reduce suppression in early periods in
order to create incentives for landowners to undertake greater fuel reduction in later
periods. Politically, this type of behavior would be extremely unpopular.

5 Even though the post-fire reconstruction cost to a fully insured landowner is zero,
the Government still considers this cost when choosing fire suppression. Without this
assumption, we would have to make the alternative, unrealistic assumption that the
Government only suppresses fires when landowners are uninsured.
fuel stock, bounded by 0 and 1 by a scaling factor, and continuous.
Wildfire damage is a function of the amount of fuel on the landscape
and, hence, of the previous fuel reduction decisions made by each
landowner.6
2.4. Insurance

From the start both landowners are fully insured for wildfire dam-
age by private insurance. The cost of insurance, or the homeowner pre-
mium, depends on fire probability, the value of the house insured, and
indirectly on the fuel stock on parcels k and j because fuel determines
likely damages from fire. For example, landowner k's cost of insurance
at time t is: Itk = I(pft,Ht

k,Ztj,Ztk). Insurance is risk-adjusted so that cost
decreases with fuel stock.7 After a fire that arrives in time t, insurance
compensates insured landowners for lost structure value so that for
landowners k and j we have Ht

k = Ht + 1
k and Ht

j = Ht + 1
kj , and recon-

struction costs to the landowners are zero. Uninsured landowners,
however, must pay reconstruction costs following fire.

In some cases, an insurance company will drop property owners if a
fire arrives that is severe enough to cause major damage and very high
reconstruction costs for the insurer (Shafran, 2008). An insurance drop
will occur at the time of fire tf if the total value of fire damage is greater
than an exogenously determined proportion of total pre-fire value,
which we denote as Idrop.8 After a drop, the landowner risks paying
the full cost of structure replacement if there is another fire. The possi-
bility of an individual landowner being dropped therefore depends on
their fuel treatment choices as well as the adjacent landowner's choices
through time.
2.5. Dynamic Nash Equilibrium

Links between landowners come through fire damage, amenities,
and, upon fire arrival, the availability of insurance. Together, the
failure of private landowners to account for spatial externalities by
potentially free riding off of the adjacent landowner's fuel reduction
and the failure to consider the government's cost of suppression
create a wedge between the private fuel treatment decisions and
the socially optimal outcome a social planner would choose. To exam-
ine this, we solve for the Nash equilibrium by constructing a best re-
sponse of each landowner to the fuel treatment decision of the other
landowner at each time t. The solution from this problem, called a
policy function, is then a dynamic reaction function, solved at each
point in time, that explains a given landowner's behavior as a func-
tion of the current state of fuel on the adjacent landowner's property
as well as their own. Simultaneously solving the reaction functions for
both landowners at each point in time yields a subgame perfect Nash
equilibrium (SPNE) path of fuel treatment decisions.

Adopting the convention that all parameters are known at time t
but are unknown from time t + 1 on, and assuming a time horizon
of N periods, the reaction function for the two landowners is given
by the solution to:

Mk Zk
t ; Z

j
t

� �
¼ max Mk

t jMj
tf g∑

N
t¼0β

tEV Zk
t ; Z

j
t

� �
ð5aÞ
management (Amacher et al., 2006; Crowley et al., 2009, for example), makes the sim-
plifying assumption that fires set the fuel loading to zero in the year of the fire. In re-
ality, however, all forest vegetation is rarely consumed in a wildfire.

7 While it may not be typical for insurance companies to assess fuel loads on insured
landowners' parcels, assuming that this is the case that provides landowners with in-
centive to undertake fuel treatment and an indication of how effective insurance might
be at inducing landowner action to mitigate wildfire risk.

8 In cases where drops occur, often landowners can enroll in high cost private insur-
ance with consolidators. We do not include such a possibility because it is not impor-
tant to our results.
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Mj Zj
t ; Z

k
t

� �
¼ max Mj

t jMk
tf g∑

N
t¼0β

tEV Zj
t ; Z

k
t

� �
ð5bÞ

where β is the discount factor.
The next step in the solution method is to construct a value func-

tion, or Bellman equation, that depends on the current value of the
structure less all costs, plus an expected value of the landowner's
property in terms of future decisions that the landowner begins mak-
ing in the next period. This time-dependent expected value depends
on all of the arguments in V(⋅) from time t + 1 onward, given
known parameters at time t since EV(⋅) is evaluated one time period
ahead and all time t parameters are known with certainty at the end
of time t. Because landowners take the solution to Government's
suppression effort in any time period of fire as given, the Bellman
equation is given by Eqs. (6a) and (6b) for the two landowners for
all periods t = 1,…,T:

V Zk
t ; Z

j
t

� �
¼ max Mk

tf g Hk
t þ Ak

t−Ikt−CM Mk
t

� �
þ βEV Zk

tþ1; Z
j
tþ1

� �� �
ð6aÞ

V Zj
t ; Z

k
t

� �
¼ max Mj

tf g Hj
t þ Aj

t−Ijt−CM Mj
t

� �
þ βEV Zj

tþ1; Z
k
tþ1

� �� �
ð6bÞ

where Eqs. (6a) and (6b) represent landowners k and j respectively, E
is an expectation operator taken over the fire probability distribution.
This problem is a standard stochastic dynamic programming formula-
tion, albeit with new features from our problem, and as such the
policy function solution to Eqs. (6a) and (6b) gives the fuel reduction
choices for each landowner at each point in time.

2.6. Misinformation and Policy Instruments

We explore three sources of misinformation that affect landowners'
fuel decisions and are targeted inwildfire education programs, assuming
for simplicity that landowners do not revise beliefs over time. The first
source of misinformation is for landowners to underestimate the proba-
bility of fire over time, so that from Eq. (2), landowners use p̃ft b pf t ;∀t
in Eqs. (6a) and (6b). This situation could arise if landowners had no
prior experience with fire and limited knowledge of current or historical
fire occurrence. In fact, even individuals with hazard experience tend to
underestimate the risks associated with low probability catastrophic
events (Kahneman and Tversky, 1979).

The second source of misinformation we examine is the case where
landowners underestimate fire damage. This type of misinformation
might exist among landowners who are over-confident in the effec-
tiveness of Government suppression orwho overestimate the availabil-
ity of suppression resources. Limited suppression resource availability
may be particularly severe in extreme fire years and constrains the
ability of government agencies to suppress fires (Canton-Thompson
et al., 2008). This mistake would lead landowners to underestimate
the damage function, ˜Dk;qbDk;q, and undervalue fuel treatment.

Finally, the third source of misinformation we explore is the case
where landowners fail to recognize the spillover effects of their fuel
treatment actions on the adjacent landowner, as well as fail to
recognize how the adjacent landowner's decisions affect their own
welfare. Here each landowner assumes that only the fuel stock on
their parcel contributes to wildfire damage, thus wrongly believing
that fuel on the adjacent parcel does not affect fire damage on
their parcel, and vice versa. This belief might be representative of
owners with limited knowledge of fire scale (i.e., that large fires
cross ownership boundaries) or limited understanding of fire behav-
ior and the positive spatial externalities from fuel treatment (Hann
and Strohm, 2003).

Several policy instruments, designed to align the incentives of a
social planner and private landowners, are relevant in our model. A
social planner would solve for the path of fuel treatment across the
entire landscape to maximize the joint returns to both landowners
net of all costs, including Government suppression:

VSP ¼ max Mj
t ;M

k
tf g ∑T

t¼0β
t EVk Zk

t ; Z
j
t

� �
þ EVj Zj

t ; Z
k
t

� �
−Cg gð Þ

� �� �
: ð7Þ

The socially optimal fuel treatment path maximizes Eq. (7) and is
defined as VSP(Mt

j⁎,Mt
k⁎) ∀ t. Using the solution to the social planner's

problem, we can compute the social costs associated with private land-
owner decisions from Eqs. (6a) and (6b) by calculating the difference
between the social planner's value function (Eq. (7)) evaluated at the
optimal solution and the value function evaluated at the solution to
the Nash game. Social costs are greatest when the wedge between
private and socially optimal fuel treatment paths is greatest.

We consider two policy instruments to reduce social costs: a fuel
treatment cost-share program and a fuel stock regulation. Under the
fuel treatment cost-share program, Government pays a fraction, φ ∈
[0,1], of total fuel treatment cost such that cost faced by landowner k
becomes:

C̃M Mk
t

� �
¼ CM Mk

t

� �
1−φð Þ: ð8Þ

The second policy instrument is a fuel stock regulation requiring
that fuel stock on the individual parcel does not exceed Z , an amount
specified by a land management agency (or an exogenous home-
owner association). For example, the Firewise program specifies fuel
standards for 628 participating communities in 40 states within the
US (Firewise, 2010). To model the regulation, we introduce a
constraint into landowner k's problem such that Zk

t≤ Z ;∀t.

