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A B S T R A C T

We develop a spatial-dynamic optimization model of landscape scale, jointly produced ecosystem services on a
forest at-risk of catastrophic wildfire. We show optimal fuel management strategies vary over time in response to
biomass growth dynamics, how biomass contributes to ecosystem services, the implied tradeoffs and com-
plementarities between ecosystem service values, and the spatial dynamics of fire spread. Fuel reduction stra-
tegies increase expected ecosystem service values in the future by lowering the probability ecosystem services
will be lost to catastrophic fire. However, fuel management also differentially impacts current ecosystem service
values through the reduction in biomass. Ecosystem service values that are immediately enhanced by fuel re-
ductions such as forage for grazing serve as an indirect benefit of fuel management. In contrast, ecosystem
service values that are immediately harmed by fuel management such as recreational values serve as indirect
costs of fuel management. Spatial spillovers, in the form of high wind, tend to lower tradeoffs between ecosystem
services, and increase complementarities.

1. Introduction

Despite a lack of markets for natural capital and ecosystem services,
society often makes choices that imply values for the goods and services
natural capital provides (Turner and Daily, 2008). These implied values
are especially apparent on public lands, where managers balance pre-
ferences of a wide range of stakeholders, potential impacts, and legal
obligations (Binder et al., 2017 and Sills et al., 2017). Understanding
tradeoffs that exist in ecosystem service provision is important because,
like many goods and services, ecosystem services are jointly produced.
A change caused either by nature or management to the natural capital
that produces ecosystem services can have broad landscape-scale im-
pacts on other ecosystem services (Bagstad et al., 2013).
In the American West, those management actions are often directed

toward reducing the risk of wildfire to natural capital. Within natural
return intervals and intensity levels, fire is important to maintain eco-
system health and many ecosystem services (Thom and Seidl, 2016).
Values for recreation, pollinator services, and many types of wildlife
habitat, for example, tend to be higher in thinner, patchy landscapes

created by natural fire behavior (Hanula et al., 2016). However, a le-
gacy of fire suppression has led to over-accumulation of fuels in many
western forests, resulting in fires that burn hotter and larger than they
otherwise would (Hessburg et al., 2005). In 2017, just over 10 million
acres burned throughout the U.S., making it at the time, the second
largest amount of acreage burned in U.S. history, just below the 10.1
million acres burned in 2015.1 These so-called ‘mega-fires’ (fires that
burn>100,000 acres) have the potential to directly destroy homes,
wildlife habitat, and commercial timber. Burned areas often see in-
creases in chemicals, metals, and sediment in waterways (Neary et al.,
2005; Smith et al., 2011) and declines in recreation access (Duffield
et al., 2013).
Prompted by growing interest in forests for recreation, environ-

mental uses, and the threats such uses face, forest researchers have
expanded both the scope and tools of forest management by in-
corporating a variety of human values into traditional forest manage-
ment models, though still with a heavy focus on timber. Early work by
Hartman (1976) showed values like recreation and flood control can
affect when or even if a stand should be harvested for timber. Johnson
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et al. (1980) generalized the Hartman model to account for multiple
non-timber and amenity values. Their work led to the development of
the FORPLAN model, used extensively during the 1980s for planning by
the US Forest Service and highlighted many of the tradeoffs involved in
forest management. With the expansion of computational power, re-
searchers have turned more often to simulated production possibilities
frontiers (PPFs), marginal cost analysis, and multi-objective optimiza-
tion techniques to highlight tradeoffs between human values on a
landscape. Arthaud and Rose (1996) were among the first to formulate
a PPF for ecosystem service tradeoffs with a case study on aspen harvest
and ruffed grouse habitat. They used computational iterations of a
stand management program and a habitat suitability index. Calkin et al.
(2002) solved for a PPF showing tradeoffs between timber harvests and
northern flying squirrel habitat by maximizing timber harvests subject
to various targets for habitat conservation. They showed that, even for
their two-resource tradeoff functions, computational complexity re-
mained high, and so relied on simulated annealing to optimize over
both spatial and temporal ecological processes. Nalle et al. (2004) build
off methods developed in Calkin et al. (2002) by expanding the com-
plexity of the ecological model, particularly to highlight tradeoffs be-
tween species' habitat and to expand the geographic scope of the ana-
lysis. They argue that the information gains from more computationally
sophisticated models are worth the added effort compared to non-
spatial or static models. Similar arguments are made by Bekele et al.
(2013), who use a genetic algorithm to map out a PPF for six ecosystem
services in a watershed (corn, soybeans, hay, flood control, water
quality, and carbon retention). By extending the list of ecosystem ser-
vices considered, Bekele et al. also highlighted the role of com-
plementary between some ecosystem services.
Newer models, combined with advances in GIS technologies, high-

light the spatial interdependence between ecosystem services across a
landscape. Spatial relationships are often modeled with ecological
conditions that interact between locations, such that benefits from the
entire landscape are larger than the sum of benefits from one location
(Amacher, 2004; Bowes and Krutilla, 1985; Koskela and Ollikainen,
2001; Swallow et al., 1997; Swallow and Wear, 1993), and because
reducing forest vegetation is often a management objective, timber
harvests can be complementary to many other ecosystem services (Sims
et al., 2014). Non-timber amenity values change with the stock of the
forest, so optimal management over time may include parcels that are
maintained in low-stocked levels of timber while other areas go vir-
tually untouched as old growth forests (Bowes and Krutilla, 1985). In
such cases, optimal forest management looks less like multiple use from
a single stand and more like a zoning approach to management. In this
regard, location of economic activity on a landscape is as important as
the level of economic activity that takes place (Polasky et al., 2008).
Insights from ecosystem service models are increasingly applied to

optimal management of wildfire risk (Minas et al., 2012). Lee et al.
(2015), for example, use vegetation levels as a proxy for all ecosystem
services, with ecosystem service values recovering post-fire based on
the age of the mature vegetation. Rocca et al. (2014) look at the effect
of fire regimes and fuel management practices on ecosystem services
across forest types. They find fuel treatments are, in general, more ef-
fective at preserving ecosystem services in the lower and upper mon-
tane forests due to these forest types' relative productivity and potential
for vegetation overgrowth compared to the other forest types. Vogler
et al. (2015) combine a PPF framework with advanced computational
optimization, GIS modeling, and simulations for vegetation growth and
fire risk to examine tradeoffs between timber harvests, reductions in
fire risk to the wildland urban interface, and reduction in risk of da-
mages from insects (e.g., bark beetle). They highlight that, because
smaller units of forest tend to be dominated by a limited set of eco-
system services, there are not only tradeoffs in how one manages a
single forest stand, but also where on a large landscape to prioritize
restoration.

