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Because of the fire system’s highly stochastic and complex
nature, there is relatively little information on the econcmic
elficiency of alternative fire management programs and even less
on the tradeoffs between efficiency and risk. Three hypotheses
about fire system performance were formulated to guide analysis
into these dimensions:

«Economic efficiency is related to both the dollar amount of the
fire management budget and the mix or emphasis of the fire
management inputs purchased with the budget.

-Risk in the fire management system, where risk is measured by
the probability distribution about the expected value cconoimic
efficiency, decreases with increasing fire management funding
levels.

=The most efficient funding level for a risk-averse fire program

manager is higher than for a risk-neutral manager,

These hypotheses were tested on selected public lands in the
northern Rocky Mountains using the Fire Economics Evaluation
System (FEES), a simulation model designed toevaluate alterna-
tive fire management programs for long-term planning and
policy analysis purposes across broad regional areas.

Results from this study show that efficiency is strongly affected
by the fire management program level, but the impact of the fire
management mix or emphasis on efficiency is relatively minor.
The most economically efficient initial attack program level is
the lowestof those tested, 75 percent below the base level funding
for the study period. When only hazard-reduction benefits are
credited to fuel treatments, the zero program level is the most
economically efficient.

The level of risk embodied in any fire management program
option does decrease with increasing program levels, but the
decrease inrisk is relatively minor. Whether there is justification
for a higher program level for the risk-averse than for the risk-
neutral decisionmaker is a function of how the tradeoff between
expected value efficiency and risk is displayed.

The sensitivity of these findings to changes in three major
model inputs—fire prevention effectiveness, large-fire suppres-
sion effectiveness, and resource management objectives—were
all tested. The general nature of the study conclusions were not
affected by realistic fluctuations in these three inputs. Experi-
ence with the model showed that modeling of fire behavior and
initial attack effectiveness both deserve further research because
of their potential to influence model results.



INTRODUCTION

conomic efficiency and risk have long been considered

during the selection of fire management programs and the
design of fire management policies. The risk consideration was
largely subjective, however, and efficiency has only recently
been calculated for selected portions of the fire management
program. The highly stochastic behavior of the fire system and
the high degree of interaction among its components make it dif-
ficult to model analytically. Without fairly advanced quantita-
tive models, estimating the risk and efficiency consequences of
fire management alternatives was impossible.

The number of acres burned has been the traditional indicator
of fire system performance, and variability of acres burned has
been the traditional risk indicator (Gorte and Gorte 1979). The
number of acres bumned integrates many of the physical, vege-
tative, and fire management effectiveness dimensions of the fire
system into a single measure of performance, and number of
acres burned may be a proxy {or some impacts that cannot be
valued in dollars. The acres that burn are themselves highly
variable, however, as are the fires that burn them.

Economic efficiency, both its expected value and the proba-
bility distribution about that expected value, is a more complete
integrator of fire management system behavior than is number
of acres burned. Once the suppression cost and resource net
value change of the number of acres burned are estimated, the
resulting measurement of economic efficiency—ironically—is
neither as sensitive to fire management program levels nor as
variable from year to year as is number of acres burned. Effi-
ciency and risk measurements are excellent integrators of the
diverse interactions within a complex system, but they have
been modeled with onty marginal success in the past. For these
reasons, rather than because of a belief that efficiency considera-
tions should outweigh the effects of fire thatcannot be quantified
in dollar units, this study focuses on economic efficiency and
risk.

To better understand the behavior of the fire management
system, we formulated and tested three hypotheses about the
economic efficiency and risk character of different fire manage-
ment program funding levels and program emphases. An
additional outcome of the hypothesestestsis identification of the
most economically efficient fire management program from
among a large number of program options tested in the study
area.

The hypotheses were tested through the evaluation of fire
management program options on public lands in the Northern
Rocky Mountains and Northern Intermountain Fire Climate
Zone (Schroeder and others 1964). The Climate Zone, bounded
by the Cascade Mountains to the west, the Continental Divideon
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the east, the Canadian border to the north, and the Idaho-Nevada
border to the south, is an area of similar synoptic weather during
periods of critical fire weather. The hypotheses were tested with
the Fire Economics Evaluation System (FEES) (Mills and
Bratten 1982). FEES’s design as a long-term planning ool
makes it particularly useful for testing the efficiency and risk
hypotheses across a broad range of fire management program
options.

This paper reports tests of three hypotheses about fire per-
formance to analyze economic efficiency and risk performance
of aliernative fire management programs by using FEES. The
hypotheses were these: (1) economic efficiency is related 1o
dollar amount of fire management budget and the mix of fire
management inputs purchased; (2) risk decreases with increas-
ing fire management funding levels; and (3) the most efficient
funding level for a risk-averse fire program manager is higher
than for a risk-neutral manager. The economic efficiency and
risk characteristics of several alternative fire management pro-
grams were estimated to test these hypotheses.

ECONOMIC EFFICIENCY

Economic efficiency was first proposed as a criterion for the
selection among alternative Forest Service fire management
programs during the early years of forest management in the
United States (Flint 1924, 1928; Sparhawk 1925). The effi-
ciency crilerion, articulated as the “least-cost-plus-loss,” was
seen as an integrative tool that reduced the physical, biological,
and financial complexity of the fire system to a manageable
indicator of program performance for decisionmakers. Al-
though an excellent integrative concept, economic efficiency of
the fire management program was, at that time, largely unsup-
ported by the analytical tools required to render it into an
operational policy (Pyne 1982).

Partially as a result of that inability to make the economic
efficiency criterion operational, the economic efficiency crite-
rion on Forest Service lands was rejected in 1934 in favor of a
strong suppression-oriented fire management policy. The highly
operational “10 a.m. policy” issued at that time (U.S. Dep.
Agric., Forest Serv. 1977a) stated that fire control actions should
be taken to suppress wildfires during the first burning period, or
should that fail, control the fire by 10 a.m. of the next buming
period. The 10 a.m. policy demonstrated an overwhelming
concern for potential resource “damages” and suppression costs,
and implied a great deal of faith in the ability of the fire
management organization to suppress wildfires. The 10 am.
policy also reflected a concern with the risk character of the fire
system, although that risk concern was not well articulated at the
time. While only a partial indicator of overall performance, the



10 a.m. policy had an elegant simplicity against which individ-
val fire managers could be held accountable.

The suppression-oriented policy, especially when coupled
with the “10-acre” fire control planning objective that was added
in 1972 (U.S. Dep. Agric., Forest Serv. 1972), contributed to
greatly increased costs for presuppression {prevention, detec-
tion, initial attack, and fuel-treatment activities) and suppres-
sion. Concern that the increases in presuppression costs ex-
ceeded suppression cost savings and increasing recognition of
fire’s beneficial effects to some resources led to areexamination
of the economic efficiency criterion for fire management pro-
grams (U.S. Dep. Agric., Forest Serv. 1977b). This reexamina-
tion, coupled with a study of the appropriate role for fire
management within integrated land and resource management,
led to the incorporation of an economic efficiency component in
the Forest Service’s revised fire management policy of 1978
(U.S. Dep. Agric., Forest Serv. 1981),

The revision of the Forest Service’s fire policy coincided
with advancements in the conceptual definition of the economic
efficiency criterion (for example, Gorte and Gorte 1979, Simard
1976). In recognition of the beneficial effects of fire, for
example, the least-cost-plus-loss formulation was changed to
the minimization of the fire program costs plus the fire-induced
netchange in the present net value of resource outputs (C+NVC).
The components of the C+INVC curve include the presuppres-

Gost Plus Net Vatue Change

Detrimental Net
Value Change

Presuppression
Cost

Suppression
Cosl

Cosi Plus Net Value Change {C + NVC) {$)

Program leve! PLy
(5}

Beneficial Nel Value Change

Figure 1—lilustrative components of the C+NVC function.

sion cost, suppression cost, detrimental net value changes, and
beneficial net value changes. A hypothetical set of curves are
shown in figure 1.

The C+NVC criterion is a “second-best™ criterion used in
situations where il is not possible to estimate the cost and
resource output consequences in the absence of management.
The net value change measures the change in the present net
worth of resource outputs with and without the fire, not with and
without the fire management program. With state-of-the-art fire
behavior and fire suppression models, it is not possible to
estimate how large fires would become in the absence of fire
management. As aresult, C+NVCidentifies the most economi-
cally efficient program from among those programs tested, but
does not show whether any of the programs tested are more
efficient than no program at all.

The relationship between the minimization of C+NVC and
the maximizatiou of present net value (PNV) was also devel-
oped. The incremental PNV between two fire program options
equals their C+NVC differences (Mills 1979). Knowing this, it
is possible to derive the allocation of constrained fire manage-
ment budgets among competing management areas that mini-
mizes the foregone PNV. The C+NVC concept has also been
applied to forest pest management program evaluations (Her-
rick 1981},

The conceptual advances in C+NVC were still ahead of the
capability to analytically characterize the many interrelated
components of the fire management system, however. As a
result of this lagging analytical capability, the efficiency crite-
rion was liffle more operational in 1978 thanin 1934, The lack
of thatcapability was apparent in the inability to provide the U.S.
Senate (1978) with estimates of the efficiency consequences of
reductions in the Forest Service’s firc management appropria-
tions for Fiscal Year 1979. A poorly articulated concern for the
risk dimension of the fire system contributed 1o the ambiguity of
fire program funding decisions in 1978, just as it had when
alternative fire management policies were debated in the 1930’s.
Inareview of the development of operation research procedures
for forest fire management, Martell (1982) outlined a similar
history of advances that were not transformed into operational
tests.

In the absence of effective simulation models, studies of fire
management program efficiency based solely on historical data
were completed (Fedkiw 1965, Winkworth and others 1981,
Oregon State Dept. of Forestry 1972). In those stadies, fire years
were separated into groups of fire severity according to number
of acres burned or average burning index. Whilethereisastrong
appeal in the empirical underpinnings of those studies, they have
two serious shorlcomings. First, there are too many uncon-
trolled variables in the highly stochastic fire system to award all
of the difference in outcome between years to differences in the
fire managementprogram. The number and location of ignitions
with respect to fuel model and access, weather conditions at the
time of ignition, and the management objective and resounrce
values in the burned area are only a few of the additional factors
that can materially affect the efficiency conclusions. Second, a
historical analysis is restricted to an evaluation of the fire
management funding levels and program compositions that
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existed in the past. There is little basis for extrapolating beyond
those constraints,

The analytical capability to estimate economic cfficiency
across a broad range of fire management program options was
later improved substantially through the development of simu-
iation models (U.S. Dep, Agric., Forest Serv. 1982), and several
case studies of the economic efficiency of various portions of the
fire management program were completed (Bellinger and others
1983, Schweitzer and others 1982, U.S. Dep. Agric., Forest
Serv. 1980). Although those simulation studies were major
accomplishments in the continuing evolution of attempts to
analyze fire program efficiency, more complete analytical models
were required to study more fully the economic efficiency and,
particularly, the risk dimension of the fire management system,

HYPOTHESES AND MODEL DESIGN

After reviewing previous studies of the fire management
system, we formulated several hypotheses about its economic
efficiency and risk character. These hypotheses were expan-
sions of the hypotheses censidered when the FEES model was
designed (Mills and Bratten 1982).

First, we hypothesized that the economic efficiency of the fire
management program is a function of the fire management mix
or program emphasis, as well as the dollar program level. For
example, one program mix may be heavily oriented toward
initial attack on wildfires by ground forces while another mix
may emphasize foel treatment or the use of air forces, such as
smokejumpers, for initia! attack. Each fire management pro-
gram mix embodies a particular set of production relationships
that should encounter diminishing returns, just like any produc-
tion function. Since there is no reason to expect the various
production functions to behave identically, the most efficient
fire management mix will likely change with the doflar program
level.

This hypothesis implies that a family of C+NVC curves,
rather than a single C+INVC curve (fig. I), exists for any one fire
management area. The hypothetical curves in figure 2 illustrate
a situation where the most efficient program mix varies with the
program level. The most efficient C+NVC envelope is defined
by the dashed line at the minimum frontier of the C+NVC set,
similar to the way a long-run cost function for a firm is defined
by the loci of short-run cost functions.

Families of C+NVC curves may vary in the relative impor-
tance of program level and program mix for fire program
efficiency (fig. 3). Both the program level and the mix may
significantly influence efficiency (fig. 2, 34), program level
alone may be important {fig. 36), program mix alone may be
important (fig. 3c), or neither program level or program mix may
materially affect the economic efficiency of the fire manage-
ment program (fig. 34). Characteristics of the fire program area,
such as fire occurrence and resource values, probably affect the
combined influence of program level and program mix on the
C+NVC curve shapes. There is too little information, at this
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time, to hypothesize where those relationships might occur.,

Second, we hypothesized thatrisk decreases with increasing
fire management program levels. We measured risk by the
width of the probability distribution about the expected value of
C+NVC, A larger percentage of the potentially large fires is
likely to be suppressed at a small size with high levels of
presuppression funding than would be possible with a lower
presuppression program level, thus narrowing the distribution
about the expected value. This hypothesis is displayed by the
90th percentile probability envelope about the expected value of
C+NVC curve in figure 4,

‘We further hypothesized that infrequent, but severe, events in
the fire system impact the disiributional characteristics of the
C+NVC. The expected value C+NVC is hypothesized to lie
much closer to the vaiue of the more severe outcome than to the
less severe outcome. The analytical character of this potential
“tail-heavy” nature has not been stadied fully but is at the heart
of the subjective debate about risk in the fire management
system.

The amount of risk may also be a function of the character-
istics of the fire program area and the fire management mix.
Wider swings in the frequency of fire and the fire weather
severity, for example, would probably lead to correspondingly
wider probability distributions about the expected value C+NVC.
Similarly, a presuppression program devoted largely to fuel-
treatment activities may have a different risk character than one
devoted largely to initial attack. Again, however, there is too
little information to develop hypotheses for these relationships.

Third, we hypothesized that the character of the C+NVC
distribution would lead the risk-averse decisionmaker to select
a higher fire management program level than a risk-neutral
decisionmaker. Specifically, the program levelat which C+NVC
isminimized varies with the percentile of the C+NVC probabil-
ity distribution. The minimum C+NVCishypothesized to occur
at higher program levels for high percentile C+NVC, i.e,, more
severe fire seasons, than for the expected value C+NVC. This
hypothesis is reflected in figure 4 where the CHNVC minimum
on the top side of the probability envelope oceurs at a higher
program level than the minimum of the expected value C+NVC
curve.

The nature of these three hypotheses had important implica-
tions for the design of the FEES model, especially in combina-
tion with two imporiant characteristics of the fire management
system itself: (1) the interrelatedness of its components, and (2)
its stochastic nature. The fire management system’s interrelat-
edness leads to interactions among the major system compo-
nents that cannot be ignored in any study of fire system behavior.
Similarly, the high variation in several key facets of the fire
system must be addressed in some explicit manner. Economic
efficiency and risk are excellent parameters through which to
reflect the integration of these diverse and highly variable fire
system components,

The fire system is a highly interrelated set of diverse facets
that are predominately physical {fire behavior), biological (fire
effects), economic (resource values and cost of management
actions), statistical (fire occurrence and weather frequencies),
organizational (initial attack and fuel-treatment activities), or
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Figure 4—Hypothetical probability envelope about the expscted value C+NVC curve.

managerial (fire suppression constraints and resource ouiput
objectives) in nature. Fire management program components
are highly interactive. Efficiency of one component is in parta
function of the magnitude and configuration of the other compo-
nents. Efficiency of the initial attack program component, for
example, is a function of the effectiveness of the prevention
program component in reducing fire ignitions or of the fuel-
treatment program in affecting the behavior of the fires that do
start.

This interrclatedness means that the model used to test our
hypotheses must contain modules for all major fire sysiem
components. FEES, therefore, has interrelated modules for fire
behavior, fire detection, fuel-treatment effectiveness, initial
attack effectiveness, large fire suppression effectiveness, sup-
pression costs, fire effects, fire occurrence frequencies, and
resource values (fig. 5). The effectiveness of alternative initial
attack and fuel treatment program options can be simulated
directly. While the effectiveness of fire prevention and large fire
suppression options cannot be simulated directly because of the
general lack of quantified production functions for these activi-
ties, the consequences of hypothetical changes in their effective-
1ness can be,

The fire system is also highly stochastic. There is substantial
year-to-year variability in weather, fire occurrences, and the
vegetation and terrain of fire locations, The mean annual acres
burned in the Climate Zone (1970-1981), for example, is 46,360
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acres. The standard deviation of acres burned is 34,171 acres.
FEES was designed as a probabilistic model to incorporate the
major stechastic dimensions and trace them to a probability
distribution about C+NVC (fig. 6).

Many of the probability aspects of the fire system are “tail-
heavy,” i.e., infrequent events have such large impacts that they
materially affect even the expected value. For example, less
than 1 percent of all fires in the Climate Zone (1970-1981) are
over 100acres, yet 95 percentof all acres burned are in fires over
100 acres. These infrequent larger fires contribute almost all of
the net value change in resource outputs and the majority of the
suppression costs.

This tail-heavy nature was addressed within FEES in two
ways. First, important tail-heavy distribations, such as the
probability of large fire size classes, were fit with Weibull
distributions to smooth the sparse empirical data. Second, the
fire management program areas and fire locations were defined
in situation-specific, rather than site-specific, terms. Fire data
from all areas having similar terrain and vegetation characteris-
tics were pooled to increase the fire occurrence sample size.
Without this data pooling, the fire occurrence data would have
been far too sparse 10 stratify by the terrain and vegelation
parameters that affect fire behavior and fire effects. This
sitnation-specific approach is also consistent with a hypothesis
that classes of similar areas exhibit similar economic efficiency
and risk characteristics.
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Fire Management
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Figure 6—Sequence of probibility distribution combinations and calculations within
FEES. Superior capital letters indicate the mathematical sequence of the probability

computations,
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FIRE MANAGEMENT
OPTIONS TESTED

The economic efficiency and risk hypotheses were tested for
several different fire management program options applied to
several fire management areas or situations in the Northern
Rocky Mountains and Northern Intermountain Fire Climate
Zone. That Climate Zone was selected for study because it has
abroad mixture of vegetative types and a correspondingly wide
array of resource outputs, Its mountainous terrain creates access
problems that transiate into variable initial attack arrival times.
It has a fire history that is generally moderate, but occasionally
severe. Twenty percent of the fires and 18 percent of the acres
burned on all National Forests throughout the nation from 1970
to 1981 occurred in National Forests within the Climate Zone.