3. Numerical Simulation and Parameters

The simulation is structured as a four-period Nash game, with
each period comprising ten years, to capture essential features of
the model outlined above. To solve for the equilibrium outcome,
first we parameterize the decision model. The chosen parameters
and functional forms for the base case are described in Table 2. The
base case, where structure value and beginning fuel stock on both
parcels are equal and landowners' objective functions are symmetric,
allows for an exploration of the basic behaviors that arise from the
spatial externality between adjacent units. Amenity values and cost
parameters were chosen for the given fire probability so that land-
owners undertake some positive level of fuel treatment.

The parameters we use for the fuel stock growth rate, post-
treatment fuel stock, and probability of fire on the landscape are reason-
able estimates for eastern Cascade forests in Oregon and Washington
States dominated by Ponderosa pine (Agee and Lolley, 2006; Everett
et al., 2000). Ponderosa pine dominated forests are also characteristic
along the front range of the Rocky Mountains in Colorado, throughout
eastern Sierra Nevada Mountain forests in California, and in parts of
Arizona, Idaho, Utah, Montana, and New Mexico, making these base
case parameter choices relevant across a wide geographical area. How-
ever, for completeness, a broad sensitivity analysis of parameter values
chosen and their impact on fuel treatment decisions was undertaken
and, due to space constraints here, is available from the authors upon
request.

The weighting scheme captures how fuel stock on the individual
and neighboring unit matters in determining fire damage and amenity
value. In the base case, the fuel stocks on parcels k and jmatter equally
and are, therefore, weighted equally in the treatment decision. The
impact of an alternative weighting scheme, where the individual land-
owner considers only fuel on their own parcel, is explored in the
misinformation case where landowners fail to recognize the spillover
effects of their fuel treatment actions on the adjacent landowner.



Table 2
Variables, functions, and parameter estimates.

Description Parameter estimate

Structure value Ht
k,j Ht = 0

k, j = 200
Beginning fuel load Zt

k,j Zt = 0
k, j = 3

Fuel treatment Mt
k,j Mt

k, j = 0,1
Spatial weights wk,j wk, j = 0.5
Probability of fire pft pft = 0.05
Fuel growth function γ(⋅) = g1(Ztk,j − g2)2 + g3 g1 = − .02

g2 = 8
g3 = 2

Insurance drop threshold (percent of total value damaged) Idrop Idrop = 0.10
Reconstruction cost CF CF = Dq = H

Fuel treatment cost CM ¼ CMfixed
þ CMvar CMfixed

¼ 0:5
CMvar = 0.1

Government suppression cost Ct = (wk(Ztj + Zt
k) + wj(Ztj + Zt

k))/2 ⋅ c1 + g ⋅ c2 c1 = 0.01
c2 = 100

Government suppression effort g g = 1,…,10
Government suppression effectiveness
(maximum percent of total value lost due to fire damage)

geffect geffect = 0.10,…,0.28

Amenity value At
k = k1 ⋅ (wk(Ztj + Zt

k) − k2)2 + k3 k1 = −0.008
k2 = 80
k3 = 50

Fire damage to q = Z,H,A Dk;q ¼ l1
100 ⋅wk Zj

t−1−Mj
t−1 þ Zk

t−1−Mk
t−1

� �� �
−geffect l1 = 0.95

Structure value appreciation δ δ = 0.05

108 G. Busby et al. / Ecological Economics 92 (2013) 104–113
As described in Section 2, both parcels contain a structure and nat-
ural vegetation. Structure value is simply the value of the physical
structure on the individual parcel whereas amenity value depends
on the forest fuels on the individual and adjacent parcels. Through
the suppression decision, Government can reduce the damage to
landowners' structures and amenities by ten to twenty-eight percent
(geffect) for effort levels (g) one through ten, for the chosen parame-
ters. We assume that the cost of suppression is a linear function of
spatially weighted fuel stock.

At the beginning of each of the four ten-year periods, landowners
k and j simultaneously decide whether or not to undertake fuel treat-
ment in that period. We specify fuel treatment, defined in Eq. (1), as a
binary decision variable so that Mt

k = 1 if landowner k undertakes
fuel treatment and 0 otherwise. If a landowner undertakes fuel treat-
ment, fuel stock on the individual parcel is reduced to an exogenously
determined “safe” level. Greater pre-treatment fuel stocks require a
greater amount of fuel to be removed during treatment before the
“safe” level is reached.