The inter-temporal tradeoffs implied by managing fire risk and
ecosystem services coupled with the spatial interdependence between
ecosystem services across a landscape suggest the need for a spatial-
dynamic optimization approach (Sanchirico and Wilen, 1999; Smith
et al., 2009). However, combining space and time in optimal control
problems creates significant degrees of analytical and computational
complexity. To facilitate a solution, forest management researchers
restricted the dimension of the problem by limiting the range of human
behavior, number of ecosystem services, number of spatial patches,
number of time periods, or the interdependency of spatial patches. For
example, many studies utilize integer programming which implies
forest management is constrained to a dichotomous choice such as to
manage or not manage a given area (e.g., Hof et al., 1994). Others
studies avoid such restrictions on management but facilitate a solution
by limiting the number of time periods (Albers, 1996; Konoshima et al.,
2010; Konoshima et al., 2008). Aadland et al. (2015) allow for a con-
tinuous gradient of management actions and a large number of time
periods but restrict their attention to timber and non-timber ecosystem
services to facilitate a solution.
We combine the literature on production of ecosystem services and

spatial-dynamic optimization to develop a model of landscape scale
ecosystem services that are jointly produced on a forest but subject to
risk of catastrophic fire. We use nonlinear programming to show how
fire is likely to affect values in the distant future and at distant points
across the landscape and what optimal fuels management may look like
when treatments affect this risk. We explore spatial and temporal
spillovers to fuel treatments and illustrate when and where these spil-
lovers matter. The work presented here contributes both with modeling
techniques used to address spatial-dynamic optimization of ecosystem
services and with conceptual methods used to think about how we
should manage ecosystem services over space and time. We apply our
methods to a case study of Montana watersheds, roughly based on
forests around the capital city of Helena. The area includes grasslands,
dense forests, and human uses ranging from intense grazing and timber
production to wilderness. The area is also deemed high risk of wildfire,
with significant departure from historic fire regimes (Schmidt et al.,
2002).

2. Methods

2.1. Model

Consider a landscape with three watersheds where the objective is
to manage vegetation levels over time to maximize discounted eco-
system service values. Each watershed i provides s=1, 2,… , S eco-
system services ESi, s. Ecosystem services are a function of the standing
forest biomass (i.e., natural capital) in a watershed vi(t) which evolves
according to

=dv
dt

g v m v( )i i i i
i

(1)

where gi(vi) is a growth function and mi(t) is the proportion of biomass
removed for fuel management in period t. Ecosystem services may be
either increasing in the level of biomass (e.g., recreation) or decreasing
in the level of biomass (e.g., water supply). We focus on fires large
enough to, at least in the short-run, completely eliminate all ecosystem
services in the watershed. For example, recreational areas are often
closed during and, often, for a period after large fires. Similarly, it may
take a while for some wildlife species to return to a burned area while
other species thrive shortly after a fire.
A fire in a watershed may originate within the watershed or spread

from a neighboring watershed. Thus, the probability of a large fire in a
watershed is a function of the fuel load in the watershed and the fuel
load in neighboring watersheds
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= + +t d t d v t d v t( ) v ( ) ( ) ( )i i i i1 1 2 2 3 3 (2)

where dii=1 and 0 < dij < 1 is the probability forest biomass in
watershed j contributes to a catastrophic fire in watershed i. We assume
the probability is larger for more proximate watersheds, and if wa-
tershed j is downwind of watershed i, dij > dji. We term the probability
weighted biomass in Eq. (2) the effective fuel load. The timing of this
large fire is unknown and characterized by a hazard function (Heines
et al., 2018; Reed, 1984). Specifically, a fire occurs when an unknown
effective fuel load threshold i is crossed. The uncertainty in i is con-
trolled with the distribution function =F ( ) Pr( )i i i and density
function dF/dφi over support [0,∞].
To account for the effect of management on fire risk, a conditional

probability density function is defined over changes in effective fuel
load

=
+

h
fire in no fire up to

( ) lim
Pr( ( , ) | )

i
i i i i

i0i (3)

with dh/dφi > 0 reflecting a greater probability of a fire the larger the
effective fuel load. The conditional pdf or hazard function represents
the instantaneous probability rate of reaching a watershed's critical
effective fuel load at φi given no large fires have previously occurred.
Eq. (3) implies the probability a level of effective fuel load φi has caused
a large fire in watershed i is

= = ( )F h z dz( ) Pr( ) 1 exp ( )i i i 0
i

(4)

It follows that F(0)= 0. The specification of the distribution func-
tion in (4) critically depends on whether the hazard is unimodal or
monotone. A flexible parametric form that accommodates both is the
Weibull model with

=h ( )i i
1 (5)

where λ > 0 and β is a shape parameter with a value greater than one.
The parameters in the hazard function may vary across watersheds due
to differences in physical characteristics of the watershed (e.g., slope,
aspect, land cover), local climate (e.g., precipitation, temperature), or
the presence of human infrastructure such as roads. Applying this
specification to (4) gives

=F ( ) 1 expi
i

(6)

Fire hazard can be reduced by investing in fuel management mi. Fuel
management lowers the fire hazard in watershed i and in neighboring
watersheds (dji > 0). Thus the benefits of fuel management in wa-
tershed i spillover to neighboring watersheds. We assume non-de-
creasing costs of fuel management, which is true at least on the margin
for a given management approach. For example clear cutting a large
area may be cheaper than selective harvest of the same area, but for
either method, removing vegetation near the road will be cheaper than
removing more distant vegetation. This implies a cost of fuel manage-
ment C(m1,m2,m3) with ∂C/∂mi > 0 and C m/ 0i

2 2 .
The forest manager's objective is to choose a time-varying fuel

management schedule in each watershed (m1(t),m2(t),m3(t)) to max-
imize the expected net present value of forest ecosystem services:

=

+

+

=

=

=
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(7)

subject to:

=dv
dt

F g v m v[1 ( )][ ( ) ]i
i i i i i

m 0i

where = + +F ( ) 1 expi
d v d v d v( )i i i1 1 2 2 3 3 and pi, s is the value of

ecosystem service s in watershed i, with initial conditions vi(0)= vi, 0.2

The spatial and temporal dynamics of the problem make analytical
solutions challenging. To gain intuition, we initially consider the as-
patial problem in which the probability of fire is only a function of the
biomass in that watershed: = =F F v( ) ( ) 1 expi i

v( )i . In this
setting, identifying optimal fuel management can be viewed as three
independent optimization problems. The current value Hamiltonian for
fuel management in watershed i is

+
=

F v g v m v[1 ( )] p ES (v ) c(m ) [ ( ) ]i i i i i i
s 1

S

i,s i,s i i
(8)

where πi is the current-value shadow value for forests biomass. Forest
biomass can be a valuable commodity if it contributes to ecosystem
services: πi > 0. It may also detract from ecosystem service values and
increase the risk of fire: πi < 0. The necessary conditions are:

=m F v c m v[1 ( )][ ( ) ] 0i i i i i (8a)

+

+ + =

=

=

F v g v m v

F v g v m

( ) p ES (v ) c(m ) [ ( ) ]

[1 ( )] p ES (v ) [ ( ) ] [ ]

i i i i i i i

i i i i i i i

s 1

S

i,s i,s i i

s 1

S

i,s i,s i

(8b)

From the Kuhn-Tucker condition in Eq. (8a), we see that a positive
amount of fuel management is only optimal when the shadow value of
forest biomass is negative: −c′(mi)/vi= πi. If the shadow value of forest
biomass is positive, −c′(mi) < πivi for all levels of biomass, it is optimal
to refrain from fuel management.
Solving (8a) for πi and substituting into (8b)

+

=

=

=

F v c m
v

g v m v

F c m
v

g v m

c m m v c m v c m v
v

( ) p ES (v ) c(m ) ( ) [ ( ) ]

[1 ( )] p ES (v ) ( ) [ ( ) ]

( ) ( ) ( )

i i
i

i
i i i i

i
i

i
i i i

i i i i i i i

i

s 1

S

i,s i,s i i

s 1

S

i,s i,s i

2 (9)

Eq. (9) illustrates how the optimal amount of fuel reduction in a
watershed equates the manager's marginal benefit and marginal cost of
fuel reduction. The left-hand side is the marginal benefit of fuel re-
duction. The first term on the left is the effect of fuel management on
the probability of a catastrophic fire. The value of the risk reduction is
equal to the value of the ecosystem services the forest provides (the
term in brackets). The second term on the left is the (probabilistic)
effect of fuel management on current and future ecosystem service
values. This would be a benefit if ecosystem services decline in biomass
(e.g., water yield). It may also represent a cost if the watershed provides
exclusively ecosystem services that increase in forest biomass. Thus,
fuel management increases the expected duration of the flow of eco-
system services from the forest but it will not always increases the flow
itself. The right side is the marginal cost of fuel reduction. Eq. (9) and

2We chose not to constrain the management decision with a budget con-
straint. One could match a budget to the optimal treatment curves since mar-
ginal benefits of treatments are equal across watersheds regardless of the ag-
gregate level of treatment due to optimality. If provision of ecosystem services
are extremely lumpy or strong complementarities exist, a small budget might
imply treatments only in a single watershed.
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the state equation for forest biomass can be solved to yield the optimal
time path of fuel reduction mi

∗(t).
Identifying optimal fuel reduction strategies becomes more complex

when fire can originate in neighboring watersheds: dij > 0. Here, the
marginal benefit of fuel reduction in watershed i depends on the fuel
load and fuel reduction strategies in neighboring watersheds.
Specifically, the left side of Eq. (9) will include additional terms that
capture the spillover effects of local fuel reduction (i.e., the reduction in
catastrophic fire risk in watershed j due to fuel reduction in watershed
i). Optimal fuel reduction strategies in each watershed must be found
simultaneously to ensure the marginal benefit of fuel reduction is
equalized across watersheds. Otherwise the expected net present value
of forest ecosystem services could be increased by reallocating fuel
reduction effort to the watershed with the highest marginal benefit.

2.2. Illustrative example

To investigate the spatial dynamics of the model, we introduce an
illustrative example based on forested watersheds in Montana. We ca-
librate the model to roughly represent the National Forests around the
capital city, Helena (Helena – Lewis and Clark National Forests). We
emphasize that our model and data are highly stylized and are not in-
tended to imply specific management or policy suggestions. We selected
six ecosystem services (S=6) for the focus of this analysis: forests' role
in removing sediment and pollutants in drinking water, provision of
water for municipal and agricultural uses, access to outdoor recrea-
tional opportunities, provision of forage for grazing, provision of
timber, and wildlife habitat to support hunting.
Because the spatial allocation of ecosystem services is important for

our analysis, we focus on the hypothetical forested landscape in Fig. 1.
The forested landscape is composed of three watersheds delineated by
black lines in Fig. 1. Fuel management takes place on public lands in the
headwaters of each watershed delineated by red lines. For exposition,
we assume the forested landscape has 3000 mile2 of public land evenly
divided between the three watersheds, which is roughly the size of the
Helena – Lewis and Clark National Forests. The northernmost wa-
tershed (watershed 1) contains heavily used public land that caters to a
variety of recreational pursuits, grazing, and harvesting high-valued
timber. The river flowing from this public land provides drinking water
to a city with about 81,000 residents. The southwest watershed (wa-
tershed 2) contains a wilderness area with fewer recreational visits than
the northern watershed and limited grazing. The river flowing from this
wilderness area provides drinking water to a small town with about
68,000 residents. The public land in the southeast watershed (wa-
tershed 3) is used primarily for hunting, grazing, and low-value timber
harvesting. The river flowing from this public land provides irrigation
water for agriculture in the valley.
To isolate the effect of ecosystem service provision, we assume the

vegetation characteristics are identical in each watershed. Fig. 2 shows
how forest growth, percent forest cover, and fire hazard vary with the
amount of forest vegetation in each watershed. Vegetation in the three
watersheds ranges from dense coniferous forests to grasslands. Each
watershed contains a mixture of spruce, fir, larch, lodgepole pine, and
ponderosa pine depending on elevation. While admittedly a simplifi-
cation, we use a single logistic growth function for vegetation
throughout the study area: = ( )g v rv( ) 1i i i

v
K

i
i
where r=0.05 is the

intrinsic growth rate of the mixed forest, and Ki= θAi is the carrying
capacity of the forest. Vegetation is measured in million short tons, and
θ=0.019 is calibrated to yield a carrying capacity of 19 million short
tons which is the average biomass of overstocked forests in Montana.
The current forest has 500,000 short tons of biomass in each watershed:
vi0= 0.5.
The percent forest cover in each watershed πi is assumed to be in-

creasing in the level of forest vegetation:

=
+
z v

z v1i
i i

i i (10)

where zi captures the density of the forest in watershed i. While ad-
mittedly a simplification, we assume forest density is constant
throughout the watershed, or that characteristics of the watershed can
be described by an average density. For exposition, we assume
zi=0.158 which implies that all watersheds are 75% forested when
vegetation growth is at carrying capacity.
Fire hazard in each watershed is determined by two parameters that

determine the hazard rate. We assume instantaneous fire hazard is in-
creasing in the amount of forest vegetation in the watershed: β=2. We
assume λ=0.05, which implies a 99% probability a large catastrophic
fire has occurred by the time the forest reaches carrying capacity. Fig. 3
presents the two scenarios we use to illustrate the spatial dynamics in
our model. The first scenario is a “no wind” scenario in which fuel load
in a watershed is entirely determined by the biomass in that watershed:
dij=0 and dii=1. With no wind-induced spillovers, the probability a
fire has occurred with a given level of biomass is identical in each
watershed. This scenario would represent the aspatial model in-
vestigated in section 2.1. The second scenario is a “high wind” scenario
in which fuel load in a watershed is determined by the biomass in that
watershed and watersheds that lie to the west. The wind-induced spil-
lovers make the probability fire has occurred highest in watershed 3
and lowest in watershed 2.
The cost of fuel management is the sum of fuel management costs in

each watershed: C(m1,m2,m3)= C1(m1)+ C2(m2)+ C3(m3). For ex-
position, the cost of fuel management in each watershed is a quadratic
function of the amount of fuel reduction: = +C m c m c m( ) i i i i1 1 1 2

2 where
ci1 and ci2 are non-negative cost parameters. To isolate the effect of
ecosystem service provision, we assume the cost parameters are iden-
tical in each watershed: ci1= 50,000,000 and ci2= 12,500,000. In the
following sections we describe the provision of ecosystem service va-
lues in each watershed. As illustrated in the previous theoretical sec-
tion, many of these ecosystem service values accrue to the manager in
the future while the cost of fuel management are incurred immediately.
The forest manager uses a 4% discount rate to compare values that
accrue at different points in time.

2.2.1. Removal of sediment and pollutants in drinking water (water quality)
A key role of forested watersheds is the provision of municipal

drinking water and habitat for sensitive species. Vegetation filters water
and holds sediment in place; benefits to water quality, therefore, gen-
erally increase with vegetation. We measure these benefits following
Warziniack et al. (2017b), who look at the benefits of forestlands to
municipal water providers in forested ecoregions. They find that a 1%
increase in forest cover is associated with a 3% decrease in turbidity,
and a 1% decrease in turbidity is associated with a 0.19% decrease in
cost of water treatment. Following their work, we use the following
equation to measure the impact of vegetation on water quality, and in
turn the avoided costs of water treatment per million gallons treated:

=AvoidCost C1
3 0.19i

i

i

i

0

0

(11)

where Ci0 is the initial water treatment cost at the initial forest cover
πi0. For exposition, we set the initial water treatment cost in all wa-
tersheds equal to $105.32 per million gallons treated which is the
average water treatment cost for utilities in Warziniack et al. (2017b).
Annual avoided water treatment costs are found by multiplying the

avoided costs of water treatment by the number of gallons treated an-
nually. We assume the city in watershed 1 treats about 8 million gallons
per day and the smaller town in watershed 2 treats about 6.8 million
gallons per day. Thus, the value of water quality ecosystem services
(avoided costs of water treatment) for watershed 1 is p1, 1ES1,
1= AvoidCost1 ∗ 8,000,000 ∗ 365 and in watershed 2, p2, 1ES2,
1= AvoidCost2 ∗ 6,800,000 ∗ 365. Since the water in watershed 3 is

T. Warziniack, et al. Forest Policy and Economics 107 (2019) 101926

4



being used for irrigation, we assume there are no treatment costs as-
sociated with watershed 3.
As shown in Fig. 4, an increasingly forested watershed avoids more

water treatment costs. Avoided treatment costs range from $0 when the
forest cover is at its initial condition to $5 million per year when the
forest in watershed 1 is at its carrying capacity. Increasing forest cover
avoids water treatment costs but at a decreasing rate to reflect the
reality that some treatment costs will have to be incurred regardless of
the amount of forest cover in the watershed. Also, note that avoided
costs are measured relative to the current state of the forest. Thus, costs
are avoided when forest cover increases from its current state (i.e.,
positive avoided costs) but additional costs are incurred when forest
cover decreases from its current state (i.e., negative avoided costs).

2.2.2. Provision of water for municipal and agricultural uses (water yield)
Paired catchment studies consistently show that water yield in-

creases following removal of vegetation. For catchments in the Rocky
Mountains, increases in water yield have been seen for vegetation re-
moval> 15% of the catchment (Stednick, 1996), with 20–40mm in-
creases in yield for every 10% of vegetation removed in conifer forests
(Bosch and Hewlett, 1982; Sahin and Hall, 1996). Without continued
vegetation removal, however, water yields soon return to pre-harvest

levels.3 We account for these temporal changes in evapotranspiration
rates using Zhang curves (Zhang et al., 2001) for each period with the
following functional form:

=
+

+ +
+

+

+ +( ) ( )
ET
P

f
w

w
f

w

w

1

1
(1 )

1

1

E
P

E
P

E
P

E
P

E
P

E
P

1 1

Z

Z Z

Z

Z Z
(12)

where w is the plant-available water coefficient specific to the type of
vegetation, f is the percent of area in forests, and (1-f) is the percent of
area in grasses. Zhang et al. estimate Ez=1410 and w=2.0 for trees,
and Ez=1100 and w=0.5 for grasses. Average annual precipitation in
Helena is about 49 in. according to usclimatedata.com, so Eq. (12) be-
comes

= + = +ET P P0.996369 0.003038 48.82209 0.14884i i i (13)

and water yield is given by.