Fire Management Situations

The situation-specific “types of areas” or fire management
situations (FMS) to which the fire management programs were
applied are described by four parameters: Fire Climate Zone
(Schroeder and others 1964), vegetative composition (percent-
ages of the area in various existing vegetative cover types
[Peterson 1984b]), topographic composition (percentage of the
area in slopes over 40 percent), and resource management
emphasis among the various categories of resources. The
resource management objectives used in this study are consis-
tent with management practices in the Forest Service’s Northern
Region. The impactof applying private management objectives
instead of Forest Service management objectives is displayedin
a sensitivity analysis,

Using this classification, three FMS's were selected for
study:

« Douglas fir, gentle topography, multiple use/intense timber
objective (FMS 1)

» Fir-spruce, steep topography, multiple usefrecreation and
wildlife objective (FMS 2)

« Ponderosa pine, gentle topography, multiple use/range and
recreation objective (FMS 3).

The fire characteristics of the three FMS’s are quite different.
The ponderosa pine FMS occurs on the relatively dry sites, Ithas
the highest mean historical fire occurrence level of three FMS's
from 1970 to 198181 fires per million acres per year, and the
highest mean historical acres burned—700 acres per million
acres per year.

The fir-spruce FMS occurs on higher-elevation, moister,
cooler sites. Its mean historical fire occurrence level is the
lowest of the three—>51 fires per million acres per year, as is its
mean historica! number of acres burned—412 acres per million
acres per year.

The Douglas-fir FMS generally lies between the other two
FMS’s in elevation, moisture, and fire systern activity. Its mean
historical fire occurrence level is 53 fires per millicn acres per

year that burn 642 acres per million acres per year. Ilustrative
model inputs to the Douglas-fir situation (FMS 1) are described
throughout the paper for continuity, and simulation results from
the Douglas-fir FMS are described first.

Forest Service Ranger Districts in the Climate Zone that were
representative of these FMS's were identified through a survey
of timber inventory and land management planning data, Indi-
vidual Fire Reports (Form 5100-29) were then separated into
FMS data pools for the calculation of fire occurrence frequen-
cies, From this survey, 9.5 percent of the National Forest area
in the Climate Zone is in the Douglas-fir FMS, 6.7 percent in the
fir-spruce situation, and 6.5 percent in the ponderosa pine
situation. Therefore, approximately one fourth of the National
Forest acreage within the Climate Zone is characterized by the
three FMS's we studied,

Each FMS is divided into situation-specific “types of fire
locations,” termed here “inferred parameter cells” (IPC’s).
Parameters that differentiate IPC’s are related to differential fire
behavior, fuel-treatment and suppression effectiveness, fire
effects, and resource values. The IPC parameters (with nnmber
of classes in parentheses) include slope (3), elevation (2), aspect
(2),time-of-day (2}, time-of-year (2}, cover type (13),covertype
age class (4), and ignition cause (2). Through a combination of
these IPC parameter classes, the FMS’s were identified by a set
of 3,264 IPC’s. The amount of heterogeneity permitted by this
IPC structure is needed to adequately reflect the behavior of the
varied and interrelated FMS system components.

IPC’s are the basic computational building blocks in FEES,
FMS’s are differentiated within FEES only by the relative fire
frequencies among the various IPC’s and the frequenciesamong
the large fire size classes. For example, 23 percent of the fires
in the Douglas-fir FMS are in the Douglas-fir cover type IPC’s,
while only 10 percent of the fires in the ponderosa pine FMS are
in the Douglas-fir cover type IPC’s. FMS’s are not defined by
the relative acreage among the IPC’s, The number of fires,
rather than acres, drives the behavior of the fire systern.

IPC’s are reoriented and consolidated within various mod-
ules of FEES to improve computational efficiency. The fire
behavior computations, for example, use stylized fuel models
rather than cover type to describe the types of fire locations for
fire behavior calculations. These reoriented IPC sets within
individual modules are termed “input variable combinations.”

Fire Management Program Options

FEES was designed to evaluate directly the effectiveness of
alternative initial attack and fuel-treatment programs, The
initial attack program accounted for 64 percent of the Forest
Service’s $104 million (1978 dollars) annual fire management
program appropriations in Fiscal Year 1983, Fuel-treatment
activities accounted for an additional 14 percent. Because of the
hypothesized interaction among fire program activities, the
program options tested were defined by a combination of initial
attack and fuel-treatment activities.

The prevention and detection program activities, which to-
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gether accounted for 21 percent of the Forest Service appropria-
tions, were assumed constant at their historical levels of funding.
Prevention activities are reflected in FEES by historical distribu-
tions for fire occurrence levels and detection activities by fire
size at time of detection. The large-fire suppression component
of the fire management program was similarly assumed to have
its historical level of effectiveness, but simulated suppression
costs vary in FEES with the suppression cost of initial attack and
with the percentage of fires that escape initial attack to become
“large fires.” The Forest Service suppression expenditures
ranged from $19 to $69 million dollars (1978 dollars) nation-
wide for the period 1978 to 1983, and averaged $38 million.

Initial attack program options were described by one of five
program levels (ranging from $100,000 to $800,000) and one of
three fire management mixes (Gonzalez-Caban and others 1986).
The initial attack program levels were defined withrespect to the
Forest Service initial attack funding in the Climate Zone in
1979—approximately $400,000 (1978 dollars) per million acres
protected. The program levels tested were these:

Initial attack i dollar amount

program level (1978 dollars!
million acres protected)

Base minus 75 percent $100,000

Base minus 50 percent 200,000

Base 400,000
Base plus 50 percent 600,000
Base plus 100 percent 800,000

The actual dollar levels of the fire management input lists
deviated slightly from these target amounts because of the
lumpiness of initial attack input costs. The economic cost of a
small fire engine and its assigned crew for a season, for example,
is $31,000. The actual dollar levels tested are recorded in the
output tables in the results section of this paper.

The three fire management mixes were similarly defined
with respect to the historical or base program composition in the
Climate Zone. One mix was the same as the historical program
composition, one was more heavily oriented toward ground
forces, and the other emphasized air forces. The relative
composition of the three emphases among handcrew (Category
1, Category 11, and project crews}, engine (engines and bulldoz-
ers), and air inputs (helitack, smokejumper, and air tanker) were:

Fire management mix Handcrews [Engines Airinputs
——{Percentage of doilars}
Historical emphasis 27 2% 44
Ground emphasis 27 65 8
Air emphasis 19 6 75

The fire management inputs were further defined by whether
they were pooled or not, i.e., whether their use and cost were
shared with other FMS’s or financed entirely by the one FMS
studied. If an input was pooled, the FMS studied financed only
a percentage of the pool’s cost, The FMS received access to all
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of the inputs in the pool for initial attack, but the initial attack
arrival times were increased as the share of the pool financed by
the FMS decreased. The pooling or sharing was generally
restricted to Category I and II handcrews and to air inputs
(helitack, smokejumpers, and air tankers). This method of
adjusting the costs and arrival times for pooled inputs overcomes
the problem of restricting the number of initial attack inputs at
some higher organizational level, e.g., a Region, and holding
them fixed when evaluating program options at the lower
organizational level, e.g., a National Forest.

These initial attack program levels in dollars and fire man-
agement mixes were translated into lists of fire management
inputs available for dispatch on initial attack. This transforma-
tion was based on the per-hour cost in dollars of each input, as
estimated by Gonzalez-Caban and others (1984), and the length
of time the input was available within the year. A sample fire
management input list is shown in fable 1.

The fire program costs used here are long-run economic
costs, rather than short-run budgetary costs. The per-unit costs
treat program management overhead and facility charges as
variable in the long run, Forexample, the program management
and general support services are included in an hourly cost
estimate for each fire management input. When the dollar level
of the fire management program is changed, the program man-
agement and facilitics are assumed to change proportionally
with the direct firefighting forces, Overhead and facility com-
ponents are variable in the long run, even if they are not variable
int the short run.

One consequence of the long-run nature of the costs used here
is that the actual number of firefighting forces available for
dispatch changes less with changes in the dollar program level
than would be the case if short-run cost estimates were used.

Table 1—Fire management input list for base-leve! funding and
historical program emphasis, per million acres protected

Fire management Number Pool
input Personnel' | of units Cost share?
{People/ I (1978
unit) dollars}

Category I crew 20 1 32,544 0.20
Category II crew 20 38,490 .66
Project crew 2 17 36,720 1.00
Helitack (5 teams 10 1 93,240 i
and helicopter)
Smokejumpers (4 g 2 66,816 40
teams and aircraft)
Engine—small 2 3 49,680 1.006
Engine-—medium 3 2 48,960 1.00
Bulldozer—medium 2 1 15,480 S50
Air tanker—medium = — 3 14,489 18

Total 154 33 396,419

"Number of fire-line-building personnel per input unit.
Proportion of & shared pool of that particular input type financed by the
fire management situation,



Prograrm management and facilities costs are fixed in the short
rum, so the entire change in dollar program would be allocated to
the more easily varied firefighting inputs if short-run costs were
used.

The fuel-treatment program options were similarly described
byprogram levelsand fuel-treatment mixes oremphases (Salazar
1983b, 1984). The fuel treatments were applied to slash fuels to
maximize reduction of fire hazards. Otherbenefits provided by
fuel treatments, such as site preparation or browse production,
are not reflected in FEES.

The fuel-treatment program levels, also set with respectto the
historical or base-level funding of approximately $126,000 per
million acres protected on National Forests in the Climate Zone,
and the acres treated per million acres in the Douglas-fir FMS
were:

Approximate dollar amount Acres treated
Fuel reatment (Daollars per {Acres per miflion
program Jevel million acres protected)  acres profecied)
Base minus 100 percent 30 0
Base minus 50 percent 63,000 27
Base 126,000 609
Base plus 50 percent 189,000 884
Base plus 100 percent 252,000 1,128

Ifleft untreated, slash fuels will deteriorate naturally, Treat-
ment simply speeds removal of the hazard. If acres of slash fuel
were available for treaiment but funds were insufficient to treat
them, the untreated fuels were assumed to deteriorate naturally
according to the rates developed by Salazar and Bevins (1984).

The fuel-treatment mixes were described by the percentage
of the program level spent on prescribed burning, bulldozer
piling, and hand-piling methods of fuel treatment. Just as with
the initial attack program mixes, one of the fuel-ireatment mixes
corresponded to the historical mix of these freatment methods,
which emphasized bulldozer piling. A second emphasis in-
cluded a relatively high component of prescribed burning. The
third fuel-treatment mix contained more of an equal balance
between bulldozer piling and prescribed burning than did the
other two mixes, and the other two were varied from that
historical base. The percentages of acres treated by the three
treatment methods at the base program level in the Douglas-fir
FMS were these:

Treatment method
Prescribed Bulldozer Hand

Fuel-treatment mix burning piling  piling

(Percentage of doliars)
Historical emphasis 27 73 6
Bumning emphasis 66 27 7
Equal balance 34 51 15

These program levels and fuel-treatment mixes were trans-
lated intoacres of slash fuel treated for each FMS using long-run
fuel-treatment cost estimates (Gonzalez-Caban and McKelta
1986). Treatmenis were assigned to vegetative cover types
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consistent with the existing priority on National Forests in the
Climate Zone and to treatment sizes typical in Montana on State
and Forest Service lands.

For brevity, all the initial attack and fuel-treatment program
options listed in the above tabulations are hereafter identified by
letter for the program mix and by number for the program level:

Program emphasis Program funding level
{A—Initial attack

H~Historical 1—Base minus 75 pet

G—Ground 2—RBase minus 50 pet
A—Air 3—RBase
4—Base plus 50 pet

5—Base plus 100 pct
FT—Fuel treatment

1—Base minus 100 pet

2—Base minus 50 pet

3—Base

4—Base plus 50 pet

5—Base plus 100 pat

H—Historical
B—Buming
E—Equal balance

For example, the historical mix and base-level funding for each
of the two components are labeled JA(H,3),FT(H,3). The option
with initial attack ground mix funded at the base minus 50
percent and the burning fuel treatment mix funded at the base
plus 100 percent is labeled 1A(G,2),FT(B,5).

MODEL STRUCTURE

The probabilistic simulation within FEES processes one IPC
atatime throngh the several modules {fig. 5). The output of each
module becomes the input for the next. FEES was constructed
in a modular fashion so that existing modules could be replaced
or modified without disrupting the entire model structure. Since
the most highly stochastic components of the fire management
system are reflected as probability distributions, most of the
modules are probabilistic in design. Afterabriefoverview of the
module linkages within FEES, each module is described in more
detail. The mathematical sequence of probability computations,
in order of the superscript letters, is shown in figure 6.

Alfter the fuel-treatment program is reflected through adjust-
ments of the IPC composition of the FMS, fire behavior proba-
bilities are calculated for each IPC within the fire behavior
module from the weather distribution, terrain, and fuel character
of the IPC. The fire behavior distribution, along with a proba-
bility distribution for fire sizes at the time of detection from the
fire detection module, is input into the initial attack module.
Along with initial attack arrival time distributions and fireline
production rates, the fire behavior probability input is used to
calculate the probabilities of fire size and of the firefighting
input use through the initial attack phase. For those fires thatare
simulated to escape initial atiack, the final fire size and large fire
suppression cost are then calculated in the large fire suppression
module. The probability distribution of total suppression costs
is calculated within the cost module from the probabilities of
firefighting input usage simulated in the initial attack module
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and the probability distribution of total suppression costs for
escaped fires,

The probability distribution of final fire sizes, along with the
vegetative composition of the IPC and resource management
emphasis of the FMS, is used in the fire effects module to
calculate the probability of changes in the output of natural
resources, such as timber and recreation outputs, for the IPC,
‘When similar simulation results are provided for each IPC in the
FMS, the individual IPC’s are weighted together by their respec-
tive fire occurrence frequencies and expanded by the probability
distribution for total fire ignitions in the FMS. This expansion
by IPC fire occurrence frequencies produces an estimate of the
probability distribution of resource output changes for the whole
FMS. Similarly, the probability distribution for net change in

the present net value (net value change) is calculated in the
resource values module for each IPC and expanded to the FMS
by the fire occurrence frequency among the IPC. The individual
fires are assumed to be independent, and their consequences are
assumed to be additive.

The probability distributions for net value changes and sup-
pression costs are combined through a multinomial probability
computation, then added to the presuppression program cost to
yield the probability distribution of C+NVC. Note that the net
value changes and suppression cost distributions are the only
sources of variation in the C+NVC distribution. The presup-
pression cost is a deterministic input into the fire management
system.
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Fire Behavior Module

A joint probability of forward rate-of-spread, Byram’s fireline
intensity, firc cllipse length-to-width ratio, and scorch height for
each of 1,008 fire behavior input variable combinations was
estimated in the fire behavior module (Salazar and Bradshaw
1984). The “input variable combinations” in gach module are
modifications of the IPC classes that improve computationat
efficiency for that module, The fire behavior input variable
combinations {with number of classes in parentheses) are de-
fined by slope (3), aspect (2), elevation (2), time-of-day (6),
time-of-year (2}, and fuel model group (7). The six original
time-of-day classes used in the fire behavior module were
subsequently weighted into two classes using the relative fre-
quency of fires, thus reducing the number of variable combina-
tions considered by the initial attack module to 336. The 13
Northern Forest Fire Laboratory fuel models (Albini 1976) were
combined into seven fuel model groups based upon similarity of
rate-of-spread distributions in the Climate Zone to reduce the
number of input variable combinations in the module.

Two types of fires were recognized in FEES——spreading and
nonspreading (fig. 7). The fire behavior probability distribution
for spreading fires was derived from minor modifications of
state-of-the-art fire behavior models. The frequency of non-
spreading fires and their final size were derived from the
Individual Fire Reports (Form 5100-29) from 1960 to 1969 in
the Climate Zone,

The fire behavior simulation for spreading fires started with
fire weather input described by a joint probability distribution of
fuel moistures, relative humidity, temperature, and windspeed
for each fire behavior input variable combination (Salazar and
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Bradshaw 1986). This joint distribution was derived using
software developed by Radloff and others (1982) from a subset
of 92 National Fire-Danger Rating System weather stations
located in the Climate Zone. The 92-station subset, each with
complete data for 10 years or more, was statistically selected
using clustering routines toreduce computational costs. Weather
data on all days for which records were available were used to
construct the weather distribution,

The weather station data are generally recorded at the most
severe time of day and location—early afternoon on exposed
southwest slopes. To avoid bias toward severe fire weather
conditions, the fuel-moisture observations were adjusted for
slope, aspect, vegetative cover, and time-of-day differences to
the time and location characteristics of the fire behavior input
variable combinations. Most of these adjustments were made
using the factors that are typically applied during real-time fire
behavior predictions (Rothermel 1983), Diurnal temperature
wasadjusted using McCutchan’s (1979) relationships. The joint
fire behavior probability distributions for the spreading fires
were then calculated using a minor adaptation of the fire behav-
ior model developed by Rothermel (1972). Iliustrative fire
behavior module output for spreading fires in a mixed fuel
model composed of 40 percent fuel model 2—open pine with
grass understory, and 60 percent fuel model 9—Ilong-nesdle
pines, is shown in figure 8.

The"Rothermel™ model calculations apply to fires burning in
equilibrium through surface fuels. The fire behavior from the
Rothermel model greatly overestimates the rate-of-spread and
intensity of fires that creep through ground fuels or smolder in
snags.

Using a procedure developed by Salazar (1983a) to transform
the cover type recorded on the Individual Fire Reports into fire
behavior fuel models, rate-of-spread estimates recorded on the
Individual Fire Reports from the Forest Service’s Northern
Region for 1960 to 1969 were ialtied. A large percentage of the
fires recorded in those reports were essentially nonspreading.
For example, 67 percent of the fires in fuel model 2 (open pine
with grass understory) had rates-of-spread along the most severe

Table 2—Percentage of fires with forward rates-of-spread of 0 to 112
chainper hour, asreported in the Individual Fire Reports {form 5100-
29) from the Forest Service Northern Region (1960 to 1969), by fuel
model and ignition cause

Ignition cause
Fuel model Lightning Human Total
{Percent)
1 67 43 57
2 80 64 77
5 74 50 67
8 86 76 84
9 74 62 71
10 84 77 83
12 78 53 73
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portion of the fire perimeter of zero to one-half chain per hour.
The accuracy of the rate-of-spread estimates on the Individual
Fire Reports are suspect, but there should be little error in the
very low estimates of spread rate. If the rate-of-spread estimates
are biased, the bias is probably upward rather than downward.