The uncertainty in each period of the game is completely resolved
by the end of the period. There are two states of the world in each
period: ‘fire’ and ‘no fire’, occurring with frequency pft and (1 −pft),
respectively. If a fire occurs, fuel stock and values on the entire land-
scape are affected. The extent of damage to structure and amenity
values is an increasing function of pre-fire, post-treatment, spatially
weighted fuel stock on the individual parcel and the neighboring par-
cel. The payoff to each player at each stage of the game is determined
by the individual landowner's post-fire value net of insurance and
fuel treatment costs.

If a fire does not occur, damage to structure and amenity values on
all units is zero and the fuel stock continues to grow. After a fire,
structures are damaged and amenity values decrease as fuel is con-
sumed. Landowners with insurance are compensated for structure
value loss. For example, if there is a fire in t = 1, insurance compen-
sation returns structure value to its initial level at the beginning of
t = 2, but, because fuels are consumed, amenity value is lower at
the beginning of t = 2 than before the t = 1 fire.

To calculate the subgame perfect Nash equilibrium (SPNE) of the
multi-period game, we use backward induction and consider, in in-
creasing order of inclusion, each subgame of the game, find a Nash
equilibrium of the subgame, and replace the subgame by a new
node that has the equilibrium payoffs. This is equivalent to solving
Eqs. (6a) and (6b) for the two landowners for all periods t = 1,…,T.
In the fuel treatment game we have 4 periods and, because in every
period each landowner can choose to undertake fuel treatment or
not and there is either a fire or not, there are 512 possible subgames
at the start of t = 4. A general description of the algorithm used to
solve for the SPNE of the fuel treatment game is described in Fig. 1.

4. Results

We begin this section with a description of our base case results.
Next we relax the assumption that both landowners begin with the
same fuel load and solve for the equilibrium outcome when the initial
fuel stock is not equal across parcels. Finally, we describe results for
the three misinformation scenarios and two policy settings, for the
base case parameters and the asymmetric fuel case. For each set of
results we compute social cost.

4.1. Base Case

In the base case, for all fire and fuel treatment histories land-
owners undertake fuel treatment at t = 2 only (Fig. 2). For this treat-
ment pattern, government suppression levels are 3, 1, 2 and 4, in
periods one through four, respectively. Suppression spending at
each observed level is described in Fig. 3. Because government
chooses the suppression level to minimize fire damage plus suppres-
sion cost, higher levels of suppression effort are observed in periods
when landowners do not undertake fuel treatment and allow fuel
stock to grow unchecked, increasing the potential for fire damage.

The socially optimal treatment pattern for the base case is to un-
dertake fuel treatment on both parcels in every time period. For this
optimal treatment pattern, Government suppression spending is
minimized (Fig. 3). There are zero equilibrium outcome insurance
drops, but four non-equilibrium treatment-fire histories where land-
owners begin period 4 without insurance. Social costs—the difference
between the socially optimal outcome and the outcome from the
game—result from spatial externalities and government suppression.
These social costs are quantified as described in Section 2 and illus-
trated in Fig. 4.

4.2. Heterogeneous Starting Fuel Load

Spatial fire economic models typically assume that both land-
owners begin with zero fuel loads (Amacher et al., 2006; Crowley



For all 512 period 4 subgames, calculate each landowner’s best response to the

neighboring landowner’s possible treatment decisions.  Find the NE outcome for

each of the 512 subgames and replace the subgames with equilibrium payoffs.

Generate 512 possible period 4 initial fuel conditions.

Apply period 4 equilibrium payoffs to 64 period 3 subgames and calculate each

landowner’s best response to the neighboring landowner’s possible treatment

decisions.  Find the NE outcome for 64 subgames and replace subgames with

equilibrium payoffs.

Apply period 3 equilibrium payoffs to 8 period 2 subgames and calculate each

landowner’s best response to the neighboring landowner’s possible treatment

decisions.  Find the NE outcome for 8 subgames and replace subgames with

equilibrium payoffs.

Apply period 2 equilibrium payoffs to the period 1 subgame and calculate each

landowner’s best response to the neighboring landowner’s possible treatment

decisions.  Find the SPNE.

Fig. 1. Algorithm used to solve for the SPNE of the fuel treatment game.