= = +Yield P ET 49 (48.82209 0.14884 )i i i (14)

Watershed 1: Multiple use recrea!on 
with grazing and high-value !mber 

harves!ng 
Area: 1,456 mi2

Value: $53.45 per recrea!on day  
Animal unit months per year: 274,500 

Watershed 2: Wilderness area with 
limited grazing and no !mber 

harves!ng 
Area: 1,456 mi2

Value: $95.96 per recrea!on day 
Animal unit months per year: 45,750 

Watershed 3: Hun!ng with grazing 
and low-value !mber harves!ng 

Area: 1,456 mi2

Value: $75.99 per recrea!on day 
Animal unit months per year: 320,250 

Municipal water use 
Popula!on: 81,327 

Water treatment facility: 8,132,700 gallons/day 
Water price: $1,500 per acre foot 

Municipal water use 
Popula!on: 67,773
Water treatment facility: 6,777,300 gallons/day
Water price: $1,500 per acre foot

Irriga!on 
Water price: $300 per acre foot

Fig. 1. Hypothetical forest landscape.

3 Forests also offer a service by retaining water and releasing it more slowly.
Clearing too much vegetation could lead to more frequent flooding. Here we do
not consider the possibility of flooding in this work.
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Water values are based on a recent draft of the Montana State Water
Plan (Tubbs, 2014). The largest consumptive use of water in Montana is
irrigated agriculture, which accounts for 96% of all water diversions
and 67% of all consumptive use (accounting for return flows). In the
Yellowstone River basin, irrigation accounts for 83% of consumptive
use. Although population is increasing in the study area, water demand
for urban uses has not increased significantly; even in the most popu-
lated regions, households' share of consumptive use is below 4%. The
marginal value of water in agriculture is routinely an order of magni-
tude lower than the marginal value of water for municipal uses, parti-
cularly in areas of recent population growth. Prices for municipal uses
are $290 to $3145 per acre-foot, whereas prices for leased agricultural
water diverted for in-stream conservation are $42 to $3614 per acre-
foot. In general, prices increase for more senior water rights and when
few other options for obtaining water exist in the area. Current rates
paid by agricultural users of water from Bureau of Reclamation and
Montana Department of Natural Resources and Conservation facilities
are $2.32 to $7.50 per acre-foot per year, or a capitalized value of $76
to $244 per acre-foot. Accounting for delivery and operating costs, the
capitalized costs of agricultural water range from $189 to $615 per
acre-foot.
Given this information about water usage in Montana, the value of

water yield for watersheds 1 and 2 are p1, 2ES1, 2= 1500 ∗ Yield1 and p2,
2ES2, 2= 1500 ∗ Yield2. The value of water yield in watershed 3 (where
water is used for irrigation) is p3, 2ES3, 2= 300 ∗ Yield3. The value of
water yield services in each watershed is shown in Fig. 4.
With small amounts of forest in the watersheds, the value of annual

water yield services range from nearly $15 million in those watersheds
that use the water for municipal purposes (watersheds 1 and 2) to under
$3 million in watershed 3 where the water is used for irrigation pur-
poses. When forests in each watershed are at or near carrying capacity,

these services fall to a little over $5 million per year in watersheds 1
and 2 and less than $2 million per year in watershed 3. Note that the
differences in the value of water yield services across watersheds is due
only to differences in the value of the water that flows from these
watersheds and not in the quantity of water.

2.2.3. Access to outdoor recreational opportunities
Provided vegetation is not too dense to restrict views or use, most

studies find recreational visits increase with the age of the forest (Englin
et al., 2001; Starbuck et al., 2006). Englin et al. (2001) show that re-
creational visits increase shortly after a fire when the forest is open, but
decrease over time as brush thickens. Eventually, as the forest canopy
closes, recreational visits increase with forest maturity. We focus on the
latter stage of forest development and assume recreational benefits
increase with forest vegetation, though at a decreasing rate:

=Rec a vi i i
0.3 (15)

where Reci is the number of recreation visits in watershed i. We use the
National Visitor Use Monitoring (NVUM) survey to determine ai in
watersheds 1 and 2. The number of recreation visitors can vary dra-
matically across forests. For example, according to the NVUM survey,
the Custer National Forest had about 2 million visitors in 2003. This
corresponds to 1077 visitors per square mile. We assume that if the
forest in watershed 1 were at carrying capacity, it would attract an
equal number of visitors after accounting for the size of the watershed:

= =a 445,370.A
K1

1,077 1
10.3 Because a1 is a function of watershed area, it

also relates vegetation levels to vegetation density, which is more di-
rectly observed by recreational visitors. Using the USGS Benefits
Transfer Toolkit (https://my.usgs.gov/benefit-transfer/activityCalc/
index), we calculate the average value for general recreation to be
$53.45 per person per day (2014 dollars). Assuming each visitor is on a
day trip, the value of recreation in watershed 1 is

=p ES a v53.451,3 1,3 1 1
0.3.

We assume fewer people visit the wilderness area in watershed 2.
According to the National Visitor Use Monitoring survey for the Helena-
Lewis and Clark National Forest, about 530,000 people visited the
forests in 2003, or about 182 visitors per square mile. We assume that if
the forest in watershed 2 were at carrying capacity, it would attract an
equal number of visitors after accounting for the size of the watershed:

= =a 75,079.A
K2

182 2
20.3 We assume the primary recreational activity in

the wilderness area is hiking with an average value of $95.66 per
person per day according to the USGS Benefits Transfer Toolkit. The
value of recreation in watershed 2 is =p ES a v53.452,3 2,3 2 2

0.3. We as-
sume hunters visit watershed 3 but general recreation visitors do not,
a3= 0.
As shown in Fig. 4, the value of recreation services declines as the

forest biomass declines. Relatively small changes in visits occur pro-
vided forest biomass stays above 1 million short tons. Once vegetation
levels fall below 1 million short tons, recreational visits in each wa-
tershed drop off drastically. The differences in recreation values in
watershed 1 and 2 are due to differences in the number of visitors and
the value of the recreational activities. Watershed 2 attracts hikers who
place a higher value on recreational experiences than general recrea-
tionists but attracts far fewer visits than watershed 1.