Nonspreading fires were assigned a spread rate of 0.1 chain per
hour, and we assumed that they continued to spread at that rate,
even if initial attack was delayed because of reduced fire
management program levels, In reality, some nonspreading
fires do become spreading fires. Failure to incorporate that rate-
of-spread dynamics underestimates true spread rates, but there
are no data on which to estimate the probability of a nonspread-
ing fire becoming a spreading fire. Some of this deficiency is
removed in the rate-of-spread calibration process described
later.

The percentage of fires in the 1960 to 1969 Individual Fire
Reports with spread rates of zero to one-half chain per hour were
compiled by fuel model and ignition cause (table 2), The
probability distribution of Rothermel spreading fires was then
merged with that of the nonspreading fires to estimate the joint
distribution of fire behavior described by probability expression

(1):

Prob(Fire Behavior)
=P(ROS,INT,LWR,SCHIPC,CAUSE) 1)
in which
ROS = class interval number (1-4) for forward rate-of
spread.
INT = class interval number {1-4} for fireline intensity.
LWR = class interval number (1-4) for fire length-to-width

ratio.

SCH =class interval number (1-4) for tree crown scorch
height.

IPC, = one of 1,008 fire behavior input variable combina-
tions.

CAUSE = ignition cause class: 1—lightning, 2—human.

The expected values in the class intervals were also calculated
for each of the variables.

Ignition cause was included because of the noticeable differ-
ence in percentages of nonspreading fires by cause (fable 2) and
because nonspreading fires have different initial attack charac-
teristics, Initial attack arrival times to human-caused fires are
faster than to lightning-caused fires because human-caused fires
tend to occur where access is better. In spite of shorter arrival
times, the human-caused fires in the Douglas-fir FMS (1970-
1981) exceeded 100 acres about seven times as frequently (2,27
petof all human-caused fires) as the lightning-caused fires (0.34
pet of all lightning-caused fires).

Escape percent was then simulated in the initial attack module
by ignition caunse for the historical fire management mix and
program levels for both the initial attack and fuel-treatment
programs, IA(H,3),FT(H,3), using the IPC fire occurrence proba-
bilities for the entire Climate Zone. Even with this addition of
nonspreading fires to the Rothermel spreading fires in FEES, the
simulated percent of fires exceeding 100 acres, termed “‘es-
caped” here, was consistently higher than the historical fre-
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quency of fires over 100 acres in size.

The FEES fire behavior distributions were therefore cali-
brated to bring the simulated and historical escape percent into
agreement for the Climate Zone. Calibration was accomplished
by reducing the expected value rate-of-spread in each rate-of-
spread class for spreading fires, The percentage ofnonspreading
fires by ignition cause was held constant at its historical level,
The fire behavior distributions for the two ignition causes were
calibrated separately. The fireline intensity and crown scorch
height probability distributions for spreading fire were changed
correspondingly.

The calibration factor for the behavior of Lightning-caused
spreading fire was 0.1623, i.e., the expected value rate-of-spread
in each class was multiplied by 0.1623. The calibration factor
for human-caused fires was 0.3957. Just as with the percentage
of nonspreading fires, differences in the calibration factor by
cause indicate that the population of spreading, lightning-caused
fires appears {0 have less severe fire behavior than the human-
caused fires. These differences show the need to separate fire
behavior distributions by cause in fire system models. A second
calibration step was added for each FMS during the operation of
the initial attack module. That second calibration step is ex-
plained below in the initial attack module description. Even with
all of its components for adjustments of fire weather and fuel
model, the fire behavior prediction model appears to overesti-
mate the rate-of-spread for a large percentage of the ignitions.
The addition of nonspreading fires to spreading fires is neces-
sary if the restrictive assumptions behind the fire behavior
prediction model for spreading fires are retained, Even with that
addition, the fire behavior distributions required calibration.

Fire Detection Module

Within the initial attack module, simulation of the fire spread
started at the time of fire detection. Fire behavior was assumed
to be in equilibrium at that time. The distribution of fire size al
detection was derived from the data taken from the 1960 to 1969
Individual Fire Reports (Salazar and Mills 1984). The fire report
data were adjusted for changes in the source of detection
between the 1960°s and the late 1970"s. We then fit the data to
a Weibull distribution to srooth the tail at the large-detection
size end of the distribution because there were few observations,
The probability of fire size at detection was discovered to be
joint with the rate-of-spread. Fires that were large at detection
were more likely to have higher rates-of-spread. The resulting
distribution of fire size at detection was described by probability
expression (2}

Prob{Detection Size) = P(SADIROS,CAUSE) (2)
in which
SAD =class interval number (1-4) for fire size at the time
of detection.
ROS = class interval number (1-4) for forward rate-of-
spread.
CAUSE = ignition cause class: 1—lightning, 2—human.
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Expected values in the fire size class intervals were also calcu-
lated.

The distribution of detection size was heavily weighted to-
ward small sizes, just as the fire behavior was heavily weighted
toward the lower rates-of-spread. The mean detection size for
lightning-caused fires was (.17 acres and the mean for huaman-
caused fires was 0,38 acres. Less than 3 percentof the lightning-
caused fires and less than 7 percent of the human-caused fires
were detected at sizes larger than 1 acre. The detection data, just
like the percentages of nonspreading fire, support the need to
describe lightning fires and human-caused fires separately in
fire system models.

Data on detection size from the 1960 to 1969 reports are of
questionable guality. Salazar and Mills (1984) analyzed the
sensitivity of escaped-fire percentages to shifts in the entire
distribution of fire size at time of detection to study the impor-
tance of data quality. They found thatincreases of even 10 times
in the mean fire size at detection had almost no impact on the
percent of simulated escaped fires. The 196010 1969 fire reports
are certainly accurate to within that margin of error.

Initial Attack Module

The primary objective of the initial attack module was to
estimate the percentage of fires that escape initial attack and
become “large” fires. This was accomplished in FEES using a
Monte Carlo simulation of initial attack on fires. The small
percentage of fires that escape account for the vast majority of
the suppression costs and resource effects. Only 0.84 percentof
the fires exceeded 100 acres in the Climate Zone (1970-1981),
but that small percentage of the fires accounted for 95 percentof
the acres burned.

A fire was declared “escaped” in FEES when it exceeded 100
acres. This arbitrary escape threshold was selected because it
approximates the size at which the fire behavior assumptions
concerning homogeneous fuels and terrain are violated. Limited
data on the contiguous acreage of homogeneous cover type and
terrain areas {Bevins 1983) suggest that areas homogeneous in
fuels and terrain in the northern Rocky Mountains are somewhat
smaller than 100 acres. Future initial attack model refinements
should examine the escape threshold.
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The initial attack module output is an estimate of escape
probability and a joint probability distribution of fire size,
suppression cost, and scorch height for those fires contained
during initial attack (fig. 9) {Smith and Shockley 1984}, The
initial attack simulations were conducted for input variable
combinations identified by slope (3 classes), aspect (2 classes),
elevation (2 classes), time-of-day (2 classes), time-of-year (2
classes), fuel model group (7 classes), and ignition cause (2
classes). In addition to the use of ignition cause to differentiate
fire behavior and fire size at time of detection, ignition cause was
usedasaproxy foraccess. Access wasreflected throughigaition
cause in the selection of the initial attack forces that could be
dispatched to fires of the two cause classes and initial astack
arrival times.

Initial attack sirnulation is one of the most costly computa-
tional steps in the model. To reduce computational costs, initial
attack effectiveness was modeled for a sample of 225 of these
672 input variable combinations. The 225-cell subset includes
all input variable combinations with 10 or more fires in the
Climate Zone from 1970 to 1981. The subsets account for 88
percent of all the fires in the Climate Zone over that period. The
Monte Carlo simulation of initial attack was exercised 50 times
for those input variable combinations with fewer than 50 histori-
cal fires in the Climate Zone for 1970 10 1981. Forinput variable
combinations with more than 50 historical fires, the Monte Cario
simulation was executed as many times as there were historical
fires.

All fires are assumed to be independent and occur one at a
time, as opposed to being one in a set of multiple fires. The
presence of multiple fires raises difficult data and modeling
problems, particularly in the dispatching and arrival time simu-
lation. At historical National Forest program levels in the
Climate Zone, however, up to six simultaneously burning fires
apparently have little impact on initial attack arrival times
(Hunter 1981). A future refinement could consider treating
multiple fires as a queuing problem as Hochman and others
(1982} have.

The core of the Monte Carlo initial attack module isa determin-
istic simulation of fire containment. The dispatch and arrival of
initial attack forces at the fireis simulated along with the ellipti-
cal spread of the fire, Fireline construction is simulated to
determine if the initial attack line-building forces are capable of
containing the fire before it reaches 100 acres. Other than
medifications in the dispatching process, this deterministic core
is essentially the same fire containment algorithm found in the
FOCUS model (Bratten and others 1981).

In this fire containment algorithm, fire spread stops along those
portions of the perimeter where a fireline has been constructed.
This differs from a simpler and computationally less costly
algorithm (U.S. Dep. Agric., Forest Serv. 1982) that simulates
the perimeter growth of a free-burning fire separately from the
construction of the fireline. In spile of its greater computer cost,
we used the more complete algorithm because the two algo-
rithms sometimes lead to substantially different answers. The
simpler algorithm consistently estimates final fire sizes that are
larger than the more complete algorithm under some circum-
stances. Where a head attack on the fire is feasible, the differ-
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ence in estimated fire size is substantial (Mees 1985).

This deterministic fire containment model core of the initial
attack module is surrounded by a Monte Carlo exterior. The
exterior contains input data described by probability distribu-
tions for fire behavior (expression 2), for fire sizes at time of
detection (expressicn 3), for type of initial attack force dis-
patched, and for initial attack arrival times. Deterministic
fireline construction rates were also input into the module.

The probability distributions of initial attack arrival times and
type of force dispatched were drawn from the Forest Service
Individual Fire Reports in the Climate Zone for 1970 to 1981,
The arrival times and dispatch proportions were differentiated
by fire management input type, e.g., handcrews versus engines,
and ignition cause for both first dispatch to the fires and subse-
quent dispatches, All fire management inputs purchased with
the presuppression budget were available for initial attack dis-
patch except the Category I handcrews. Those “interregional
crews” are typically reserved for large fire suppression.

Derivation of arrival times and dispatch proportions from
historical data permits the simulation model to mirror historical
performance of the initial attack organization. Historical dis-
patching procedures may or may not be the most economically
efficient. The various input distributions also reflect a major
source of variability, the variability of fire locations with respect
to the location of the initial attack bases.

Fireline production rates were developed from various sources
of data: handcrews and engines from Schmidt and Rinehart
(1982); bulldozers from the National Wildfire Coordinating
Group (1980); and air tankers from George (1982), Swanson and
others (1976}, and LaMois (1961). Fireline production rates
were varied by fuel model,

As documented by Haven and others (1982) for handcrews,
there is a great deal of variability in productivity rates with
terrain and fuel conditions. Smith (1984) studied the sensitivity
of escaped fire percent to changes in the productivity of the base
fire management input list (JA(H,3),FT(H,3)) in four IPC’s.
Those results indicate that the error in simulated escape percent
caused by likely errors in the productivity rate input is within
acceptable bounds.

After substantial testing of the initial attack module, a second
calibration step apparently was necessary beyond Climate Zone-
wide calibration of the rate-of-spread. The first-step calibration
of fire behavior in the entire Climate Zone performed fairly well,
but simulated escape fire percents were still higher than histori-
cal rates. A small error in escape percent leads to major errors
in suppression costs and net value changes.

The second calibration was applied directly to the escape
percentineach FMS. The simulated escape percent in each FMS
was calibrated directly to the historical escape percent with a
proportional adjustment factor. Just like the first calibration
step, the calibration factor for escape percent was developed for
the base fire management program option and held at that level
across all other program options tested.

The output from the initial attack module is described by
probability expressions (3) and (4):
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Prob(1.A. Output)

= P(SIZE,SCH,COSTIIPC,CAUSE) 3
Also
Prob(Escape) = P(IPC,CAUSE) (€]
in which

SIZE = class interval number (1-3) for final fire size.

SCH = class interval number (1-4) for tree crown
scorch height.

COST = class interval number (1-3) for suppression cost.

IPC, = one of 672 combinations of values of LA. input

IPC variables.
CAUSE = ignition cause class number: 1—lightning,
2—human,
ESCAPE = fire size greater than 100 acres.

Expected valuesin the cutput class intervals for SIZE, SCH, and
COST were also calculated, dependent on IPC, and CAUSE.
Table 3 shows initiat attack module outputs for one input vari-
able combination.

Initial attack simulation results for two input variable combi-
nations show that there is differing sensitivity of the simulated
escape percent to changes in the program level (1able 4). The
escape percent was more sensitive to program level in the “short
grass” fuel model situation, for example, than in the “closed
timber with litter” fuel model. Even in the higher rate-of-spread

grass fuel model, however, there are signs of diminishing returns
inescaped fire percent with increased fire management program
levels.

Large-Fire Suppression Module

The objective of the large (escaped) fire suppression module
was to simulate the joint probability of final acres burned, sup-
pression cost, and scorch height of fires that escaped initial
attack (Bratten 1984b). The probabilities of final large fire sizes
were developed from historical data in the Individual Fire
Reports, rather than being derived from an independent evalu-
ation of large fire suppression effectiveness. Implicit in the use
of historical data on large fire sizes and suppression costs is that
the suppression strategy, and especially the degree of suppres-
sion aggressiveness, will be the same in the future as it was on
National Forests in the Climate Zone during the sample period
(1970-1981). Justas in the use of historical dispatching data in
the initial attack module, there is no implied assumption here
that the historical large fire suppression strategies are or are not
economically efficient.

The large-fire probability expression is:

Prob(Large Fire Results)
= P(LFSIZE,SCHLFCOST,CAUSE FMS)

Table 3—Ilustrative mean simulation results from the initial attack module for one inferred parameter cell (IPC}

IPC description:
Fuel model = 2 (40 percent) open pine with grass
understory and 9 (60 percent} long needle pines

Slope = 0-39 percent

Elevation = 0-4500 feet

Aspect =north Time of day = 0500-2000
Ignition cause = lightning Time of year = July-September
Simulation results; Final fire size (acres)
0-5 1029 | 3009 | 1004
Percent of all fires 98.17 041 0.61 0.81
Detection size (acres) 0.07 19.83 01 497
Rate of spread (chains/hour) 0.13 09 3.81 4.45
Final fire size (acres) 0.17 23.49 75.52 —
(1978 Dollarsiacre}
Travel cost 821.00 2.00 3.00 —
Suppression cost 96.00 9.00 6.00 —
Overhead cost 0.00 46.00 8.00 —
Mep up 865.00 231.00 209.60 —
Total cost 1782.00 288.00 226.00 —

LAl simulation results are mean outcomes of all fires in the Monte Carlo simulation for the IPC,
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=P (LFSIZE,L FCOST;CAUSE,FMS) X
P,(SCH;CAUSE FMS) %
where
LFSIZE = large fire size class interval number (1-5)
SCH = class interval number (1-4) for tree crown
scorch height.
LFCOST = large fire cost class interval number (1-5)
CAUSE = ignition cause class: 1—lightning, 2—human,
FMS = fire management situation being analyzed.
Expected values in the class intervals for LFSIZE, SCH, and
LFCOST were calculated also,

The large fire size probability function, P, in expression (5),
was obtained from historical distributions of fire sizes by cause
in the Ranger Districts within the Climate Zone that had the same
vegetation and terrain characteristics as the FMS being ana-
lyzed. Separate arrays of large fire size probabilities were
developed for each of the three FMS’s. The large fire suppres-
sion cost per acre burned drops substantially as fire size in-
creases (fable 5).

The scorch height probability function, P, in expression (5),
was derived from the FEES fire behavior results (expression 2),
summed over other variables, and weighted by historic fire
occurrences for each cause and IPC,.

The fire frequency data were fit to a Weibull distribution
because of the sparseness of large fires in the historical data, For
example, there were only 263 fires over 100 acres in the entire
Climate Zone during the sample period of 1970t0 1981, or (.42
“escaped” fires per million acres protected per year. The
advantage of the situation-specific design of FEES is evident
here. The number of large fires in any one planning unit within

the Climate Zone is far too few to conclude anything about large
fire potentials. The data must be pooled across planning units.

The large-fire probabilities in table 5 dramatize the tail-heavy
character of the fire system. Only a very small percentage of all
fires escape, and only a small percentage of the escaped fires get
large, but that small percentage has a substantial impact on the
expected value size of all fires. For example, only 0.84 percent
of the fires in the Douglas-fir FMS escaped in the period 1970
to 1981. Of those few that escaped, only 2.5 percent exceeded
10,000 acres. Yet those few fires above 10,000 acres, 0.02
percent of all fires, accounted for 56 percent of all acres burned.

The same historical array of large-fire-size class probabiiities
was held constant across all of the presuppression program
options tested. This assumes independence between the size of
the initial attack organization and large fire suppression effec-
tiveness. Independence was assumed for the same reason that
alternative large firec suppression program options were not
tested in FEES; there is currently no acceptable means of
developing programmatic production functions of large-fire
suppression effectiveness. While some techniques have been
developed to evaluate alternative large fire suppression force
levels on individual fires (Seaver and others 1983) and there is
some promise that a structured expert opinion gaming process
(Joseph and others 1985) might be used to develop production
functions forlarge fire suppression programs (Smith and Harrod
1984), programmatic production functions are not yet available.

The ability to move initial attack forces from their normal base
to a large fire lends support to the assumption of independence,
however, and mobility of firefighting forces even between
States is common once locally available forces are exhausted.