109G. Busby et al. / Ecological Economics 92 (2013) 104–113
et al., 2009). By relaxing the homogenous fuel assumption so that the
initial fuel loads and landowner value functions in Eqs. (6a) and (6b)
for landowner j and k's properties are not equal, we allow the margin-
al benefit of fuel treatment on each parcel in the first period to differ
across landowners. This more closely approximates actual landscapes,
characterized by mixed ownership with landowners making deci-
sions independently, often purchasing parcels at different points in
time and with different fuel loads.

When the initial fuel load is greater on one landowner's parcel,
ceteris paribus, we observe owners alternating fuel treatments, be-
ginning with treatment on the parcel with the higher fuel load in
the case where the landowner with the higher starting fuel loading
understands the connection of fuel loading and fire damage. To illus-
trate, when one landowner begins with a fuel load twice the level as
the other landowner (see parameters in Table 2), the owner with the
higher fuel load undertakes treatment at t = 1,3 while the other
owner undertakes fuel treatment at t = 2 only. For this level of fuel
treatment, Government suppression spending is at level 1 at t =
1,2,3 and increases to level 3 at t = 4 (Fig. 5). For the heterogeneous
Fig. 2. Number of parcels treated over time.
fuel case, the socially optimal fuel treatment pattern and Government
suppression levels are the same as in the base case.

With more fuel on the landscape, there are more treatment-fire
histories with severe fire damage than in the base case where initial
fuel levels are the same across landowners. While the number of
equilibrium outcome insurance drops remains fixed at zero, there
are now 32 non-equilibrium treatment-fire histories where land-
owners begin period 4 without insurance. Insurance drops occur for
each treatment history where the landowner with the higher initial
fuel load does not treat at t = 1,2,3.

4.3. Misinformation

As with many low-probability natural hazards, landowners mak-
ing fuel treatment decisions often have little experience upon which
to base their decisions and may have imperfect information about
the hazard itself or how individual actions can reduce damages
caused by the hazard. In this section, we model the three cases of
misinformation discussed earlier and examine how each case changes
the treatment decision pattern, government suppression spending,
and social costs. For all three misinformation cases, the base case
and the asymmetric fuel case, the socially optimal treatment pattern
is to treat both parcels in each of the four time periods. The social
costs of misinformation for the base case and the asymmetric fuel
case are described in Figs. 4 and 6, respectively (Table 3).

To determine the impact of misinformation about fire probability
and damage, we explore landowner decisions over a range of param-
eter values (Table 4). We find that when landowners believe that the
probability of fire is less than or equal to 0.7% or the damage function
parameter is 0.16 or less, there is zero fuel treatment. In an effort to
limit damages, in both misinformation cases, Government suppres-
sion spending increases by 273% above the socially optimal suppres-
sion level (Fig. 3). Given the significant increase in suppression
spending, there are no equilibrium outcomes with insurance drops
and loss of insurance coverage remains limited to 4 non-equilibrium
treatment-fire histories.



Fig. 3. Suppression spending over time.
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When landowners consider only fuel stock on their individual
parcel in the calculation of expected fire damage, both landowners
undertake fuel treatment at t = 1,3 for all fire histories and equilibri-
um treatment histories. Compared to the base case, there is more fuel
treatment on the landscape and, as a result, Government suppression
spending decreases (Fig. 3). Landowners increase fuel treatment be-
cause the full benefit of treatment accrues directly to the individual
landowner and free riding on their neighbor's fuel treatment is, they
believe, no longer possible. However, the level of treatment on the
landscape remains suboptimal due to the failure of landowners to
consider the cost of government suppression. The number of equilib-
rium and non-equilibrium insurance drops remains unchanged from
the base case with perfect information.
4.4. Heterogeneous Fuel and Misinformation

Relaxing the assumption of symmetric starting fuel, we find that
when landowners believe that the probability of fire is 0.7% and the
damage function parameter is 0.16, the landowner with the higher
fuel load undertakes treatment in the first period only and there is
no treatment on the neighboring parcel. In this case, total Govern-
ment suppression spending is 173% above the socially optimal level
(Fig. 5) and loss of insurance coverage remains limited to 32
non-equilibrium treatment-fire histories (Table 5).