2.2.4. Wildlife habitat to support hunting
According to National Visitor Use Monitoring data, about a third of

all visitors report hunting as their primary activity on the National
Forests. Hunters prefer watersheds with a mix of forest areas that can be
used for wildlife refuge and open areas that aid in hunting. To capture
hunter preferences for a mix of forested and open areas, hunting eco-
system services are largest at intermediate levels of percent forest cover:

=Hunting g gi i i
2 (16)

We parameterize g such that watershed 3 receives approximately

Fig. 2. Forest growth and cover in hypothetical watersheds.
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400,000 annual hunting visits: g=1,551,300.
According to the USGS Benefits Transfer Toolkit, a day of big game

hunting in the area is valued at $87.07 per person; small game hunting
is valued at $64.90 per person. We take the average of these two values
to get a single value for hunting in the area equal to $75.99 per person
per day. The value of hunting ecosystem services in watershed 3 is p3,
4ES3, 4= 75.99 ∗ Hunting3. We assume no hunting takes place in the
other two watersheds. Hunting visits, and thus hunting values, peak
when percent forest cover is 50% or about 6 million short tons of
biomass (see Fig. 4).

2.2.5. Provision of forage for grazing
Grazing livestock is a long-standing use of public lands. Since feed is

the single greatest expense for most ranchers, grazing is the cornerstone
of agricultural economies in many states in the western U.S. Provision
of forage for grazing is a critical ecosystem service in support of this
use. Popular forage species such as grasses and legumes grow in open
areas or low-density forest. Thus, grazing ecosystem services, measured
in total animal unit months per watershed, decline as forest cover in-
creases:

=Grazing AUM A(1 )
12.566i i

i i
(17)

where (1− πi)Ai is the non-forested area in watershed i suitable for
grazing and 12.566 is the average size (in square miles) of grazing

allotments in the Helena-Lewis and Clark National Forest. The animal
unit month per grazing allotment per year, AUMi, represents the quality
of grazing in watershed i. A lower value for AUMi might reflect slower
growing forage species or restrictions on the number of livestock that
can be grazed on an allotment. For example, grazing opportunities in
wilderness areas may be limited due to the lack of roads to access
grazing allotments and restrictions on grazing activities following an
official wilderness designation. As shown in Fig. 4, we assume relatively
good grazing opportunities in watersheds 1 and 3 (AUM1= 274,500;
AUM3= 320,250) but limited grazing opportunities in watershed 2 due
to the presence of the wilderness area (AUM2= 45,750). Grazing fees
are $1.69 per AUM.

2.2.6. Provision of timber
Timber production is another long-standing use of many public

forestlands. According to the 2016 Forest Inventory and Analysis (FIA),
nearly 125,000 thousand board feet (MBF) was cut from national for-
ests in US Forest Service Region encompassing the northern Rocky
Mountain Region; though, only a little over 1% of this volume was
harvested from the Helena-Lewis and Clark National Forest. To capture
a reasonable relationship between the provision of timber and forest
biomass, we calculated cut value per watershed and biomass per wa-
tershed for each national forest in the western U.S. (Forest Service
Regions 1, 2, and 4). There is a clear positive relationship between these

No wind High wind 

= 1
= 0
= 0

= 0
= 1
= 0

= 0
= 0
= 1

= 1
= 0.5
= 0

= 0.25
= 1
= 0

= 0.25
= 0.5
= 1

Fig. 3. Fire hazard and wind scenarios which determine spatial spillovers associated with fuel management.
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Fig. 4. Impact of forest biomass on the value of ecosystem services in each watershed.
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values indicating that heavily forested watersheds are more likely to
experience timber harvests. Based on this FIA data, we assume an ex-
ponential relationship between the timber value in each watershed and
the forest biomass:

=Timber µ ei i
µ v

0, i i1, (18)

We further assume that timber harvesting is allowed in watersheds 1
and 3 but prohibited in watershed 2 due to the presence of the wild-
erness area (see Fig. 4). For timber values in watershed 1, we fit an
exponential curve to the FIA data: μ0, 1= 10,208; μ1, 1= 0.074. We
assume timber values per unit of biomass are lower in watershed 3 due
to a lack of roads for logging or the presence of lower-valued timber
species: μ0, 2= 6,000; μ1, 2= 0.06.

3. Results

Fig. 5 illustrates the tradeoffs and complementarities involving
water yield services implied by the relationships in Eqs. (10) through
(18). Because water quality is increasing in the level of forest biomass,
there is a tradeoff between water quality and water yield in watersheds
1 and 2. In fact, the provision of extremely large amounts of water for

municipal and agricultural uses will cause local utilities to incur addi-
tional water treatment costs. Tradeoffs are also present when com-
paring water yield to timber values (bottom right panel in Fig. 4).
Watersheds with low amounts of forest cover will provide relatively
high water yield values but will not be areas conducive to high timber
values. These tradeoffs are absent in watershed 2 since timber har-
vesting is prohibited in the wilderness area. Increases in water yield will
also be accompanied by decreases in the value of recreation in water-
sheds 1 and 2. Since recreational visits increase with greater forest
cover, efforts to increase water yield will be accompanied with losses in
recreation values.
Complementarities arise when comparing water yield with hunting

and grazing. In watershed 3, water yield and hunting are complements
when water yield services are less than $2 million. In this range the
watersheds are characterized by high forest cover, and decreasing forest
cover to increase water yield also attracts more hunting visits. Further
decreases in forest cover increase water yield up to the maximum value
of $4 million per year, but hunting days decline with decreases in forest
cover over this range. Removing all forest cover provides $4 million per
year in water yield values but completely eliminates hunting. Because
grazing is decreasing in the level of forest biomass, grazing and water
yield are complementary activities in all watersheds. These

Fig. 5. Tradeoffs associated with water yield services. The top left panel compares water yield and water quality; the top right panel compares water yield and mixed
use recreation in watersheds 1 and 2 and hunting in watershed 3; the bottom left panel compares water yield and grazing; the bottom right panel compares water
yield and timber harvesting.
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complementarities are most pronounced in watershed 3 where the
value of water yield is lowest due to irrigation being the dominant
water use and the value of grazing is highest due to the relatively high
number of animal unit months that can be supported on grazing al-
lotments in this watershed.
Assuming each watershed is initially in the same forest condition