Table &—Impact of program level on mean fire size and inferred parameter cells (IPC's)

IPC description:
PC-1 IPC-2
Fuel model 1—Short grass 8—Closed timber litter
Slope 40-79 percent 40-79 percent
Aspect South South
Ignition cause Lightning Lightning
Elevation 0-4500 feet 0-4500 feet
Time of day 0500-2000 0500-2000
Time of year July-September Tuly-September
Initial Attack Program Option!
Simulation results Base Base Base Base
minus minus plus plus
75 pet 50 pet Base 50 pet 100 pet

IPC-1
Mean size of fires

Under 100 acres (acres) 352 3.44 2.69 222 2.17

Escaped fires {percent) 7.03 547 4.69 4.69 4.69
IPC-2
Mean size of fires

Under 100 acres (acres) 0.116 0.124 0.111 0.103 0.103

Escaped fires (percent) 0.0 0.0 0.0 0.0 0.0

'All program options in this illustration hold the fuel treatment program at its base level and historical emphasis. All program options for initial attack were

at historical emphasis.
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This mobility function wouid be enhanced by an initial attack
emphasis heavily oriented toward air inputs, The ability to hire
and quickly train fire suppression handcrews, as was done
during the exceptional 1985 fire season, is also a means to
separate the size of the initial attack program from large-fire
suppression capability. Inspite of these opportunities, however,
the assumption of independence will probably lead to some
underestimation of the increase in bumed acreage that will result
from a reduction in initial attack funding.

Suppression Cost Module

The objective of the suppression cost module was to estimate
the cost of both initial attack and large fire suppression actions.
These two problems were approached differently.

Initial attack cost wasestimated by adding (1) the cost of travel
to and from the fire, (2) the cost of building the fireline, (3) the
cost of overhead supervision on the fire, and (4) the cost of
mopup on the contained fire. The costs of travel and fireline
construction were developed from Forest Service fire manage-
ment cosis in the Northern Region {Gonzalez-Caban and others
1984).

The hourly cost of placing individual initial attack typeson the
firefighting force on the fireline included cost components for
wages, training, supplies, equipment, basing facilities, supervi-
sion while on the fircline, program management overhead, and
general overhead. The wage component included benefits and
ahazard pay premium of 25 percent. Regular time and overtime
wage rates were weighted together by the relative percentages
that the two time classes were used in the Northern Region.
Consistent with current Forest Service accounting rules, only
the cost increment above what would normally be covered while
the initial attack force was not fighting fire is charged to
suppression cost.

The cost estimates vary significantly among the different fire
management input types and by status of deployment (table 6).
The large costincrement between the stand-by statusand fireline

status suggests that the variable cost of using an input, even once
the substantial fixed cost is incurred to have the input available
for dispatch, is large enough that it probably affects efficient
dispatching procedures. Initial attack dispatching in FEES,
however, reflected historical dispatching, whether historical
dispatching was economically efficient or not.

Travel cost per hour is generally higher than the per-hour cost
on the fireline. As increases in the initial attack program lead to
a larger percentage of small fires, travel time becomes a larger
percentage of the total time the initial attack forces are used.
Average suppression cost per acreburned will therefore increase
as the initial attack program is increased, reflecting another
dimension of diminishing returns.

Mopup cost was estimated using the cost equations developed
by Gonzalez-Caban (1983a). Calculated from observations of
time spent doing mopup on National Forest fires in the Climate
Zone, the mopup cost varied by fuel model and acreage of the
fire, The mopup cost per acre burned was often greater than the
cost of fireline construction per acre burned (table 3). The
overhead expansion team cost (Gonzalez-Caban 1983b) was
estimated by calculating the cost of personnel needed in typical
overhead teams that supervise suppression activitics in the
Forest Service.

The suppression cost of escaped (large) fires was estimated
from a regression equation (Smith and Gonzalez-Caban 1984)
developed from records of the number of large fires in the
Northern Region and supplemental appropriations for suppres-
sion cost in the Northern Region from 1964 to 1974, excluding
the 1967 outlier. The large-fire suppression cost regression
equation estimates suppression cost as a function of the square
root of fire size. The suppression cost per acre was estimated
using this regression equation for each large fire size class (table
5). The per-acre suppression costs display substantial reduc-
tions in suppression cost per acre burned as the size of the fire
increases. An alternative engineering cost approach was not
used for large fire suppression costs because of the difficulty of
collecting data across the substantial variation in suppression
force use among large fires.

Table 5—Conditional probabilities of large fires given an escape, expected value of acres burned per fire, and suppression cost per acre burned
(1978 dollars) for the Douglas-fir fire management situation (FMS) and the entire Climate Zone

Situation Large fire size classes {acres)
100-299 300-999 1,000-2,999 3,000-9,999 10,000+,

Douglas-fir FMS

Conditional probability? 0.4933 0.2877 0.1265 0.0606 0.0320

Expected acres bumed/fire 172 539 1,761 5,297 30,808

Suppression cost/acre 601 269 129 66 25
Climate Zone

Conditional probability’ 4900 2916 1286 0604 0293

Expected acres burned/fire 173 542 1,700 5279 30,401

Suppression costfacre 599 268 129 66 25

'The probability of the large fire size class is conditioned on a fire escaping initial attack, i.e., exceeding 100 acres.
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The initial attack module output (expression 3) and the large
fire module output {expression 5) were combined using escape
probability (expression 4) as a weighting factor to give the
complete large fire suppression module outputs. The resulting
probabitities, conditional on IPC, were multiplied by IPC proba-
bilities to give the joint probability function:

Prob(Suppression modaule results)
= P(SIZE,MORT,COST,IPC;CAUSE) {6)
where
SIZE = class interval number (1-8) for all fire sizes,
MORT= tree mortality class interval (1-3), needed for timber
fire effects calculations and used as fire severity
indicator for other resource effects. This quantity is
calculated using mortality functions (Peterson 1984a)
COST = class interval number (1-8) for all fire sizes.

IPC = index ¢1-816) for set of values for fire environment
variables, including cover type, stand size, slope,
aspect, elevation, and time-of-year.

CAUSE = ignition cause class: 1-lightning, 2—human,

Fire Effects and Net Value Change in
Resource Outputs

There have been many studies of the direct effects of fire on
resources, €.g., the effects of fires on tree mortality. Very few of
the fire effects studies, however, extended the estimated direct
fire effects into changes in future resource outputs. The cutput
changes over time must be combined with resource values and
changes in management costs to translate the physical fire effect
into the change in the present net value of the affected resource
for the calculation of fire program economic efficiency.

The physical output change and associated net value change
were estimated for all the natural resources that could reasonably
be assigned dollar values (Althaus and Mills 1982, Miils and

Fiowers 1985). These incladed timber, rangeland grazing,
water yield, sediment yield, and recreation. The hunting and
fishing component of recreation output was measured in recrea-
tion visitors per day units, rather than acres of habitat or animat
populations,

Resources for which dollar assignmenis were not possible,
such as threatened and endangered species, were not inciuded in
our net value change calculations, The loss of structures, such
as homes and administrative buildings, wasalso excluded. From
the limited evidence available, there are very infrequent struc-
tural losses in the Climate Zone. Existing records on structural
losses to wildfire are often incomplete and inconsistent, how-
ever, and need to be improved for use in long-term fire manage-
ment planning evaluations (Frost and Gardner 1982). Structural
losses are probably important in other regions,

Similarly, the loss of human life was not included in the net
value change computations. There is far too much debate over
the appropriate dollar value of a life to incorporate an estimate
here. There is, however, a question of whether loss of life is
related to the level of initial attack program. Training of individ-
ual firefighters may have more effect on the potential loss of life
than does the number of initial attack forces available. The per-
unit cost of initial attack inputs used in this study includes a
component for training. Therefore, funds are provided for the
training of each crew, irrespective of how many crews are
available with any program level.

Wilson (1977) reported that 145 firefighters died from fire-
induced injuries in Forest Service fires between 1926 and 1976,
and 77 died in areas protected by other Federal, state, county, and
private fire agencies during the same period. These totais
translate into fewer than 0.01 lives lost per million acres pro-
tected per year in the United States. Most of the wildfire
fatalities were firefighters rather than civilians. The common
denominators of those fire fatalities were often abnormal local-
ized weather, terrain, and fuel conditions. The outcome might
not have been different even if more initial attack forces had

Table 6—FHourly costs (1978 dollars) for select fire management inputs in the Forest Service's Northern Region by deployment status

r Deployment status
Suppression Suppression
Fire management Input on on
input composition Standby small fires large fires
{1978 doilarsthour)
Category I crew 20 people wihandiools 220 268 328
Category II crew 20 people w/handtools 26 309 364
Project crew 2 people w/handtools
and pickup 3 31 36
Helitack team 2 people w/handtools 25 30 39
Smokejumper teamn 2 people w/handtools 42 48 59
Engine—small 2 people w/handtools
and pickup engine 23 29 34
Engine—medium 3 people and 500-gallon
engine 34 45 70
Bulldozer-—medium 2 people and crawler
tractor 43 58 7

USDA Forest Service Res. Paper PSW-192. 1988,
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been available,

A major conceptual issue in the calculation of the fire-induced
net value change is the delineation of the area from which the
fire-induced change in output will be measured, the fire site only
or the extended management unit within which the fire lies
(Althaus and Mills 1982; Brown and Boster 1978; Mactavish
1966; McLean 1970; Mills and Flowers 1985; Van Wagner
1979, 1983). Unlike the fire-site-only computation, the con-
sumption of resource outputs from unburned sites within the
management or analysis unit can be substituted for resources
that were originally scheduled to be consumed from the burned
site. This conceptual question about the fire net value change
computation is directly parallel to the allowable cut effect
question in the computation of returns to inventory enhancing
activities, such as planting {Schweilzer and others 1972,
Teeguarden 1973). While the extended-management-unit op-
tion places the computation well within the existing operational
planning context, it confounds the fire’s effect on resource
productivity with management and policy constraints that often
change in time periods far shorter than the typical timber
rotation. Previous studies (e.g., Belland others 1975, Brown and
Boster 1978) have demonstrated that the net value changes
resulting from the fire-site-only computation are substantially
higher, i.e., the losses are greater, than from the extended-
management-unit computation.

We included only the fire site effects on resource outputs,
rather than the extended management area effects, because we
wanted to measure as closely as possible the effects of the fire
program on the interaction between fire severity and site produc-
tivity. The only exception was that we included substitution of
unburmed for bumned sites by recreationists to the extent that the
data indicated such substitution occurs. Policy consiraints that
affect the management of individual sites were induced in our
net value change computations. Rotation ages and maximum
harvest block sizes typical in the Region, for example, were

reflected in the net value change computations,

For those readers who are more interested in the operational
fire program seiting on National Forests, these fire-site-only
computations provide a partial opportunity cost estimate of the
harvest scheduling constraint. Since the fire-site-only computa-
tion produces higher loss estimates, the estimated fire manage-
ment program efficiency would be lower than that estimated
here if the extended-management-unit approach had been used
instead.

The physical output and net value changes were calculated for
anumber of “fire situations” for each resource category. The fire
sitnation parameters were a subset of the IPC parameters,
augmented by fire characteristics and the resource management
parameter of the FMS. For timber analysis, for example, the fire
situation parameters were slope, cover type, age class, produc-
tivity class, access, fire size, mortality percent, and resonrce
management emphasis. The number of firg situation parameters
varied among the resource categories. Physical output change
and net value change were calculated for 12,006 timber, 296
range, 8 water, 54 sediment, and 6 recreation fire situations in the
Clirnate Zone.

Both the physical output change and net value change calcula-
tions were deterministic. The possibility of postfire insect
infestations or subsequent fires was ignored for simplicity. The
estimates for each fire situation were then combined within
FEES using the probability of each fire situation occurring
within each fire situation.

The net value change estimates were derived through a four-
step process for each fire situation. An example for timber is
shown in figure 10. The steps are:

» Estimate the “without-fire” time stream of per-acre manage-
ment costs, resource output quantities, and revenues in the
individual stand.

» Estimate the direct physical and biological effects of the fire,
such as tree mortality in the timber calculation, and the

Years from Fire
0 1 10 11 51 52 61 102
Management
Objective Without My Gy Ha
Vegetation Fire (Step 1)
Type
TiMe —ee—
f

Fire Mortality _ with Hy Gz Hy C3 Hs
Behavior (Step 2) ~ Fire (Step 3)

-Ha +H, -Ha +Hz -Hs
Net Physical Output Change

(Step 4}

Figure 10—The calculation of timber net value change involves four steps.
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immediate off-site effects.

« Estimate the “with-fire” time stream of per-acre management
costs, resource output quantities, and revenues on the burned
site.

» Estimate the net change in per-acre physical outputs between
the “without-fire” and “with-fire” time streams. Include treat-
ment costs, and then calculate the difference in the per-acre
presentnet value of the two time streams. Multiply the per-acre
values by the simulated expected value of acres burned in each
fire size class to yield thenet changesin physical outputand net
value change for the entire fire.

Net vafue change (NVC) is:
NVC = PNVe- PNV! )]
where
PNV* = present net value of the “without-fire” time
stream of costs and revenues
PNV! = present net value of the “with-fire” time stream
of costs and revenues

The resulting net value change for the example in figure 10

is:

HI CI H2
NVC= - + -
1+ a+ps (1+%
C, H, C, H,
- + - +
(1+1) A+D% (Q+0)® {1 + i)y

A more general form of the timber net value change computation
can be found in Mills and Flowers (1985b, p. 974).

Defined this way, a negative net value change or physical
output change is a “gain” or financial enhancement of the
resource, and a positive net value change is & “loss” or detrimen-
tal effect. This seemingly reverse sign permits direct addition of
the net value change to the fire program costs for the C+NVC
efficiency criterion, thus maintaining consistency with the older
“least-cost-plus-loss” criterion.

Since the net value change is the difference between two
present net values, anything that affects the magnitude or timing
of management costs, output levels, or per-unit values, in turn,
affects the net value change, The fire's actual effect on the cash
flow of the management costs and resource output retuens within
the management context of the individual [ire sitnation is there-
fore reflected in the net value change. For example, if typical
timber management practices would lead to a species conver-
sion following a planned harvest, that species conversion is
reflected in the with-fire time stream of costs and returns.
Similarly, if there is a difference between fire size and planned
harvest size in the absence of fire and that tract size differential
leads to economies or diseconomies of scale in silvicultural
treatment costs or timber prices, the entries in the cost and return
time streams reflect those actual cost and revenue differences as
well as possible.

The physical output changes reported here are the simple sum
of output changes for 200 years afterthe fire. Twohundred years
is long enough to encompass the one existing rotation and
regenerated timber rotation. It is also long enough to cover

USDA Forest Service Res. Paper PSW-192. 1988.

essentially all of the net changes in the other resources. The net
value change, just like the fire management program costs, was
calculated at a 4 percent discount rate. Four percent is the
estimated real rate of return on investments in the private sector
(Row and others 1981) and is the rate used in Forest Service land
management planning,

The probabilistic outputs from the suppression module (ex-
pression 6) provide the key inputs in the physical output change
and net value change calculations. The probability of road
access was added exogenously for the timber and water calcu-
lations as were the probabilities of site productivity classes for
timber. Becauscof the lack of data on fire occurrence by roading
and productivity classes, these two probabilitics were based on
their relative proportion of acres in the classes. All other
occurrence frequencies are based on fire ignition frequencies
rather than proportion of acres, The general functional form for
physical cutput and net value changes is:

(Resource Qutput or Net Value Change)
=function of (SIZE,MORT,IPC,ACCESS,PROD)

The ignition-cause-dependent probability for each combination
of input variables is expressed by:

P(SIZE,MORT JPC,ACCESS PROD,CAUSE) (8)
where
SIZE, MORT, IPC and CAUSE are as defined for expression
(6).
ACCESS =access class (roaded or unroaded), used for timber or
water only.
PROD = site productivity class (1-4), used for timber only.

The net value change per acre burned varied substantially
among the resources and among the fire situations within each
resource. Someof theresources had consistently positive values
across all fire situations, e.g., recreation, or consistently nega-
tive, e.g., water yield. The net value change of other resources
varied from positive 10 negative among fire situations, ¢.g.,
timber and range. The net value changes also varied substan-
tially in magnitude, from approximately -$1,500 per acre burned
(a gain) t0 $1,500 per acre burned (a loss). A substantial portion
of the fire situations also had a zero net value change because the
fire conditions had no net impact on net cash flow in the
particular fire situation. The netimpact of the several resources
on the net value change for an FMS depends on the net value
change estimates for separate fire situations combined with the
relative fire frequencies among the fire situations.

Timber—After analysis of the sensitivity of the estimate to
varying degrees of computational completeness (Mills and
Flowers 1983), a fairly complete computational form of the
timber net value change calculation was selected (Mills and
Flowers 1985, 1986). Some of the simpler representations of the
postfire cash flow sequence (for example, U.S. Dep. Agric,,
Forest Serv. 1982) yield quite different answers, one conse-
quence being that they produoce orly positive net value change
estimates, i.e., 10sses.

The tree mortality input to the net value change calculation
was estimated for the scorch height classes in FEES for cach

21



timber fire sitnation using Peterson’s (1983) generalized iree
mortality model. It has the advantage of using mortality rela-
tionships that consider tree morphological characteristics, thus
avoiding the need for species-specific mortality functions.
Considerable additional tree mortality work is underway in the
Climate Zone (Peterson 1984a, 1985; Peterson and Ryan 1984;
Ryan and Peterson 1984) that could be used in future analyses.

The timber net value changes (Flowers and others 1985) varied
substantially among fire situations, ranging from -$1,700 to
$1,500 per acre burned. The timber estimates are generally
higher values, per acre, in both the positive and negative direc-
tions, than are the estimates for the other resources,

The greatest losses were found in the moderate and high mor-
tality fires in poletimber stands (table 7). High mortality
poletimber fires often reduce stocking below that needed to
retain the stand through the remainder of the existing rotation
and yet the poletimber is often too immature to support a
commercial salvage harvest. Postfire salvage partially offsets
the loss of the existing stand,

Low- and moderate-mortality fires in most seedling and sap-
ling stands, and in some poletimber stands, have a net value
change of zero. Under our assumption that mortality is evenly
distributed throughout the stand, these stands in the Climate
Zone generally have enough stocking to absorb a low-mortality
fire withont any impact on the planned sequence.

The timber net value change was negative in 7 percent of the
timber fire situations analyzed. These fire situaticns have a
differentially large impact on the fire program performance,
however, because of the high frequency of fires in ponderosa
pine and Douglas-fir sawtimber stands and the relative large
percentage of the acres that burn in large fires.

The timber net value gains occurred predominately in the large
fire size class in Douglas-fir and ponderosa pine sawtimber

stands, The gain resulis from two factors. First, the fire reduces
stocking below the level required to retain a viable stand, thus
truncating a rotation that exceeds the financially optimum rota-
tion. Second, large fires stimulate economies-of-scale in salvag-
ing the burned timber and in establishing the postfire stand when
the fire is larger than the acreage of the normal managementunit.