For the case where landowners fail to recognize the spatial exter-
nality, both landowners undertake fuel treatment at t = 1,3 for all
fire histories and equilibrium treatment histories. Compared to the
outcome with asymmetric fuel and perfect information, there is
more fuel treatment and less spending on Government suppression
Fig. 4. Social cost for base case and
(Fig. 5). Without the ability to free ride, the landowner with the
lower fuel stock is prompted to increase fuel treatment above the
level they would choose with perfect information. However, even
with the additional treatment on the landscape, total Government
suppression spending remains 136% above the social optimum.
5. Policy Applications

The intent of policy is to improve outcomes and, in the context of
the fuel treatment decision, bring the outcome of the strategic game
between the two private landowners closer to the social optimum,
thereby minimizing social costs. In addition to increasing fuel treat-
ment on the landscape, effective policy will also reduce Government
suppression spending. In this section we examine two policies: a
fuel stock regulation and a fuel treatment cost-share program.

The fuel stock regulation is a parcel-level standard that requires
landowners to maintain their fuel load below a specified level. To
comply with the regulation, the individual landowner's fuel stock
must meet the standard following the treatment decision in each
time period. We examine two regulations: one “strict” and the other
“lenient.” For the strict regulation, the standard is set equal to two
(the post-treatment fuel stock) and effectively requires fuel treat-
ment in every time period. The lenient standard is set equal to three
and gives landowners flexibility in the timing of their fuel treatment.

The second policy we examine is an incentive-based cost-share
program where the Government compensates landowners for
fifty-percent of fuel treatment costs. By reducing fuel treatment cost
to the landowner, this policy seeks to increase fuel treatment on the
landscape. However, for the cost-share program to reduce social
three cases of misinformation.



Fig. 5. Suppression spending over time with heterogeneous fuel landscape.
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costs, reductions in Government suppression spending must be great-
er than increases in Government spending on fuel treatment.
5.1. Base Case With Policy

In order to comply with the strict standard, landowners are
required to treat their parcel in every period, leading to the socially
optimal outcome (Fig. 2). In this case, efficient fuel management
and suppression could be easily achieved by policy makers with
perfect information. For the lenient standard, both landowners
undertake fuel treatment at t = 1,3. Compared to the base case, the
level of fuel treatment on the landscape is closer to the social opti-
mum, but remains suboptimal. Suppression spending for both fuel
stock regulations is lower than in the base case (Fig. 7).

When the cost-share program is applied to the base case, land-
owners undertake fuel treatment at t = 1,3 only, with suppression
costs 14% above the socially optimal suppression level. The present
value of Government cost-share expenditures (1.198) is a small frac-
tion of the reduction in suppression spending. However, when the
cost-share program is applied to the three cases of misinformation,
we find that the effectiveness of the policy depends on the type of
misinformation. For cases where landowners have misinformation
about the probability of fire and fire damage, the cost-share program
has no impact on fuel treatment or suppression decisions. But for the
case where landowners are unaware of spatial externalities from fuel
treatment, the cost-share program generates fuel treatment at t =
1,2,3 on both parcels and expected suppression spending is only 7%
above the social optimum. Again, the present value of Government
cost-share expenditures (1.634) is a small fraction of the reduction
in suppression spending.
Fig. 6. Social cost for heterogeneous fuel landscape with perfect information and three
cases of misinformation.
5.2. Asymmetric Fuel and Policy

When starting fuel stocks differ across landowners, policy results
do not always differ from the symmetric starting fuel case; we do
not address those cases here. With the cost-share program, land-
owners undertake fuel treatment at t = 1,3. Compared to the asym-
metric fuel case without the cost-share program, Government
suppression spending is 9% below the level observed when land-
owners have perfect information and 14% above the socially optimal
level.

When the cost-share program is applied to the three cases of
misinformation, again we find that the effectiveness of the policy
depends on the type of misinformation. When landowners have
misinformation about the probability of fire and fire damage, we
observe an increase in fuel treatment on the parcel with the smaller
beginning fuel stock and no change in treatment on the parcel with
the larger beginning fuel stock. For these two cases, the landowner
with the larger beginning fuel stock undertakes fuel treatment at
t = 1 only, reducing suppression spending to 6% below the perfect
information case. For the case where landowners are unaware of spa-
tial externalities, the cost-share program induces fuel treatment on
both parcels and we observe both landowners undertaking fuel treat-
ment at t = 1,2,3 and suppression spending 77% below the perfect
information case. In all cases, the present value of Government
cost-share expenditures is well below the reduction in suppression
spending.

6. Discussion and Concluding Remarks

Examining the wildfire problem in the context of a stochastic repeat-
ed Nash game allows us to explore the interaction between landowners
in their fuel treatment decisions. Landowner interaction in the fuel
treatment game is driven by spatial externalities—that is, fuel treatment
on an individual parcel reduces expected damage on the individual and
neighboring parcels. In the context of our model, we are able to gain
Table 3
Misinformation and heterogeneous fuel parameters.