(vi0= 0.5= 500,00 short tons), Fig. 6 shows the optimal fuel man-
agement schedules and forest biomass that maximizes the present value
of ecosystem services net of fuel management costs. These optimal fuel
management strategies vary over time in response to the biomass
growth dynamics, how biomass contributes to ecosystem services in
Fig. 4, the implied tradeoffs and complementarities between ecosystem
service values in Fig. 5, and the spatial dynamics of fire spread in Fig. 3.
Under the no wind scenario, no fuel management is optimal for at

least ten years, which allows the biomass to increase. In eleven years,
fuel management becomes optimal in watershed 1 but not in water-
sheds 2 and 3. Fuel management quickly plateaus at a level that re-
moves 55,000 short tons of fuel per year and holds the biomass in
watershed 1 at 1.1 million short tons. In nineteen years, fuel manage-
ment becomes optimal in watersheds 2 and 3. Like watershed 1, the
amount of fuel management quickly plateaus. However, the delay in
fuel management allows the forest in watersheds 2 and 3 to increase to

approximately 1.5 million short tons and requires a higher amount of
fuel reduction (70,000 short tons of fuel removed annually) to offset the
higher amount of forest growth and maintain this higher level of bio-
mass. Even though the level of fuel management in watersheds 2 and 3
is higher than watershed 1, the delay in fuel management means a
larger amount of forest biomass (and percent forest cover) in water-
sheds 2 and 3 compared to watershed 1.
The differences in fuel reduction strategies across watersheds are

due to the different mixes of ecosystem service values in each wa-
tershed. Fuel reduction strategies impact ecosystem service values in
the future by lowering the probability these ecosystem services will be
lost to catastrophic fire. Fuel reduction strategies also impact current
ecosystem service values through the reduction in biomass. To illus-
trate, Figs. 7 and 8 present the tradeoffs and complementarities invol-
ving fire hazard and ecosystem services implied by the relationships in
Eqs. (10) through (18) and (2) through (6). These tradeoffs and com-
plementarities illustrate how the mix of ecosystem service values in a
watershed influence the incentives to engage in fuel reduction.
Using fuel reduction to lower the probability of a fire leads to a loss

of ecosystem services that are increasing in biomass (i.e., water quality,
access to outdoor recreation, provision of timber). For watersheds
where these ecosystem service values are present, the loss of these

No wind High wind 

Fig. 6. Optimal fuel reduction strategies in three watersheds.
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No wind High wind 

Fig. 7. Ecosystem service tradeoffs associated with reducing fire hazard.
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No wind High wind 

Fig. 8. Complementarities associated with reducing fire hazard and ecosystem service provision.
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ecosystem service values represents an additional cost of fuel reduction.
Thus, fuel management incurs the direct cost of removing fuel
C(m1,m2,m3) and an indirect cost from immediate loss of ecosystem
service values that are positively correlated with forest biomass.
Likewise, fuel reduction leads to a gain of ecosystem services that are
decreasing in biomass (i.e., provision of forage for grazing, water yield,
and hunting). For watersheds where these ecosystem services are pre-
sent, the gain in ecosystem service values represents an additional
benefit of fuel reduction. Fuel management produces a future benefit by
reducing the probability a fire occurs and an immediate benefit from
gains in ecosystem service values that are positively correlated with
forest biomass. For example, more fuel reduction will be optimal in
watersheds that provide grazing opportunities than in watersheds that
provide outdoor recreation opportunities, all other things equal.
The tradeoffs and complementarities between ecosystem services

can exacerbate or mitigate these results. For example, water yield and
provision of forage for grazing are complements (see Fig. 5) meaning
that an increases the value of grazing also increases the value of water
yield. Thus, a watershed that provides water yield services and forage
for grazing provides a greater incentive for fuel reduction than a wa-
tershed that provides only forage for grazing. However, a watershed
that provides forage for grazing and water quality may not provide a
greater incentive for fuel reduction since these ecosystem service values
imply a tradeoff.
In the high wind scenario, the overall fire hazard is higher which

causes the optimal steady state level of forest biomass to be lower in all
watersheds compared to the no wind scenario. However, the addition of
wind further differentiates the optimal fuel management strategies
across the three watersheds based on their location to one another.
Biomass in watershed 2 contributes a larger share to the overall fire
hazard compared to the other two watersheds. Due to the heightened
fire risk originating from watershed 2, it is optimal to begin reducing
fuel almost immediately in this watershed. The hastened fuel reduction
and the lower levels of biomass that result mean that the long-run level
of fuel reduction in watershed 2 is lower than in the no wind scenario.
Early, aggressive fuel reduction allows for lower levels of fuel reduction
in the future.
The biomass in watershed 1 also contributes to the fire hazard in

watersheds 2 and 3, leading to earlier fuel reduction in watershed 1
compared to the no wind scenario. The earlier initiation of fuel re-
duction lowers the optimal steady state forest biomass from 1 million
short tons in the no wind scenario to 0.8 million short tons in the high
wind scenario. The biomass in watershed 3 does not contribute to fire
hazard in any other watershed. However, the higher level of overall fire
risk in the high wind scenario makes it optimal to begin fuel reduction
slightly earlier than in the no wind scenario. This results in a slightly
reduced level of long-run forest biomass in this watershed compared to
the no wind scenario.
While fuel management decisions account for the spatial spillovers

produced by high winds, decisions about the provision of ecosystem
services typically do not account for these spatial spillovers. This be-
comes problematic since high wind does not have the same effect on the
provision of all ecosystem services. Table 1 shows the long-run (steady

state) levels of ecosystem services that result from optimal fuel man-
agement and the percent of these services that are produced in each
watershed. Because spatial spillovers produced by high winds en-
courage lower levels of biomass in each watershed, the provision of
ecosystem services that are enhanced by more biomass (water quality,
outdoor recreation, hunting, and timber) will be lower while the pro-
vision of ecosystem services that are reduced by more biomass (water
yield and grazing) will be higher. However, the spatial allocation of
some ecosystem services also changes. With no wind, approximately
equal amounts of water quality values are provided in watersheds 2 and
3. In the high wind scenario with spatial spillovers, almost all of the
water quality services shift from watershed 2 to watershed 3. Likewise,
wind causes some outdoor recreation values to shift from watershed 2
to watershed 1. Thus decisions about the location of ecosystem services
may be reflecting forest conditions at distant locations.
To understand the effect of spatial spillovers in fire hazard on eco-