While these gains are really a partial reflection of the opportu-
nity cost of the nontimber objectives for which the long rotations
and small harvest areas were established in the first place, the
gaing accurately reflect the cash flow consequences of a fire in
the public management setting in the Climate Zone. The
nontimber losses resulting from shorter rotations and larger
harvest areas should be considered in the fire management
program decision, but they should not confound the timber net
value change estimate, Instead, they should be incorporated in
whatever resource category they occur. Unlike the constraint on
the size of clearcuts in the National Forest Management Act
Regulations, fire sizes cannot be legally enforced.

Rangeland Grazing—The range netvalue changes were drawn
from the estimates developed by Peterson and Flowers (1984).
The range net value changes are small relative to the timber
estimates, generally varying from -$25 to $5 per acre burned.

Fires in mountain grassland sitnations result in net value
change losses because grazing is withheld for a few years after
fire to permit the site to reestablish (table 8). Even though the
grazing yield is greater after the postfire rest period than without
the fire, the complete loss of yield in the first few years is more
of a financial loss than the small increase in yield in later years
is a gain. Fires in timber types that permit grazing only during
the seedling and sapling stage of the stand, such as Douglas fir,
show small losses to fire, unless the mortality is high enough to
lead to stand replacement. When the fire is severe enough to
cause stand replacement, grazing in the early years after stand

Table 7—Timber physical output change and net value change (1978 dollars) at a 4-percent discount rate for select fire situations in the

Northern Rocky Mountain'
Physical
Cover Cover type Tree Fire output Net value
type age class mortality size change? change

(1978
dollarsl
(Percent) {Acres} (Fflacre) acre)
Daouglas-fir Seedling/sapling 30-59 1-99 0 0
Douglas-fir Poletimber 60+ 100+ 600 293
Douglas-fir Sawtimber 30-59 100+ 800 -122
Penderosa pine Seedling/sapling 60+ 1-99 0 219
Ponderosa pine Poletimber 30-59 199 800 129
Ponderosa pine Sawtimber 60+ 100+ -6600 -206
Fir-spruce Seedling/fsapling 30.59 1-99 0 2
Fir-spruce Poletimber 30-59 100+ 4000 523
Fir-spruce Sawtimber 1-29 1-99 -3600 -250
Lodgepole pine, Seedling/sapling 60+ 159 0 141
Lodgepole pine Poletimber 30-59 199 0 0
Lodgepole pine Sawtimber 60+ 100+ 200 143

1Al fire situations are for currently roaded sites of 50-84 fi*/acrefyear, with productivity managed in a modified public timber management regime.

The physical output change is the simple sum of the net changes in the 200-year period following the fire.
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establishment is pulled forward in time from what would have
occurred without the fire, thus leading to a gain, Fires in timber
types that permit grazing throughout the rotation, such as pon-
derosa pine, generally have net value gains if the fire is of high
enough intensity to remove some of the tree cover, thus permit-
ting more forage production,

Water Yield—The water yield net value changes were drawn
from the estimates developed by Potts and others (1985). Fire
increases water yield by removing the vegetation that would
otherwise transpire some of the water, The increased water yield
was valued at the marginal value of irrigation water in the region,
the same value used in Forest Service land management plan-
ning. We assumed that no flooding would occur from the
increased water yield and that the increased flow could be
captured for use in irrigation.

The water net value changes are about the same magnitude as
the range estimates, varying from -$25 to 30 per acre burned
(table 9). Unlike range, however, the water estimates are
consistently negative. Therefore, the waternet value changes do
not partially cancel among the fire situations within the FMS as
do the timber and range net value changes,

Sediment Yield—The net value change for the sediment yield
stimulated by fire was drawn from the estimates prepared by
Potts and others (1985). Although sediment yield is greatly
affected by the presence of roads, it is affected very little by the
presence of fire. The sediment net value change is consistently
positive across the fire situations, butitis less than $0.01 peracre
burned when sediment is valued as it is by the Forest Service for
land management planning (-37 per ton).

Recreation—The recreation net value change estimates were
drawn from Flowers and others (1984). Using their computa-
tional procedure, which included substitution away from the
burned site but not toward the burned site, the recreation net
value changes are consistently positive. They vary from $0.13
to $4.74 per acre burned (fable 10).

The recreation net value changes were estimated using the
contingent valuation method (Vaux and others 1984) to measure
fire impacts on recreation, Two photo series were compiled
which showed the effects of fire on the vegetation over time after
the fire. One photo series depicted a high mortality fire in a
Douglas-fir sawtimber stand. The other showed an understory
burn in a ponderosa pine stand.

Pairs of photos from different points in time were then shown
torecreationists. The recreationists were asked to select the site
they would prefer. A hypothetical bidding game was then
conducted to estimate the recreationist’s willingness-to-pay to
use their preferred site.

The inability to estimate substitution of recreationists toward
the burned site, which some recreationists preferred to the
unburned site, is another problem with the recreation net value
change estimates. Asaresult, theserecreation net value changes
probably overestimate the detrimental effect of fire on recrea-
tion. There is also debate about the hypothetical nature of the
contingent market valuation method of estimating willingness-
to-pay. The estimate is so low, however, it is unlikely that any
reasonable assessment of the errors in the recreation estimates
would affect the conclusion about the efficiency of the fire
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management program.
Fire Occurrence Module

The objective of the fire occurrence module was to estimate the
probability of fire occurrences in each IPC, This was accom-
plished in two steps. First, the probability distribution of the
total number of fires in the FMS was estimated (Bratten 1984a).
Second, the relative frequency of a fire within an IPC is esti-
mated given that a fire has occurred in the FMS,

The probability distribution of annual number of fires per
million acres was derived by regressing the standard deviation
of annnal fire occurrence per million acres from the 26 National
Forests in the Climate Zone against the mean fire occurrence per
million acres in each Forest. The standard deviation of annual
fire frequency per million acres was derived in each FMS by
inserting the mean annual rate of fires in Ranger Districts
representative of the particular FMS into this Climate Zone-
wide regression equation. The resulting standard deviation and
mean fire occurrence rates were used in a negative binomial
distribution to describe the probability distribution of the annual
fire occurrences in the FMS under study. The probability
function for the annnal fire occurrence rate was described as:

Prob(m fires/year/million acres) = NB{m;n,p) 9

where nt and p were parameters of the negative binomiat (NB)
distribution estimated from the mean number of fires/year/
million acres specified for the FMS being analyzed and the
standard deviation for the distribution. Tllustrative mean and
standard deviation of annual number of fires per million acres
derived in this manner for the Douglas-fir FMS were:

Ignition cause Mean Standard deviation
{Firesimillion acresiyear)

Lightning 377 22.8

Hueman 14.8 6.8

Distinction between ignition causes is required in the fire occur-
rence distributions because fire behavior, fire size at time of
detection, initial attack arrival times, and proportions of initial
attack dispatch by fire management input are all differentiated
by ignition cause.

The conditional probability of a fire in each IPC, given a fire
inthe FMS, was derived by simply stratifying the Individual Fire
Reports (1970-1981) from the Ranger Districts that were repre-
sentative of the FMS. These empirical data on fire frequencies
were used directly to estimate the probabilities of occurrence in
each IPC. Some of the IPC’s had a zero fire frequency in the
sample period. Those IPC’s were assigned a zero probability in
this study. Since several thousands of fires were analyzed for
each FMS, we assumed with some confidence that the “zero”
probabilities were in truth very small. The fire occurrence
probabilities can be expressed as:

Prob(Inferred parameter cell) = P(IPC;CAUSE,FMS) (10)
in which
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Table 8—Range physical owtput change and net value change (1978 dollars) at a 4-percent discount rate for select fire situations in the

Northern Rocky Mountain-Intermountain Region

Physical Net
Cover Cover type Range Tree output value
type age class Tate mortality Season change! change
(1978
dollars/
———(Percent) —— (AUM/acre } acre)
Douglas-fir Seedling/
sapling 40 85 —_ 4.16 -26.69
Douglas-fir Sawtimber 25 70 - 0.00 -10.68
Lodgepole pine Poletimber 25 85 — 0.00 -12.17
Ponderosa pine Seedling/
sapling 40 3 Summer 0.30 3.08
Pornderosa pine Poletimber 40 60 Spring -2.32 -8.47
Mountain
grassland — 40 — Summer 0.74 7.06
Sagebrush —_ 40 — — -2.48 -16.61
Pinyon
juniper — 25 — — -2.28 -6.79

"The physical output change is the simple sum of the net change in the 200-year period following the fire.

AUM = Animal Unit Months.

Table 9—Water physical output change and net value change (1978 dollars) at a4-percent discount rate for select fire situations in the

Northern Rocky Mountains

Aspect Access Tree mortality Physical output change! Net value change
(Percent) (Acre ftiacre ) (1978 dollarsiacre)
North Roaded 0-29 0 0
North Roaded 30-59 -10.59 <2421
North Unroaded 30-59 -1.38 -2.94
South Roaded 60+ 9.23 -21.25
South Unroaded 30-59 -2.71 -6.31
South Roaded 0-29 0 0

'The physical output change is the simple sum of net changes in the 200-year period following the fire.
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IPC = one of 816 combinations of inferred parameter
values.
(Parameters are: slope, aspect, elevation, cover
age class, and time of year).
CAUSE = ignilion cause class; 1—lightning, 2—human.
FMS = the fire management situation being analyzed,
The fire frequencies in the Douglas-fir FMS are heavily
weighted toward sawtimber fires in the Douglas-fir and ponder-
osapine cover types. Those two fire sitnations alone account for
almost 40 percent of the fires in the FMS (rable 11). This
differential fire occurrence weighting has important implica-
tions for model results. Sawiimber stands, especially Douglas-
fir and ponderosa pine, represent fire situations that often lead to
negative timber net value changes in the public timber manage-
ment regimes.

SIMULATION RESULTS

The economic efficiency and risk results of the simulations in
the Climate Zone are multifaceted and interrelated, just like the
fire management system. The several facets of the simulation
results are unfolded sequentially below, starting with the eco-
nomic efficiency results of the base program (IA(H,3), FT(H,3))
in the Douglas-fir FMS. The economic efficiency results focus
on the expected value, which is the probability-weighted aver-
age of the probability distribution. The impact of variations in
the initial attack program on efficiency are described next,
followed by similarresults of fuel-treatment program variations.
The risk results from the Douglas-fir FMS simulation are pre-
sented next. They focus on the shape and width of the probabil-
ity distribution around its expected value. The sensitivity of
economic efficiency to hypothetical changes in large fire sup-
pression and prevention program effectiveness and resource
management objectives in the Douglas-fir FMS are then dis-
cussed, followed by a comparison of the ponderosa pine and fir-
spruce with the Douglas-fir FMS simulation results.

Economic Efficiency

Base Program Option

The presuppression program level in the “base” program
option (JA(H,3),FT(H,3)) of the Douglas-fir FMS was $662
thousand per million acres or $0.66 per acre protected {table
12). This total program level was composed of $396 thousand
forinitial attack, $126 thousand for fuel treatment, $86 thousand
for detection, and $53 thousand for prevention. The prevention
and detection program components are assumed constant in alt
of the simulations except the prevention sensitivity anaiysis.
Elsewhere, effectiveness of prevention is reflected in historical
fire occurrence frequencies and effectiveness of detection in his-
torical fire sizes at time of detection.

The C+NVC at the base program option in the Douglas-fir
FMS was dominated by the presuppression cost, i.¢., the fire
management program input into the fire management system
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(table 12). The expected value C+NVC was $764 thousand of
which 87 percent was presuppression program cost, 13 percent
was suppression cost, and less than 1 percent was net value
change. The mean acres burned per million acresin the Douglas-
fir FMS historically was 642 acres (1970-1981). The simulated
area burned was 679 acres, a difference of less than 6 percent.
The mean suppression cost in the simulation was $147 per acre
burned, and the mean net value change was $3 per acre burned.

The Forest Service’s nationwide suppression cost varies
substantially from year-to-year, but is generally closer to 35
percent times as great as presuppression cost than the 25 percent
simulated in the Douglas-fir FMS in the Northern Rocky Moun-
tains and Northern Intermountain Fire Climate Zone, Given the
high suppression costs in other Regions with heavy fuel load-
ings, such as western Oregon and Washington, and impact of
Regions with prominent urban-wildland interfaces, such as
southern California, the divergence between the national aver-
age and the simulated results in the Climate Zone is reasonable.

The simulated net value change summed across the ¢ntire
FMS is low because the positive and negative net value changes
among fire situations within the same resource partially cancel,
and also because the positive and negative net value changes
among the resource categories themselves partially cancel,

The timber net value change was only $4.3 thousand in the
entire million acre FMS, or about $6 per acre burned. Even
though the negative net value changes, i.e., the net gains,
occurred in only 7 percent of the fire situations analyzed, those
fire situations had relatively high fire occurrence frequencies.
The negative net value changes occurred predominately in
Douglas-fir and ponderosa pine sawtimber situations and in the
large-fire size class {(table 7). Almost 40 percent of the fire
occurrences in the Douglas-fir FMS were in the Douglas-fir and
ponderosapine sawtimber situations (table 11, however, and 97
percent of all the acres burned in the Douglas-fir FMS were in
the large-fire size class (100+ acres), The timber net value gains
from those fire situations were almost enoungh to completely
overcome the timber net value losses from the other fire situ-
ations. The total $4.3 thousand loss for the entire 679 acres
burned is equivalent to the loss of only five acres of one of the
highest loss individual timber fire situations.

The timber net value change computation in previous studies
frequently resuited in much higher timber losses, Schweitzer
and others {1982), for example, estimated a timber net value
change of $493 per acre burned on the Deschutes National
Forest, a Forest within the Climate Zone, If the timber net value
change had been $493 per acre, the total timber net value change
would have been $334 thousand, or 31 percent of the CHNVC,
instead of the 1 percent of the C+INVC estimated here (table 12).
The study reported here is the first major fire management
analysis that included a timber net value change computation
from which a net gain could be derived. The form of the timber
net value change computation, therefore, does have potential
implications for conclusions about the efficiency of the fire
management program.

Although the primary reason for the differences between the
timber net value changes estimated and those in earlier studies
is thought to be the cash flow computational form, another
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Table 10—Recreation, physical owtput change, and net value change (1978 dollars) at a 4-percent discount rate for select fire situations in
sawtimber age class in the Northern Rocky Mountains

Cover type Fire severity Recreation Physical Net value
use rate output change! change
{RVD{acrel year) {RVDiacre) (1978 dollarsiacre)

Ponderosa pine Understory fire, 0.13 0.183 0.3
no tree mortality 0.13 0.390 0.5
0.28 0.8 1.3
Douglas-fir 100-percent 1.02 0.183 1.1
tree mortality 217 0.390 2.2
4.74 0.856 4.6

'The physical output change is the simple sum of the net change in the 200-year period following the fire.
RVD = Recreation Visitor Days.

Table 11—Fire occurrence probabilities in the Douglas-fir fire management situation, by cover type and cover type age class

Recently Seedling/
Cover type cutover sapling Poletimber Sawtimber Total
Percent of fires)
Douglas-fir 2.53 1.23 4.00 15.56 23.32
Ponderosa pine 2.12 246 294 23.22 30.74
Western white pine 0.00 0.00 0.00 0.10 (.10
Fir-spruce 0.07 0.38 0.82 3.1 4.38
Hemlock-Sitka spruce 024 0.04 0.27 048 1.03
Larch 2.67 0.89 198 7.08 12.62
Lodgepole pine 048 0.75 404 5.13 10.40
Pinyon-juniper — — — — 0.62
Western hardwoods — — — — 0.44
Sagebrush — — — — 133
Mountain grass and meadows — — — — 6.84
Mountain shrub — — — —_ 1.74
Alpine — — —_ — 6.43
Totals 8.11 5.75 14.05 54.68

Pinyon-juniper through alpine do not have cover type age classes.
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possible reason for the difference could be the mortality compu-
tation. The timber net value change used in FEES varies by
mortality, as it interacts with existing stand stocking to yield a
postfire stacking. The postfire stocking is in turn compared with
a stand retention stocking minimum to determine if the origi-
nally planned harvestsequence for the stand is interrupted by the
fire mortality. The National Forest timber inventory data show
that many seedling and sapling stands are well enough stocked
to absorb a low or moderate mortality fire with no disruption of
the planned harvest. A higher timber net valoe change would
have resulted if a higher proportion of the fires had been
estimated to have high mortality rates.

The net value change for water yield (-32.0 thousand) was
abouthalf aslarge as that for the timber total, butit was anet gain,
rather than a net loss. The water yield net value changes for
individual fire situations (table 9) were generally smaller than
the timber estimates, but all of the water yield net value changes
were negative so they did not partially cancel. There is often
controversy over the appropriate per-unit value of water yield,
The simulated water net value change is so smail relative to the
C-+NVC, however, that there appears to be an adequate margin
of confidence around the per-unit water yield value estimate
used here. The sediment net value change rounded to less than
$1 for the entire FMS,

The range and recreation net value changes over the entire
FMS were also very low, $0.2 thousand (range) and $0.3
thousand {recreation). Just as the C+NVC would be affected
little by changes in the per-unit value of water, it would also be
affected little by changes in the per-unit value of recreation.
Unlike the form of the timber net value change computation,
debate over the hypothetical nature of the contingent market
valuation method estimation of willingness-to-pay is of little
concern for this fire management application of the value

estimates.

The sum of the net change in physical output of the various
resources for the 200-year period after the fire was also calcu-
lated. Those outputchanges were low relative to the already low
net value changes. As Mills and Flowers (1986) found, the net
value change is determined more by changes in the timing and
the per-unit value of the resource output than by the absolute
magnitude of the resource output changes within the 200-year
period after the fire. The expected value change in output per
million acres per year from the 679 acres burned was -60 thou-
sand cubic feet of timber, -8 animal unit months of grazing, -209
acre feet of water yield, 0 tons of sediment, and 499 recreation
visitor days of use. Asinthe netvaloe change, anegativeisanet
gain over the 200-year period and a positive is a net loss.

Initial Attack Program Options

Recalling the marginal nature of the C+NVC criterion, no
economic efficiency conclusions can be reached from studying
the relationship between presuppression cost, suppression cost,
and net value change at any one fire management program level,
The relative efficiency among the program levels is signaled by
their relative C+NVC. The program option with the lowest
C+NVC, irrespective of its C+NVC composition, is the most
efficient of those tested.