Heterogeneous fuel
Beginning fuel stock on parcel k Zt = 0

k 3
Beginning fuel stock on parcel j Zt = 0

j 6
Misinformation

Probability of fire pft 0.007
Insurance premium per dollar of coverage I_premiumt

k 0.007
Fire damage losskt ¼ l1

100wZtk l1 = 0.16
Heterogeneous fuel and misinformation

Probability of fire pft 0.007
Insurance premium per dollar of coverage I_premiumt

k 0.007
Fire damage losskt ¼ l1

100wZtk l1 = 0.16



Table 4
Misinformation sensitivity analysis.

Probability of fire parameter
.7% or less No fuel treatment
.8% up to 5% (base case parameter) Both landowners undertake fuel

treatment in period 2 only (base
case treatment level).

Damage function parameter
0.16 or less No fuel treatment
0.17 up to 0.95 (base case parameter) Both landowners undertake fuel

treatment in period 2 only (base
case treatment level).

Fig. 7. Suppression spending over time for base case with regulation and cost-share.
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insight into how insurance, misinformation, initial fuel stock, and
Government suppression influence landowner fuel treatment decisions,
social costs, and the effectiveness of policy. The combination of different
initial conditions, insurance, and misinformation is a unique aspect of
our study.

We uncover two interesting results concerning insurance. First,
even with risk-adjusted insurance, we find that when there is a pro-
gram of Government suppression, landowners do not have sufficient
incentive to increase fuel treatment to the socially optimal level.
Despite reducing the cost of insurance when fuel stocks are lower
and confronting landowners with the risk of being dropped from
their insurance program, fuel treatment remains suboptimal because
landowners know that Government suppression will protect values at
risk when there is a fire, thereby limiting damage and preventing in-
surance drops from occurring. Although risk-adjusted insurance is
advocated as a way to increase fuel treatment levels in the WUI, we
do not find evidence to support this position. Instead, we find that
in the presence of an active program of publicly funded fire suppres-
sion severely constrains the ability of market insurance to induce fuel
treatment on private land.

Given the limited amount of treatment that occurs when land-
owners have insurance, we considered how observed outcomes com-
pare to the level of treatment among landowners without insurance.
Surprisingly, we find that insurance may delay fuel treatment on
private land. When the fuel treatment game is played between two
landowners without insurance, both undertake fuel treatment in the
first rather than the second time period. Treatment occurs earlier be-
cause when a fire is realized and landowners are uninsured, individ-
ual losses are substantial, especially when fuel loads are high. To
avoid these potentially costly outcomes, landowners without insur-
ance undertake fuel treatment earlier to maintain lower fuel stocks
overtime. Insurance programs may delay fuel treatment and inhibit
this behavior. Together, these findings indicate that the effectiveness
of efforts to increase fuel treatment and constrain suppression spend-
ing through insurance programs may be limited.

Landowners have incentives to reduce fuel stock in order to reduce
expected wildfire damages, but removing natural vegetation simulta-
neously reduces on-site amenity value. For our chosen parameters,
we do not find evidence of strategic interaction in amenity value and
Table 5
Heterogeneous fuel and misinformation sensitivity analysis.

Probability of fire parameter
0.3% or less No fuel treatment
0.4% to 0.7% Landowner with high fuel undertakes fuel treatment in
0.8% to 2% Landowner with high fuel undertakes fuel treatment in p
3.0% up to 5% (base case
parameter)

Landowner with high fuel undertakes fuel treatment in
only. (Base case with heterogeneous fuel treatment leve

Damage function parameter
.07 or less No fuel treatment
0.08 to 0.16 Landowner with high fuel undertakes fuel treatment in
0.19 to 0.56 Landowner with high fuel undertakes fuel treatment in p
0.57 up to .95 (base case
parameter)

Landowner with high fuel undertakes fuel treatment in
only. (Base case with heterogeneous fuel treatment leve
for our chosen parameters find that the incentive to forgo fuel treat-
ment in order to maintain amenity value is weak. This is partially due
to the fact that although higher fuel loads are associated with higher
amenity values, these conditions also increase fire damage and, in
fact, greater amenity value losses in the case of a wildfire. Landowners
are willing to accept short-term reductions in amenity value following
fuel treatment in order to mitigate the risk of a damaging fire andmore
severe amenity value losses in the future.