system service provision, return to the tradeoff and complementarity
curves in Figs. 7 and 8. Spatial spillovers, in the form of high wind,
lower the tradeoffs curves in Fig. 7. Compared to the no wind scenario,
managers must allow for lower ecosystem service values to achieve the
same fire hazard (or higher fire hazard to achieve the same level of
these ecosystem services). Accounting for spatial spillovers in fire ha-
zard will discourage the provision of these types of ecosystem services.
Alternatively, spatial spillovers increase the complementarity curves in
Fig. 8. In watersheds that generate large grazing and water yield values,
managers receive higher ecosystem service values with the same fire
hazard. The complementarities between fire hazard reduction and
hunting are nearly eliminated in the high wind scenario. Accounting for
spatial spillovers in fire hazard will encourage the provision of these
types of ecosystem services. However, the effect of increased fire hazard
due to wind is to flatten the tradeoff and complementarity curves in
Figs. 7 and 8 which dampens the importance of accounting for com-
plements and substitutes. That is, when fire risk is high, emphasis is
placed on reducing vegetation to preserve future the future flow of
ecosystem service values. Avoiding future losses in ecosystem services
due to fire is more important than current losses due to fuel manage-
ment.

4. Conclusion

Herein, we develop a spatially-explicit model of ecosystem service
provision and wildfire hazard across several watersheds and para-
meterized it to an average watershed in Montana. The model captures
several realistic features including the endogeneity of fire risk (i.e., fire
hazard changes to reflect current forest conditions), the spread of fire
over space, and tradeoffs and complementarities between ecosystem
services. We use this model to highlight two primary implications for
fuel management. First, some of the benefits of fuel management will be
realized in distant locations. Wind, roads, and topography mean that
fires that originate in one area will spread to neighboring areas im-
plying that fire hazard in any area is influenced by the fire hazard in
neighboring areas. Conversely, these spatial spillovers also mean that
fuel reduction efforts lower fire risk in neighboring areas. Thus

Table 1
Total ecosystem services values and optimal allocation across watersheds

Water quality Outdoor recreation Hunting Water yield Grazing Timber

No wind Total ($/year) 810 32,803,000 18,405,000 26,729,000 72,805,500 17,653
Watershed 1 24% 75% 0% 47% 44% 63%
Watershed 2 38% 25% 0% 44% 7% 0%
Watershed 3 38% 0% 100% 9% 49% 37%

High wind Total ($/year) 404 28,916,700 16,970,000 28,452,300 75,489,600 17,376
Watershed 1 29% 79% 0% 45% 44% 63%
Watershed 2 8% 21% 0% 46% 8% 0%
Watershed 3 63% 0% 100% 9% 48% 37%
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accounting for the way wind, roads, and topography spread fire over
space will tend to increase the benefits of fuel management and en-
hance the economic case for fuel management. The magnitude of these
spillover benefits of fuel management will depend on spatial con-
nectivity of the fire hazard and the value of ecosystem services in
neighboring areas.
Second, optimal fuel management will depend on both the total

value of ecosystem services and the mix of different types of ecosystem
services. Areas with larger ecosystem service values tend to be the focus
of more extensive fuel management since fuel management lowers the
probability of a catastrophic fire that would eliminate those services.
However, the mix of ecosystem services and how those services are
correlated with fuel reduction is also important. Ecosystem service
values that are immediately enhanced by fuel reductions, such as forage
for grazing, serve as an indirect benefit of fuel management. In contrast,
ecosystem service values that are immediately harmed by fuel man-
agement, such as water quality, serve as an indirect cost of fuel man-
agement. Thus, tradeoffs and complementarities between ecosystem
service values and fire hazard are critical determinants of optimal fuel
management decisions. For example, a watershed that provides only
grazing services will optimally receive more fuel reduction than a wa-
tershed that provides only water quality services even when the total
value of ecosystem services prior to fuel management (the ecosystem
service losses avoided through fuel management) are identical.
Communicating these values is an important component of the

shared stewardship mission of federal agencies. This work has the po-
tential to inform policy and planning related to reducing fire risk and
providing a broad set of ecosystem services. Forests are tasked with
moving from current to desired conditions for both fire risk and eco-
system service provisions. Achieving both of those at the same time may
not always be possible. For example, our results illustrate how optimal
fuel management may increase the probability that all ecosystem ser-
vices will be provided into the future but it may also reduce the current
amount of some ecosystem services. Furthermore, prevailing wisdom
suggests human values on the land should dictate when and where fuels
treatments take place. Our results illustrate how fuels treatments dic-
tate when and where human values emerge.
Our work emphasizes that benefits from fuels treatments are not just

about preserving values on the landscape; vegetation management itself
affects ecosystem service values. Optimal management, therefore, will
rely on non-market valuation studies and benefits transfer or ecosystem
service values and elasticities with respect to forest vegetation. In most
cases, such values are hard to come by, or are done with respect to a
single ecosystem service. More studies are needed that take a compre-
hensive view of the myriad services natural systems provide
(Warziniack et al., 2017a). While the ecological literature is mature in
studies linking forest vegetation to sediment transport in a watershed,
we are less informed about how hikers will respond to vegetation
change. More work is needed in the social sciences on how human
behavior reacts to both vegetation in the forest and risk of fire.
Our work, like much of the literature, relies on marginal values for

ecosystem services. This approach may be fine for small changes on the
forest (at least relative to the amount of forests in the region), but are
not applicable at large scales or when a significant amount of the re-
source is affected. We acknowledge the need for more work with en-
dogenous prices. Note that our work focuses on impacts from vegeta-
tion management, not impacts from fire. Impacts from fire are not likely
to be marginal, but impacts from vegetation management are. Because
managers historically have not had budgets available to affect land-
scape-scale vegetation, marginal values may be applicable more often
than not.
Mostly, we see this work as a first step on a longer path of high-

lighting and, hopefully, addressing some of these issues. Future direc-
tions of research include developing case studies where valuation and
management across multiple values is done accounting for the risk to
these values. We also feel more work should be devoted toward

appropriate scale for both management and ecosystem service valua-
tion, particularly to address non-marginal changes in values that may
result from landscape-scale management. In many cases, land managers
are faced with cascading levels of management goals. That is, there may
be landscape level goals that are managed at very local levels.
Understanding how values interact and how management priorities
interact across these spatial scales has not been adequately addressed in
the literature.
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