The efficiency of initial attack program options was tested
first, while the fuel-treatment program was held atitsbase option
(FT(H,3)). The C+NVC for all 15 combinations of program
level and fire management mix of the initial attack program
(TA(H-A,1-5)) was then simulated.

The simulated escape percent {percent of fireg over 100 acres)
in the historical fire management mix (JA(H,1-3)) increased as
the initial attack program level was lowered (fig. 11}, but the
escaped fire percent did not increase dramatically. The simu-
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Figure 11—Simulated escape percent in the Douglas-
fir fire management situation for the three initial attack
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lated escape percents in the Douglas-fir FMS varied from 0.81
percent at the base-plus-100-percent program level to 1.22
percent at the base-minus-75-percent program level. While this
isa 50 percentincrease in escape percent, the fires that escape in
the simulation are still a small percent of all fires.

To determine whether FEES underestimated the sensitivity of
escaped fire percent to initial attack funding level, historical
escape fire percents in the Forest Service Northern Region were
compiled for the period 1940t0 1981 {fig. 12). There wasa great
deal of year-to-year variation in historical escape percents. Even
the 10-year moving average fluctuates considerably. The es-
cape percentage of 45 years ago was not substantially higher
than today’s, though. There is no statistically significant time
rend to the historical escape percents, The mean escape
percents for the 1940 to 1981 period (0.47 pet for lightning-
caused and 2.08 pct for human-caused) were very similar to the

1970 to 1981 percents used for calibration in FEES.

There are some reasons for which the escape percents of 30
to 40 years ago were higher than they are today, The fire
management program Ievels were much smaller then. There
was lesscomplete reporting of nonspreading fires which, in tum,
would have increased the number of escaped fires as a percent
of all reported fires. Road access was also far less developed
then. There are also reasons for which the current escape
percents would be higher, Human-caused ignitions have in-
creased. Widespread timber harvesting and years of aggressive
suppression have led to fuel accumuiation. The simulated
escape fire percents were well within the range of the historical
data from the same general region. Escape fire percents did not
increase dramatically when the program level was dropped in
our simulation, just as escape fire percents are not materially
lower now in the Northern Region than they were 40 years ago.

Lightning-Caused Fires
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Stimulated by the changes in escape percent, the expected
value of simulated acres burned varied in a similar manner,
reaching a high of 970 acres at base-minus-75-percent and a low
of 623 at base-plus-100-percent initial attack option (table 12).
The tradeoff between presuppression costs and acres burned
from the base to the base-minus-75-percent program level was
$1,000 for each acre bumed. That is, it required a $1,000
increase in presuppression cosis to reduce total acres burned by
1acre. Thereduction in acres burned from increases in program
level above the base level funding were even smaller, signaling
diminishing returns to program expansions. The addition of
$405 thousand in presuppression funding between the base and
the base plus 100 percent, for example, reduced the simulated
acres burned by only 56 acres. That presuppression program
level increment corresponds to an increase in initial attack
funding of $7,232 to reduce acres burned by 1,

Suppression cost changed in the same direction as acres
burned, but the magnitude of the suppression cost response was
less. At the base-minus-75-percent level, 43 percent more acres
burned than at the base program level, but suppression cost was
only 28 percent higher. The lower sensitivity 1o suppression
costs results from the lower suppression cost per acre burned for
large fires than for small fires (fable 5). A larger share of the
acres burned at the lower program level was in larger fires,

The net value change was relatively low at all of the initial
attack program levels in the Douglas-fir FMS, from base minus
50 percent to base plus 100 percent. Just as at the base level, the
positive and negative net value changes within and between the
resource output categories largely canceled to produce a low
total net value change. The total net value change across the
FMS rose with the simulated argas burned, but even at the base-
minus-735-percent program level, the net value change was only
1.3 percent of the total C+NVC,

The net result of the simulated changes in suppression cost
and net value change across the presuppression program levels
was that the most efficient initial attack program level tested was
base minus 75 percent (TIA(H,1)). Although the C+NVC curve
was beginning to flatten as the funding was reduced (fig. 13), it
was still declining. Program levels below base minus 75 percent
were not tested because data within FEES, such as the initial
attack arrival times, become less valid as the test program level
deviates farther from the historical program level from which the
data were derived.

Simple sensitivity analysis can demonstrate how much the
simulation results would have to change to affect the efficiency
conclusions. One sensitivily test was applied to the combined
suppression cost and net value change.

The combined suppression cost and net value change per acre
burned were $136 at base minus 75 percent and $147 at base
minus 50 percent. These combined suppression cost and net
value change *“losses™ per acre would have to be over five times
greater before base minus 50 percent could become the most
eflicient program level. While there are data and computational
weaknesses in the FEES model, it is doubitful that they translate
into a fivefold error in the combined suppression costs and net
value change estimate,

Another sensilivity test was applied to acres burned. The
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simulated acres burned was 970 acres at base minus 75 percent
and 740 acres at base minus 50 percent. Assuming that the
original suppression cost and net value change estimates are
accurate, the original 230-acre differential in acres burned
between the two program levels would have to expand to a
differential of over 920 acres before base minus 50 percent
would become the most efficient level. That required 920-acre
differential between the two program levels is almost as large as
the original estimate of 970 acres burned at the base-minus-75-
percent level. While the number of actual acres burned at the
base-minus-75-percent level could well be greater than the
number of simulated acres burned, it is doubtful whether the
acres-burned differential between the two program levels is in
error by a factor of 4,

The economic efficiency results from the other two fire
management mixes tested, the ground and the air emphases,
were similar to the results from the historical mix in the shape of
the C+NVC curve at different program levels and in the compo-
sition of the total C+NVC, The most economically efficient
program level for the other two alternative mixes was also the
lowest program level tested, base minus 75 percent (table 12, fig.
14). Suppression costs and net value changes were a similarly
small percentage of the C+NVC.

Efficiencyis affected by fire management mixesas well asthe
program level. The air emphasis was consistently the most
cfficient fire management mix at all fire program levels tested
because it consistently produced materially lower estimates of
acres bumned (rable 12, fig. 14). The actual difference between
the C+NVC among the three mixes was small, however, because
the C+NVCin all three emphases was dominated by the presup-
pression cost,

Acres burned may be an important decision parameter in some
situations. At the base program level, the number of acres
burned in the air emphasis was 219 acres, as opposed to 679
acres in the historical emphasis at the same program level, and
1,003 acres with the ground emphasis. Only one fire manage-
ment input, e.g., one handcrew or engine, was dispatched to the
vast majority of the fires in the initial attack simulation, and that
one fire management input wasable to contain the fire. Thereare
fewer input units in the air emphasis than in the ground emphasis
at a given program level, because the per-unit cost of the air
inputs is relatively greater. The faster arrival times of the air
units apparently are more than enough to make up for the
infrequent times that an inadequate number of firefighting units
are available for dispatch in the air emphasis, however. The
jump in acres burned in the air emphasis from 267 to 729 acres
(table 12) between the base-minus-50-percent and the base-
minus-75-percent program levels may indicate that the advan-
tage of faster arrival time is beginning to be outweighed at base
minus 75 percent by the times when more inputs are needed for
dispatch than are available.

Fuel-Treatment Program Options &
Alternative fuel-treatment program options were then tested
while the initial attack program was held at its base level
(IA(H,3)). The impact of fuel treatments was registered within
FEES through adjustments in the translation from fuel modelsin
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holding the fuel-treatment program at its base option.
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the fire behavior module to cover typesin the fire occurrence and
fire effects modules. Fuel treatments, therefore, shift fire
occurrences from fuel models that have more severe fire behav-
ior toward fuel models with less severe fire behavior. Although
this approach is less direct than changing the number of acres in
the different fuel models, the net effect of the fuel reatments is
the same. The fuel treatments were targeted toward the slash
fuels to give the greatest reduction in fire severity,

Changes in funding of the historical emphasis fuel-treatment
program had essentially no impact on the simulated acres
burned, the suppression cost, or the net value change (table 12).
Even compiete elimination of the fuel treatment program had no
material impact on the simulation results, The zero program
level was the most economically efficient program level tested.
The two alternative fuel-treatment mixes—the burning empha-
sis, and equal balance of treatments—also had no impact on the
suppression costs or the net value changes. The same efficiency
results occurred when fuel-treatment options were tested in
combination with the ground and air initial attack emphases.

Fuel treatment only shortens the time period over which slash
fuels are most hazardous. Treatmentof up to 1,128 acres within
the 1-million-acre FMS, twice the historical rate of treatment,
has insignificant impacts on the fire system behavior beyond
what is already accomplished by natural fuel deterioration, Fire
ignitions are apparently too infrequent in the Douglas-fir FMS
to provide an economic return to the fire system from a shorten-
ing of the time window of greatest fuel hazard by treatment.

This lack of economic efficiency is consistent with results of
other stodies of fuel treatments on National Forest lands., Wood
(1978) estimated very low returns for fuel-treatment projects in
astudy area in the northern Rocky Mountains, Hirsch and others
(1979) estimated similarly low returns on a study area in the
Southwest, and so did Barrager and others (1982) on astudy area
in the Pacific Northwest. While slash fuel treatments might be
an effective means of accomplishing some objectives, such as
site preparation for planting, it appears that they do little to
improve efficiency.
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Figure 15—Cumulative probability distribution of acres burned in the
Douglas-fir FMS to the base program options for both initial attack and
fuel treatment (JA{H,3),FT(H,3)}.
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Risk Resulis

Base Program Option

The economic efficiency conclusions are all drawn from the
expected value C+NVC, The width and symmetry of the
probability distribution surrounding the expected value C+NVC
provides one measurement of the risk associated with a particu-
lar fire management program option. The risk consequences of
a program selection are separable from expected value eco-
nomic efficiency, How the two parameters are incorporated into
the decision calculus is a function of their relative utility to the
decisionmaker or the public served by that decisionmaker, Tt is
not the program analyst’s or fire program modeler’s role to
integrate the relative importance for risk directly into the com-
putational procedures themselves as has sometimes been done.

The entire cumulative distribution for acres bumed is shown
in figure 15, for suppression cost in figure 16, for net value
changesin figure 17, and for C+NVCin table 13, Variousratios
of the values at the 5th and 99th percentile points on the
cumulative  distribution to the expected value are used to
describe distribution width. The percentile point on the cumu-
lative distribution where the expected value lies is used to
describe the symmetry of the distribution. As will be shown, the
form of the display of the probability resuits could affect the
decisions reached with the risk results.

The probability distribution of acres burned for the base level
program option, IA(H,3),FT(H,3), has two prominent character-
istics: itis wide and asymmetrical (fig. 15). The simulated acres
burned at the Sth percentile point on the cumulative distribution
is 141 acres per year per million acres protecied; i.e., there is a
5 percent probability that the acres bumed in any one year will
be 141 acres or less. The number of acres burned at the 99th
percentileis 7,766 acres per year per million acres protected; i.e.,
there is a 99 percent probability that the acres burned in any one
year will be less than 7,766 acres or, alternatively, a 1 percent
probability that the acres bumed in any one year will be greater
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Figure 16-—Cumulative probabiity distribution for the suppression cost
in the Douglas-fir fire management situation for the base program
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than 7,766 acres. The ratios of percentile values to the expected
value are 0.21 (5th percentile) and 11,43 (99th percentile). That
is, there isa 1 percent probability that the acres burned in any one
year will be more than 11 times greater than the expected value
of 679 acres burned per million acres protected per year. The
width between the 5th and 99th percentile points, expressed as
a percentage of the expected value, is 1,123 percent for the base
program option. Forconvenience, this measurement of distribu-
tion width is referred to here as “risk percent.”

The “tail-heavy” nature of the fire management system is
apparent in the heavily skewed probability distribution of acres
burned. The expected value acres burned lies between the 80th
and 90th percentile points on the distsibution. The few years
with high numbers of acres burned have sach high values that
they even affect the expected value or mean acres burned across
all years.

When the acres-bumned distribution is transiated into a sup-
pression cost distribution, using the cost-per-acre-burned com-
putations {expression 6}, the resulting suppression cost proba-
bility distribution is much narrower and more symmetrical than
the acres-burned distribution (fig. 16).

The ratios of percentile points on the suppression cost distri-
bution to the expected value are 0.42 (5th percentile) and 2.27
(99th percentile). Stated differently, there is only a 1 percent
probability that the suppression cost in any cne yecar will be
greater than 2.27 times as large as the expected value suppres-
sion cost, $100 thousand per million acres per year. The
expected value lies close to the 55th percentile point on the
suppression cost distribution.

These distributional differences occur for the same reason
that expected value suppression cost increased less than did
expected value acres bumed when fire management program
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{IA(H 3),FT(H,3}).

fire managemant situation for the base program op-
tions for both initial attack and fuel treatment
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levels were reduced (table 12). The years with higher numbers
of acres burned have a higher proportion of large fires, and
suppression cost per acre for large fires is materially less than
that for smaller fires (table 5). That economy-of-scale in
suppression costs materially counterbalances the “tail-heavy”
character of the acres-burned distribution.

The distributions of ret value change for the separate re-
sources are wide relative to their expecied values, but the
absolute width of the distributions of net value changes is
generally so narrow as to be unimportant (fig. 17). The only
exception to this observation is the timber net value change
distribution, which is wide and skewed, just as was the acres-
burned distribution. There is a 2 percent probability that the
timber net value change for the Douglas-fir FMS is -$147
thousand, a net gain that exceeds the expected value suppression
cost. There is also a 10 percent probability that the timber net
value change is $54 thousand, a net Joss that is one half as great
as the expected value suppression cost and over 12 times larger
than the expected value timber net-value-change. Even though
the possible net gain is larger than the possible net loss, the 10
percent probability of a large loss outweighs the 2 percent
probability of an even larger net gain. As aresult, the expected
value is anet gain that lies between the 80th and 90th percentile
points on the distribution. However, the range in dollar values
from the top to the bottom of the timber net-value-change
probability distribution is still small relative to the total $764
thousand C+NVC.

The suppression cost and net value change distributions are
the only sources of variation in the C+NVC., The presuppression
program cost is a fixed input at any one program level. Sincethe
net value change and suppression cost are relatively small
percentages of the C+NVC atthe expected value, 13 percent, the
C+NVC distribution is also narrow relative to its expected value.
The risk percent of the base program option, i.e., the 5th and 99th
percentile distance expressed as a percentage of the expected

value, is only 0.36 for C+NVC. The ratios of the percentile
points on the C+NVC distribution to the expected value are 0.91
{5th percentile) and 1.26 (99th percentile). That is, there is only
a1 percent probability that the C+NVC in any one year will be
more than 25 percent larger than the expected value.

This relatively narrow C+NVC distribution is a substantial
contrast {o the comparable acres-burned distribution where
there is a 1 percent chance that the acres burned in any one year
could be over 11 times greater than the expected value, The
effect of the acres-burned variability is dampened substantially
when acres burned is translated info its suppression cost and net
value change contributions to C+NVC variability. Its effect is
dampened for the same reason that suppression cost changed
less within program level than acres burned did. The C+NVC
distribution is also very symmelrical. The expected value falls
between the 50th and 60th percentiles.

Initial Attack and Fuel Treatment Program Options

One of our hypotheses was that the C+NVC probability
distribution would narrow with increasing program levels. We
further hypothesized that the shape of the distribution would
lead a risk-averse decisionmaker to select a higher program
level than a risk-neutral decisionmaker. Probability distribu-
tions were developed from simulations of all initial attack
program options, IA(H-A,1-5),FT(H,3), and all program levels
of the historical fuel-treatment option, IA(H,3),FT(H,1-5), to
test these hypotheses.

The acres-burned distribution was wide at the base program
option, IA(H,3) FT(H,3), but it was similarly wide at the other
program levels {fig. I8). The difference between the 5th and
99th percentiles expressed as a percent of the expected value
acres burned declined with increasing program levels. The
difference in acres burned between those percentiles, however,
was the same at the lowest program level as it was at the highest
program level tested, even though the expected value for acres
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option, while the fuel treatment was held at its base level
{IA(H,1-5),(FT)H.,3)).
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bumned declined as the program level increased. Therefore,
increases in the funding of the initial attack program will not
materially reduce the probability of large burned areas in indi-
vidual years.

Unlike the acres-burned distribution, the width of the C+NVC
probability distribution narrows with increasing initial attack
program levels (fig. 19, table 13). The C+NVC narrowed with
increasing program levels primarily because of the economies-
of-scale for suppression costs on large fires. The C+NVC
distribution can narrow then even if the acres-bumned distribu-
tion does not. For example, the C+NVC risk percent dropped
from 71 percent at the lowest initial attack program level tested
(IA(H,1),FT(11,3)), to 22 percent at the highest program level
tested, (IA(H,5),FT(H,3)). The absolute C+NVC dollar differ-
ence between the two percentiles also decreased over the same
program level span from $347,000 to $248,000.

The width of the C+NVC distribution was also affected by the
initial attack emphasis or fire management mix, The C+NVC
probability distribution for the air emphasis was narrower than
the distributions for the other two initial attack emphases at all
program levels tested. Just as the air emphasis appeared to
encounter diminishing returns at the lowest program level tested,
though, the C+NVC distribution for the air emphasis widened
more between the base-minus-50-percent and base-minus-75-
percent program levels than did the other initial attack empha-
ses.

These simulation results do not in themselves demonstrate
how the tradeoff between risk and economic efficiency might
affect the decisionmakers’ sslection of a fire management pro-
gram option. Program selection is also affected by the decision-
makers’ relative utility between efficiency and risk. Research
has also demonstrated that the form in which the risk dimension
is displayed can affect the decisions reached in other risk
situations (Fishchoff and others 1980; Slovic and others 1982;
Tversky and Kahneman 1981a,b).

The economic efficiency and risk tradeoffs are displayed here
intwo ways. Those two displays show that the fire management
program selection may also be affected by how the C+NVC
probability distributional information is presented.

The first display is typical of how risk has been viewed by fire
managers. Concern over the tail-heavy nature of the fire system
has often led firec managers to design fire management programs
forabove-average fire severity conditions, The Forest Service’s
1972 fire management planning process, for example, was
designed to build a fire management program capable of per-
forming successfully against the 90th percentile burning index
in the fourth worst year of the last 10 years. Similarly, the
Naltional Fire Danger Rating System is based on weather read-
ings taken at midafternoon on exposed southwest slopes. Both
of these representations describe more severe fire conditions
than occur at the expected value. The hypothetical probability
envelope about the C+NVC expected value (fig. 4) is a risk
dimension display thatis consistent with this traditional view of
fire system risk.