Our modeling framework also allows us to examine the source of
social costs from the wildfire problem. Based on the results described
in Figs. 4 and 6, we find that a larger fraction of social costs can be
attributed to free riding off of government suppression rather than
spatial externalities between landowners. A similar conclusion was
reached in Crowley et al. (2009), but here we are able to gain addition-
al insight through our examination of misinformation and unequal
starting fuel levels. We find that of the three misinformation cases, so-
cial costs are the greatest for cases where landowners underestimate
fire damage and the probability of fire; over a range of parameter
values we find that landowners undertake no fuel treatment. Further-
more, for these two cases of misinformation, a cost-share program is
unable to provide landowners with sufficient incentive to undertake
fuel treatment. This partly due to the fact that when fuel treatment
goes to zero, Government responds by increasing suppression.

Additionally, a novel feature of our model is consideration of the
social costs from misinformation under an asymmetric versus a sym-
metric fuel landscape across landowners. For the game with asym-
metric starting fuel, social costs from misinformation persist over a
greater range of fire probability and damage function parameter
values. This is because when one landowner's fuel stock is greater,
the landowner with the smaller starting fuel stock is better able to
free-ride on treatment undertaken on the parcel with the higher
fuel stock than when starting fuel is the same on both parcels. This
suggests that as information about wildfire improves, through educa-
tion programs for example, the social costs of misinformation will be
more persistent on landscapes where fuel differs across ownerships.
period 1 only.
eriod 1 only and neighboring landowner undertakes fuel treatment in period 2 only.
periods 1 and 3 and neighboring landowner undertakes fuel treatment in period 2
l.)

period 1 only.
eriod 1 only and neighboring landowner undertakes fuel treatment in period 2 only.
periods 1 and 3 and neighboring landowner undertakes fuel treatment in period 2
l.)
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We find that when landowners are misinformed and unaware of
the spatial externality, the outcome is actually closer to the social
optimum than when landowners have perfect information about
the spatial externality, as in Crowley et al. (2009). Rather than
suggesting a policy of promoting misinformation, this result suggests
that in settings where spatial externalities are a significant determi-
nant of fire damage and landowners are aware of these relationships,
inefficiencies in fuel treatment and suppression will be greater. These
settings might include areas with high wind speeds, steep slopes, or
where ownership units are small relative to wildfire size. In these
types of settings, wildfire is more likely to travel across ownership
boundaries, affecting more than one landowner in a single fire
event and making fuel treatment decisions on adjacent ownership
units relevant to fire damage on the individual parcel. Social costs
resulting from misinformation about the probability of fire and fire
damage might be reduced using education programs. These types of
education programs may be particularly effective in areas where
frameworks for wildfire education are already in place through
community fire planning efforts.

Our analyses of the fuel treatment regulation and cost-share pro-
gram indicate that the effectiveness of each policy will depend on the
presence and type of misinformation. In the base case, the cost-share
program did nothing to increase fuel treatment when there was
misinformation about the probability of fire or fire damage. For the
asymmetric fuel case, however, the cost-share program increased fuel
treatment on the parcel with the lower fuel loading only, but not on
the neighboring parcel. With misinformation about the spatial exter-
nality, the cost-share program increases fuel treatment on both parcels
for the base case and on the heterogeneous landscape.

In all cases, the fuel stock regulation achieves reductions in fuel
loads across the landscape. However, the present analysis does not in-
clude an examination of the costs of implementing, monitoring, and
enforcing this type of regulation, which may be nontrivial given that
the federal government is primarily accountable for suppression
spending while municipal governments have jurisdiction over private
land management ordinances. Nonetheless, given the significant sup-
pression cost savings that would certainly result from the associated
increase in fuel treatment, it seems likely that even with these costs
substantial reductions in social costs would be possible.

The results of this study provide insight into wildfire risk manage-
ment and the fuel treatment decision on a landscape where landowners
interact through spatial externalities. Additionally, our approach may
serve as a platform for additional research on wildfire risk management
in more complex settings, with additional landowners or more nuanced
landowner and landowner–Government interaction, or for other aspects
of the problem such as alternative insurance programs or other
risk-mitigating management options available to landowners. The wild-
fire problem is undoubtedly complex and because of the growing num-
ber of people living in and around the fire-proneWUI, this issue is one of
continued importance.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.ecolecon.2013.02.019.
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