Mirroring this traditional approach to fire system risk,
Schweitzer and others (1982) estimated the C+NVC perform-
ance of four initial attack program levels in six National Forests
against 3 historical years of varying fire severity. Although the
simulated suppression costs and net value changes were higher
in the more severe fire years, the most economically efficient
program level was unaffected by fire-year severity in five of the
six National Forests tested. The exception was the Willamette
National Forest in western Oregon which has high-value, old-
growth timber. The increased initial attack program expendi-
tures did not lead to greater than offsetting reductions in suppres-
sion costs and net value changes even in the severe fire year.
Except in thatone Forest, then, it was not efficient to increase the
initial attack program level even if there had been advance
knowledge that a given fire year was to be more severe than
average.
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while the fuel-treatment program was held atits base
(IA(H,1-5),FT(H,3).
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Our attempt to display the risk dimension in this traditional
fire manager’s view was to develop C+NVC curves for different
points on the C+NVC probability distribution, If a fire manager
is interested in planning a fire management program for the
worst year in 20, the C+NVC curve that connects the 95th
percentile points on the C+NVC probability distributions shows
the C+NVC consequences of altemative program levels in that
worst year. The program level that minimizes the C+NVCis the
most efficient for thatlevel of fire severity. Similarly, amanager
interested in identifying the most efficient program level for the
worst year in 10 would find the program level that minimizes
C+NVC on the C+NVC curves that connect the 90th percentile
poinis on the C+NVC probability distributions.

The probability envelope in figure 19 shows the C+NVC
curves for the 99th, 95th, and 5th percentile points on the
C+NVC distribution for the historical initial attack emphasis,
TIA(H,1-5),FT(H,3). We fourd that the program level thai
minimized C+NVC was the same at the 99th and 95th percentile
asitwas atthe expected value, similar to theresults of Schweitzer
and others (1982), Therefore, the program level that is most
econcmically efficient at the expected value is also the most
efficient in the worst year in 10 or 20 years. The program level
that was most efficient at the expected value was also most
efficient at any point on the C+NVC probability distribution
(table 13). The same conclusion was reached for the air and
ground emphasis of the initial attack program and across pro-
gram levels in the historical fuel-treatment emphasis.

A second form of risk display that is more common in the
general risk literature is a parameter preference model that
compares the mean outcome of a program selection with the
variance of that outcome (Blattenberger and others 1984).
Program opportunities that have higher mean returns also often
have higher variances about that mean return. By comparing the
decisionmakers’ utility for mean versus variance against the
production possibility surface, the program option with the
highest utility can be identified,

Our formulation of the parameter preference model in figure
20 differs from the traditional parameter preference display in

two minor ways. First, a lower mean C+NVC is more efficient
than a high mean C+NVC. Second, the risk percent, f.e., the
difference between the 5th and 99th percentile C4+NVC as a
percent of the expected value C+NVC, replaces variance as the
measurement of variability. Perhaps more clearly than the
C+NVC probability envelope in figure 19, figure 20 shows that
a-more economically efficient fire management program can be
gained only at the expense of greater variability in C+NVC
ouicome,

The potential consequences of this parameter preference dis-
play of risk dimension are clear from the hypothetical utility
functions in figure 20. The risk-neutral decisionmaker, whose
utility functionis described by line AB, would select the program
option with the lowest expected value C+NVC irrespective of the
variability about the expected value. The risk-nentral decision-
maker would, therefore, select the air emphasis initial attack
option funded at the base-minus-75-percent program level.

A hypothetical utility function for a risk-averse decision-
maker, line CD, shows that the decisionmaker will accept a
program option of lower mean efficiency only if that option has
less variability about the mean. A decisionmaker with this
hypothetical utility function would select the air emphasis at the
base-minus-50-percent program level., The air emphasis funded
at the base minus 75 percent would be at a lower level of utility.

Sensitivity Analysis

Changes In Resource Management Objectives

What are the efficiency implications of applying the same fire
management program options to private lands in the Climate
Zone rather than to public lands? Is the most economically
efficient fire management program level higher on the commod-
ity-oriented private lands than on the relatively noncommodity-
oriented public lands? Since timber net value is substantially
affected by management objectives (Mills and Flowers 1983),
even for Lhe same fire severity and vegetation characteristics, the
most economically efficient program levels could differ.
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management emphasis and program level {JA{H-
4,1-5)), while holding the fuel-treatment program at
its base level{FT(H,3)).
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Table 13—~—Cumui&tive probability distribution for C+NVC in thousands of 1978 dollars per million acres per year for the Douglas-fir fire
management situation

C+NVC Cumulative probabilities {percent)

Program |expected

option' value 5 10 20 30 40 50 60 70 80 90 95 99

Historical Initial Attack Emphasis
TAQLFT(3) 508 406 419 439 456 474 492 513 537 568 618 664 766
IA(2)FT(3) 602 514 524 541 556 57 587 603 626 654 698 740 832
IA(3)FT(3) 769 689 699 714 728 742 756 172 791 816 855 892 972
IAAFT(3) 1002 929 939 953 966 978 991 1006 1023 1045 1080 1113 1185
TA(S)FT(3) 1165 1092 110t 1116 1128 1141 1154 1168 1186 1208 1244 1277 1349
Ground Forces Initial Attack Emphasis
IA(L)FT(3) 503 405 417 436 453 470 487 507 531 561 610 655 755
TA(DFT(3) 634 526 539 560 578 596 616 638 664 698 753 804 916
IA(3)FT(3) 798 688 701 721 740 759 779 801 829 865 922 971 1097
IAMFT(3) 989 882 894 913 931 950 969 992 1018 1054 11 1166 1286
TIA(S)FT(3) 1194 1094 1105 1123 1140 1157 1175 1196 1221 1254 1307 1358 1469
Air Initial Attack Emphasis
TAQUFT(3) 501 410 423 442 458 473 489 506 527 553 594 632 713
IAQFT(3) 552 508 514 523 531 538 546 555 565 578 599 618 660
JAGFT(3) 715 679 684 691 697 703 709 717 725 736 754 770 806
IAMFT(3) 936 907 911 917 922 927 932 938 944 952 965 977 1002
JA(S)FT(3) 1134 1103 1107 1113 1118 1123 1129 1135 1142 1152 1167 1181 1211
Historical Fuel Treatment Emphasis
IA(3)FT(1) 643 563 573 589 602 616 630 646 665 690 729 766 846
IAQGFT(2) 706 626 636 652 665 679 693 709 728 753 792 829 909
TA(3)FT(3) 769 689 699 714 728 742 756 772 791 816 853 892 972
TAQGFT(4) 832 752 762 777 791 805 819 835 854 879 918 955 1035
TAG)FT(5) 895 815 825 840 854 868 882 898 917 942 981 1018 1098
Prescribed Burn Fuel Treatment Emphasis
JA(GFT(3) 769 689 699 714 728 742 756 772 791 816 855 892 972
Equal Balance of Fuel Treatments (prescribed burn, mechanical pile and burn, hand pile and burn)

TA()FT(3) 769 689 699 714 728 742 756 772 791 816 855 892 972

'Program funding levels correspond to those given in table 12, footnote 1.

The Douglas-fir FMS simulations for the five program levels
of the historical fire management emphasis were rerun with net
value changes representative of private management practices
in the Climate Zone. All of the simulation inputs except the net
value changes, such as the fire occurrence level and the large-fire
size probabilities, were unchanged,

The timber net value changes for the intense private timber
management objectives reported by Flowers and others (1984)
were used in this sensitivity analysis. The private timber
management regimes have rotation ages that approximated the
maximization of present net value and planned harvest sizes that
approximated practices in the area. The privale rotation ages
were therefore shorter than the public rotations. For example,
the private management rotation age for existing Douglas-fir
poletimber stands on moderate sites was 75 years. The compa-
rable public management rotation age was 115 years. The

USDA Forest Service Res. Paper PSW-192. 1988.

planned harvest sizes were larger in the private management
option. For example, the size of moderate site Douglas-fir
clearcuts in the private management option was 100 acres versus
30 acres in the public management option. These differences
reduce the advantage of fire-induced truncations of uneconomi-
cally long rotations and the fire-induced economies-of-scale in
salvage harvests and postfire stand establishment costs. As a
result, the private timber net value changes are greater losses
than the comparable public timber net value changes, and there
are few timber net value gains,

To better reflect a privaie resource management scenario, the
range net value changes reported by Peterson and Flowers
{1984) that correspond to higher intensity range use were used
in place of the lower intensity range use levels. The intensity of
recreational use was also reduced to reflect private land use
levels more closely, leading to lower net value changes for
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private recreation (Flowers and others 1984). The water yield
and sediment yield net value changes were not adjusted.

The net value change at the base program level for the
historical fire management emphasis, 1A(H,3), FT(H,3), of this
private management analysis was $12.4 thousand, substantially
higher than the $2.8 thousand when the public resource manage-
ment objectives were used to calculate the net value changes
(table 14). Essentially ali of the difference was in the timber net
value change, It was $14.1 thousand in the private management
simulation and $4.3 thousand in the public management simu-
lation,

The mean timber net value change in the private management
analysis ($21 per acre burned) is over three times larger than the
timber net value change under the public management formula-
tion of the FMS ($6 per acre burned), but it still falls far short of
the $493 per acre burned estimated by Schweitzer and others
{1982) for the Deschutes National Forest, Even though the
private timber regimes had rotation ages that approximate a
maximum present net value, the present value of the foregone
planned harvest was calculated by discounting the anticipated
future revenue to the time of the stand age at the time of the fire,
The computational form used by Schweitzer and others (1982),
as well as the U.S. Department of Agriculture, Forest Service
(1982), implicitly assumes thata fire in a “mature” timber stand
occurs at the same age as the planned harvest.

Even with the simulated increase in net value change in the
private management analysis, the total net valne change still
contributed only 1.6 percent of the total C+NVC. The suppres-
sion cost was the same with the private as with the public
management option, 13 percent of the C+NVC.,

As would be expected from the small C+NVC contribution
from the net value changes, the relative economic efficiency of
the various fire management program levelsis the same with the
private management objective as it was with the public resource
management objective, The financial losses to fire were greater
when the resource management was more heavily oriented
toward commodity outputs, but the dollar value of the increased
losses was not enaugh to justify higher fire management pro-
gram levels on grounds of economic efficiency. The base-
minus-75-percent level is still the most economically efficient of
those tested using the historical fire management emphasis,

Changes In Prevention Program Effectiveness

The FEES model is not capable of directly evaluating preven-
tion program effectiveness. Production functions that relate
number of fire ignitions and dispersion of those ignitions among
weather, terrain, and vegetation conditions to the funding and
configuration of the prevention program are generally unavail-
able. Most prevention program analyses are based on subjective
estimates of how fire occurrence rates are affected by changesin
the prevention program, rather than on the results of mathemati-
cal simulations of the production relationships, such as in the
initial attack module of FEES.

One way to approach such a subjective prevention analysis is
to determine how much C+NVC changes in response to hypo-
thetical changes in the fire occurrence rate. The change in
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C+NVC defines the break-even prevention program funding
increment that can be spent to achieve that change in fire
occurrence without affecting the net economic efficiency of the
fire management program. For example, if C+NVC drops $10
thousand when fire ignitions are reduced 20 percent, any preven-
tion program increment that can achieve the 20 percent reduc-
tion in ignitions for less than $10 thousand will be an economi-
cally efficient prevention program increment. That break-even
estimate provides a much more structured arena within which
prevention specialists could make subjective estimates of pre-
vention effectiveness.

The prevention program sensitivity was analyzed while hold-
ing the initial attack and fuel-treatment program components at
their base options, IA(H,3),FT(H,3).

The original expected value number of human-caused fires in
the Douglas-fir fire management situation was 14.8 per million
acres protected per year, Four sensitivity tests of the prevention
program were described by the following percentage changesin
the mean number of the human-caused fires:

Prevention sensitivity Human-caused fires
{Percent change in human-caused fires) (Fires per million acres per year)

Base minus 50 percent 74
Base minus 25 percent 111
Base plus 25 percent 18.5
Base plus 50 percent 225

The entire probability distribution of human-caused fires was
shifted similarly to the mean, The relative frequency of fires
among the IPC’s was assumed constant at each of the four fire-
occurrence levels, rather than changed to simulate a prevention
program targeted toward the high-severity and high-loss fire
locations. If the prevention program activities were targeted
toward the IPC’s that have the greatest losses per ignition, the
impact of the various fire occurrence changes on C+NVC would
be greater than estimated here. An alternative way to interpret
these results is the sensitivity of C+NVC to errors in the fire
occurrence input data or changes in fire occurrences caused by
other than the prevention program, €.g., changes in population
density.

The expected number of lightning-caused fires was held
constant at 37.7 fires per million acres per year. This implicitly
assumes that the prevention program does not affect the natural
lightning process nor the ignitions that result from lightning
strikes,

The impact of these prevention program sensitivity options on
the expected value C+NVC was:

Prevention scenario  CNVC C+NVC change from base scenario
(Percent change  (Thousand 1978 {Thousand 1978 {Percent)

in human- dollars) dollars)

caused fire)
Base minus 50 percent 735 28 37
Base minus 25 percent 730 -13 -1.7
Base 763
Base plus 25 percent 780 +17 2.2
Base plus 50 percent 796 +23 +4.3
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If a 50 percent reduction in the number of human-caused fires
can be accomplished by a $28 thousand increase in prevention
program funding per million acres per year, then the efficiency
of the overall program remains unchanged. If the increased
prevention activity costs less than $28 thousand, the prevention
program increment is economically efficient. If the increased
prevention activity costs more than $28 thousand, the preven-
tion increment is not efficient, The other prevention program
scenarios are similarly interpreted.

The Fiscal Year 1979 funding for the prevention program on
Forest Service land across the Climate Zone was $86 thonsand
per million acres per year (1978 dollars). The $28 thousand
C+NVC increment represents a 33 percent increase from this
1979 prevention program funding level. Therefore, a33 percent
increase in funding must accomplish a 50 percent reduction in
human-caused ignitions to be economically efficient. Con-
versely, if a reduction in prevention program funding from $86
thousand to $63 thousand (a 37 percent decline) would lead toan
increase in fire occurrence of less than 50 percent, the prevention
program would be more efficiently funded at $63 thousand per
million acres per year.

Changes in Suppresslon Program Effectiveness

It was not possible to estimate the effectiveness of changes in
the large-fire suppression component of the fire management
program within FEES for the same reason that it was not possible
to directly evaluate changes in the prevention program: produc-
tion functions that relate changes in large-fire suppression
activities to changes in acres burned are not generally available,
It was possible to measure the sensitivity of C+NVC to hypo-
thetical changes in the larpe-fire suppression effectiveness,
however, and thus provide a convenient break-even benchmark

against which expert estimates of large-fire suppression effec-
tiveness can be compared.

The probability distribution of large fire sizes (1970-1981)
and suppression cost per acre (1964-1974) (table 5) were de-
rived from National Forest data in the Climate Zone. The
relatively aggressive 10a.m. fire suppression policy wasin force
during most of those years. It was generally expected that the
1978 revision of the fire suppression policy on Forest Service
lands would lead to relatively less aggressive suppression. This
could, in turm, lead to lower suppression costs per acre burned
and to larger fire sizes, The historical large fire sizes and
suppression costs per acre used here reflect no material impact
from implementation of that policy.

Two large-fire sensitivity simulations were performed to
show the possible consequences of hypothetical changes in the
mean size of large fires and the suppression cost per acre bumed.
Both sensitivity analyses increase the mean size of escaped fires
by 10 percent, from 1608 to 1769 acres. This was accomplished
by similar percentage changes in the expected value fire size in
each of the large-fire size classes in table 5, leading to the values
in table 15.

The increased large fire size was combined in one sensitivity
simulation with a reduction in the expected value large fire
suppression cost per acre burned of approximately 15 percent,
from $105 to $86 per acre burned. This suppression sensitivity
was labeled the “lower cost savings” simulation. A “higher cost
savings” option was defined by the same 10 percent increase in
large fire sizes combined with a reduction in mean large fire
suppression cost per acre of approximately 25 percent, from
$105 to $76 per acre burned. The “higher cost savings” option
implies that eventual size of escaped fires is relatively less
affected by suppression actions than does the “low cost savings”

Table 15—Large fire suppression sensitivity analysis input of conditional probabilities for large fire size classes given an escape, expected
value acres-burned per fire, and suppression costs per acre (1978 dollars) for the Douglas-fir fire management situation

Large fire size classes (acres)
Program option 100-300 300-1000 1000-3000 3000-10,000 10,000+ Mean

Base input:

Conditional probability! 0.4997 0.2906 0.1249 0.0573 0.0276 —

Expected acres bumed/fire 173 541 1,696 5262 30,018 1,608

Suppression costfacre 600 268 129 66 25 105
Lower cost savings:

Conditional probability! 0.4997 0.2906 0.1249 0.0573 0.0276 -

Expected acres/fire 180 595 1,865 5,788 33,019 1,769

Suppression costfacre 511 228 109 56 22 86
Higher cost savings:

Conditional probability’ 0.4997 0.2906 0.1249 0.0573 0.0276 —

Expected acres/fire 190 595 1,865 5,788 33,019 1,769

Suppression costfacre 451 201 97 49 19 76

40

'The probability of the large fire size class is conditional on a fire escaping initial attack, i.c., exceeding 100 acres.
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simulation. For example, the higher savings simulation implies
that the eventual size of large fires is relatively more alfected by
natural factors, such as weather and fuels, than does the low cost
savings simulation, Both sensitivity simulations were per-
formed using the base program option, 1A(H,3),FT(,3).

The lower savings simulation was more economically effi-
cient (table 16) than the historical large-fire suppression effec-
tiveness reflected in table 5. The net value change increase from
$4.3 to $4.6 thousand was more than offset by a reduction in
suppression cost from $100.0 thousand to $95.0 thousand. The
sum of suppression cost and net value change is 5 percent lower,
$98.0 thousand, in the lower savings simulation than in the
historical suppression strategy, $102.8 thousand. Theefficiency
gains are even greater in the higher saving simulation.

Therefore, if a less aggressive large-fire suppression strategy
that leads to a 10 percent increase in the mean size of large fires
will result in at least a 15 percentreduction in large-fire suppres-
sion costs per acre burned, the change in strategy is economi-
cally efficient. Actually, the efficiency break-even point on
nceessary suppression cost savings is something less than 15
percent. Repeat simulations are required to locate the actual
break-gven pointbecause there are two variabies changing in the
suppression sensitivity: mean large fire size and suppression
cost per acre burned. Just as in the prevention sensitivity
analysis, these large-fire sensitivity analysis results can be
compared with expert estimates of large-fire suppression effec-
tiveness todetermine if those fire-size and cost-saving combina-
tions are possible.

Ponderosa Pine and Fir-Spruce Fire
Management Situations

The ponderosa pine and fir-spruce FMS's were evaluated to
determine how much impact the vegetation, terrain, and man-
agement objective characteristics of an FMS had on the effi-
ciency among the fire management program options tested. The
two FMS s represent a substantially different fire situation from
the Douglas-fir FMS in the Climate Zone,

The ponderosa pine FMS has a higher historical level of fire
occurrence (81 fires per million acres protected per year) and
acres burned (700 acres per million acres protected per year)
than the Douglas-fir FMS (table 17). The greater fire system
“severity” indicated by the historical ignitions and acres burned
has the potential 1o alfect the economic efficiency of the fire
management program options, possibly leading to a higher
economically efficient program level than in the Douglas-fir
EFMS.

There was a stronger relationship between simulated acres
burned and fire management program level in the ponderosa
pine FMS than there was in the Douglas-fir FMS. The simulated
acres burned in the ponderosa pine FMS increased 55 percentor
528 acres between the base and the base-minus-75-percent
program levels, from 952 to 1,480 acres burned per year per
million acres protected (table 18). The simulated acres burned
in the Douglas-fir FMS increased 43 percent or 291 acres, from
67910970 acres burned, over the same program levelincrement.
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The economies-of-scale 1o suppression costs, however, alfected
the impact of this increased acreage bumed in the ponderosa
pine FMS just as it had in the Douglas-fir FMS. As aresult, the
suppression costincreased proportionally less than did the acres
burned in the ponderosa pine FMS.

Perhaps the greatest difference between the ponderosa pine
and Douglas-fir FMS’s was in timber net value change. The
overall timber net value change in the Douglas-fir FMS was
small, but it was a net loss. The overall expected value timber
net-value-change in the ponderosa pine FMS was a net gain,
which was over twice as large as the expected value loss in the
Douglas-fir FMS.

National Forest inventory data were used in the timber net
value change calculations for the individual fire situations. The
ponderosa pine stands in the inventory, especially the sawtimber
and poletimber stands, have a stocking that is only marginally
abovethe acceptable retainable stand stocking level, Asaresult,
even a moderate mortality fire leads to nonretention of the
postfire stand, This, in turn, leads to a potential salvage harvest
and stand reestablishment, with the associated efficiencies that
result from truncation of an uneconomically long rotation and
economies-of-scale in the stand establishment and salvage har-
vest if the fire is larger than the planned harvest. When the net
value gains in those individual fire sitnations are combined with
the relatively high fire occurrence rate in Douglas-fir and pon-
derosa pine poletimber and sawtimber stands in the ponderosa
pine FMS, the result is a net gain in the fire-induced present net
value of the timber stands in the FMS.

The net timber gain leads, in turn, to a total net value gain
when all of the resource output categories are added together.
The effect of a net value gain on fire management program
efficiency is predictable. The mostefficient program level isthe
lowest program level tested, base minug 75 percent.

The ground emphasis of the initial attack program simulated
more acres burned (1,321 acres) at the base program level than
the historical emphasis (952 acres). The air emphasis simulated
fewer acres burned (371 acres). This is the same relative impact
of fire management emphasis on acres burned that was found in
the Douglas-fir FMS, but here the acres-burned differential
between the fire management emphases is even greater. The
more rapid initial attack arrival times accomplished by the air
attack forces were even more important in the higher rate-of-
spread fuels that are more predominant in the ponderosa pine
FMS.

Once again, however, sizable differences in acres burned do
not affect the economic efficiency outcome, The base-minus-
75-percent program level is still the most efficient in the ponder-
o0sa pine FMS, irrespective of the fire management emphasis.

The fir-spruce FMS$ is representative of higher-glevation,
cooler, moist sites in the Climate Zone than are typical of the
Douglas-fir FMS. That difference is reflected in the smallest
historical acres burned, 412 acres per year per million acres
protected, of the three tested FMS’s (table 17). In spite of this
indication of a correspondingly lower fire system severily in the
fir-spruce FMS, the efficiency results from the fir-spruce FMS
(table 19) were very similar to the results for the Douglas-fir
FMS (table 12).
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The timber net value change was somewhat lower than in the
Douglas-fir FMS, but it was not a net gain as it was in the
ponderosa pine FMS. The expected value of suppression costs
were somewhat lower, consistent with the lower number of acres
burned, but suppression cost responded to changes in program
level changes in the same manner as it had in the Douglas-fir
FMS, The base minus 75 percent was the most economically
efficient fire management program level of those tested, just as
it was in the other two FMS’s. Simulations for the ground and
airemphases were not performed for the fir-spruce FMS because
the historical emphasis initial attack results were similar to the
Douglas-fir results.

The similarity in the expected value economic efficiency
results among the three FMS s was surprising. The differences
in fire behavior and net value change among the individual IPC’s
were substantial, but apparently the probabilities of fire occur-
rence between the different IPC’s among the FMS’s were
similar enough to generate similar efficiency results, The
terrain, vegetation, fire occurrence, fire behavior, and acreage-
burned differences between the FMS’s are usually used to
differentiate areas into different fire severity classes, with cor-
responding differences in fire management program funding.

The C+NVC estimates from the three FMS’s provide an
opportunity to demonstrate how a constrained budget could be
allocated among competing areas if the objective is to maximize
the economic efficiency of the combined fire management
budget. The difference in C+NVC between program levels
equals the change in the present net worth of the fire manage-
ment program (Mills 1979), Since the program level increments
tested here are not of equal dollar intervals, the change in
C+NVC between program levels must be expressed in terms of
change in C+NVC per dollar of program level change to stan-
dardize for scale differences.

‘The changes in C+NVC from the base program level for the
historicat initial attack emphasis are shown in table 20 for the
three FMS’s tested, The base program level of the historical fire
managementemphasis is not the most economically efficient of
those tested. Therefore, if the original budget was set at the base
level, the first increment of reduced funding would be allocated
to the FMS with the greatest reduction in C+NVC, That
allocation achieves the greatest increase in economic efficiency
of the combined fire management program across all of the
FMS’s,

Using these three fire management situations as an example,
the first $174,209 of reduction would be allocated to the Douglas-
firFMS. The combined presentnet value of the fire management
program would increase $168,983. The next $174,209 of
reduction would be allocated to the fir-spruce FMS, since that
increment has the next largest change in C+NVC per dollar of
program level increment from among those increments that can
be selected. The program level in any one FMS could not be
dropped to base minus 75 percent until it was first dropped lo
base minus 50 percent in that FMS, even if the base-minus-75-
percent increment achieved a greater reduction in C3NVC,
Conversely, if the starting program level was the most economi-
cally efficient of those tested, the first $117,320 of increased
funding would be allocated to the fir-spruce FMS because that
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would reduce the combined economic efficiency by the least
amount,

‘While illustrative, the actnal differences in the incremental
C+NVC’s among the FMS’s tested here are smali. Decision
parameters other than efficiency impacts would, therefore,
probably weigh heavily in the allocation of budget increments,

DISCUSSION

There are several problems with any current model of the fire
system performance. Some problems result from sparse data,
and some are caused by the lack of itnportant behavioral rela-
tionships. Sensitivity analyses help place these problems in
perspective. We think that these simulation results are robust
enough to yield economic efficiency and risk information suffi-
cient to test our hypotheses in the Northern Rocky Mountain and
Northern Iniermountain Fire Climate Zone.

To permit the reader to more fully appreciate these modeling
problems and to help other people avoid some of them in the
future, we discuss the major problems and our solutions below.
‘We then discuss the tests of the hypotheses that were proposed
at the beginning of the paper.

Modeling Problems and Solutions

Two types of modeling problems were encountered in devel-
oping the FEES representation of the fire system. Some prob-
lems anticipated during model development were later revealed
to be manageable or of minor consequence, an outcome that was
difficult to foresee in the complex and interactive fire system,
Other problems were eventually managed with only marginal
success because of shortcomings in state-of-the-art system
components. Many of the problems in this second group coutd
be the focus of productive future research,

Problems That Were Easy To Solve

An example of an anticipated but manageable problem is the
development of the probability distribution for fire size at the
time of detection, The detection size input was difficult to
develop because data on size at detection were sparse. The only
substantial empirical data set was over 10 years old. The
sengitivity analysis reported by Salazar and Mills (1984), how-
ever, demonstrated that considerable shifts could be made in the
detection size distribution with almost no impact on the initial
attack results, The detection size input should be described asa
distribution, as opposed to a point estimate, and the probability
of the large size-at-detection classes must be developed with
care. At least for evaluations of initial attack program options,
however, the remainder of the detection size distribution appar-
ently can be satisfactorily developed from available data.

The recreation net value change is another example of the first
type of problem. Considerable effort was devoted to tailering a
contingent market valuation method study of fire’s impact on
recreation, The resulting recreation net value changes were so
small that they were of little importance to the economic effi-
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ciency of the fire management program.

Initial attack arrival time input into the initial attack module
is yet another cxample of an item that proved to be less irouble-
some than originally expected. Sensitivity analysis demon-
strated that changes in arrival times within the expected range of
variation had relatively minor impact on initial attack module
output {(Smith 1984). If model results were more sensitive to
arrival time, it would have been necessary to make the entire
model design more site-specific and (o stratify the arrival time
data by additional parameters, such as elevation and time-of-
year. )

The estimation of timber net value changes isanother example
of the first type of problem, but one that required more effort to
overcome. Developmentof the timber net value change compu-
tation and collation of the diverse input data were difficult,
Timber net value change also had the potential to materially
affect the fire management program efficiency results because
of the magnitude of the nel value change for individual fire
situations, The only major question remaining in the timber net
value change calculations, however, is a philosophical one:
Should the management objective or policy implied in measur-
ing fire effects on the “fire site only™ or the “entire management
unit” be used in fire management program planning?

Development of the economic cost estimates is another ex-
ample of a problem. Substantial effort was required Lo develop
the estimates of hourly costs for initial attack inputs, mopup
costs, and fuel-treatment costs. Because the costs required for
an economic efficiency analysis are not typically computed in
accounting systems, considerable collection of original data was
required. As with the timber net value changes, the cost
estimates had the potential to materially affect the calcnlated fire
program cfficiency. The methods developed to derive the cost
estimates, however, were fully satisfactory.

Problems That Were Ditficult To Solve

Modeling problems in the second group were largely over-
come, but some elements of the problems persisted.

Developing Fire Behavior Distributions—There were par-
ticular difficulties with developing fire behavior distributions
for the full population of fire ignitions, the initial attack dispatch-
ing process, the fire occurrence probability distributions, and
full model validation. In terms of responsiveness of the fire
system to variations in the initial attack program, fires can be
categorized into three groups (fig. 21)—(A) those that can be
suppressed by even a minimal initial attack force, (B) those that
are beyond the capabilities of even a large initial attack force,
and (C) those that are in a rate-of-spread range in which their
containment during initial attack is a function of the size and
composition of the initial attack program, Only the portion of the
fire population in group C is relevant to evaluations of initial
attack effectiveness.

Considerable effort was spent in developing input data to the
Rothermel fire behavior model, such as probabilistic weather
input and ratios for mixing the stylized Northern Forest Fire
Laboratory fuel models. Even when the fire behavior distribu-
tions from the Rothermel model were tempered with the addition
of nonspreading fires, the simulated percentage of escaped fires
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was higher than ithas been historically. This was true especially
for lightning-caused fires. It was necessary, therefore, to cali-
brate the fire behavior distribution in two places, once through
shiftsin the Climate Zone’s probability distributions for spread-
ing fires and once through adjustment of the simulated percent
escape in each FMS, The historical percentage of escaped fires
by cause was the calibration target. The calibration adjustments
and the percentage of nonspreading fires were greater for light-
ning-caused than for haman-caused fires, indicating that the fire
behavior distributions for the two causes are different.

There are at least three ways to adjust the fire behavior input
and to calibrate fire behavior. All three calibration methods
yield fire behavior distributions that simulate percentages of
escaped fires that match percentages of historical fires when the
initial attack model is run with historical initial attack program
levels and program emphases. There is strong reason io believe,
however, that the three calibration methods will materially
affect the proportion of escaped fires in group C and, therefore,
produce far different degrees of sensitivity to changes in the
initial attack program level. Bias in the percentage of escaped
fires willlead to biasin the suppression cost and net value change
estimates which, in turn, will bias the estimate of the most
efficient initial attack program level.

One calibration method merges the distribution of spreading
Rothermel fires from the fire behavior model with nonspreading
fires and then adjusts the percentage of nonspreading fires in the
distribution to accomplish calibration. We tried this calibration
method but found that the percentage of fires that were non-
spreading had to beraised from the historical percentages shown
intable 2 1097 percent before calibration could be achieved. The
percentage of nonspreading fire had to be raised that high
because of the relatively large percentage of the uncalibrated
spreading fires from the Rothermel model that are in group B.
The consequence of this calibration method is to reduce the
number of fires in group C to a low percentage—to probably a
far smaller number than occurs in reality. The end result of this
calibration method would be to underestimate the responsive-
ness of the percent of fires that escaped to changes in the initial
attack program, and through that the suppression cost and net
value change. That lack of responsiveness would, in turn, bias
the C+NVC minimum toward a lower presuppression program
level.

A second calibration method ignores the presence of non-
spreading fires and instead assumes that the entire population of
fires is represented by the Rothermel fire behavior distribution
for spreading fires (U1.S. Dep. Agric., Forest Service 1982),
Calibration is then accomplished by shifting the spreading fire
distribution toward less severe fire behavior. This method may
underestimate the percentage of fires in group B by producing a
considerable downward shift of the high-spread-rate portion of
the distribution. Of more importance, this calibration method
will probably lead to a much higher proportion of the fires in
group C. The high percentage of historical fires that are
essentially nonspreading (fable 2) indicates the amount of over-
estimation that could result. Overestimating the number of fires
in group C will result in overestimating the responsiveness of
escape percent and, in turn, of suppression cost and net value
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change to presuppression program level changes. The netresult
is probably a corresponding bias in the C+NVC minimum
toward a higher presuppression program level.

The calibration method used in this study is yet a third
alternative. The final fire behavior distribution was a combina-
tion of the Rothermel spreading fires and the nonspreading fires.
Calibration was accomplished by shifting only that subset of the
fire behavior distribution represented by the spreading fires.
This third approach is between the other two calibration alterna-
tives in its effect on the percentage of fires in group C and, we
feel, is less likely to yield biased results.

The primary objective behind the design of state-of-the-art
fire behavior models was real-time fire behavior prediction of
individual fires. They appear to perform quite well for those
fires. Brown (1972) validated the rate-of-spread predictions
from the fire behavior model in Douglas-fir and ponderosa pine
by logging slash fuels on sample plots with zero slope under
conditions of low wind and low fuel moisture. The fire behavior
model predictions compared favorably with observed rates-of-
spread for those spreading fires.

The design objective for existing fire behavior models was
notunbiased estimation of the fire behavior probability distribu-
tion for the full population of fire ignitions. Yet the full

population of ignitions is relevant in fire management calcola-
tions. Relatively minor adaptations of available fire behavior
models did not prove wholly satisfactory. Thisisespecially true
when those fire behavior modeling problems are combined with
errors and simplifications embodied in the individual fire re-
porls, weather data, and initial attack containment model. Fu-
ture research effort should be devoted to developing fire behav-
ior distributions appropriate for the full population of fires for
tworeasons: (1) the lack of reliable empirical fire behavior data
for the full population of fires leaves us unsure about how
unbiased any calibrated fire behavior distribution might be, and
(2) the form of the final fire behavior distribution has a material
impact on the efficiency resulis. Since even advanced fire
behavior models are likely to require some form of calibration,
research on the implication of alternative calibration procedures
is also needed.

Simulating Initial Attack Dispatching—Simulation of initial
attack dispatching is another example of a very difficult model-
ing problem. Dispatching was initiated in FEES with historical
data wsing the proportions of dispaich by type of fire manage-
ment input. An alternative dispatching criterion might have
been to dispatch the force with the shortest arrival time. Histori-
cal dispatching proportions were used instead because they
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consolidate diverse dispatching decisions into a simple model
inpnt that mirrors historical dispatching patterns.

Dispatching proportions and arrival times were adjusted as
the amount and composition of the fire management input list
was changed. The random number siream in the initial attack
Monte Carlo simulator was standardized between fires to re-
move random variation between initial attack program options,
In spite of these precautions, the percentage of escaped human-
caused fires increased, rather than decreased, in a few instances
when the initial attack program level was increased. Base minus
75 percent of the ground emphasis (fig. 12¥ ¥ an example. The
source of the problem may lie in the adjustments of the dispatch
proportions or arrival times, or in the restrictions set by the rate-
of-spread/rate-to-line construction criterion for terminating
dispatch.

A related initial attack dispatching issue, dispatching under
conditions of multiple fires, was handled by assumption. Arrival
time data reported by Hunter (1981) showed that up to six
simultaneons multiple fires had little effect on arrival times
under initial attack program levels that existed in the study area
in the 1970’s. Therefore, all fires were assumed t0 occur one at
a time in the initial attack model. The arrival times might
deteriorate under multiple fire conditions at program levels as
low as the base-minus-75-percent level tested here, If that is
true, the simulated increase of the percent of escaped fires to
major reductions in the initial attack program level wags nnder-
estimated. Dispatching of initial attack inputs that are shared
between FMS’s is a similar issue. Although the arrival times
were increased, as the share of the pool financed by the FMS
dropped to reflect the wider spacing of the initial attack forces,
all fires serviced by those pooled attack forces were assumed 1o
occur independently. Both multiple fires and the sharing initial
attack input should be reflected in the model through adjust-
ments of the arrival time distributions and the proportions of
input types dispatched.

Modeling Fire Occurrence Distributions—The highly sto-
chastic character of fire occurrences also created a modeling
problem. The 1970 to 1981 sample pericd from which fire
occurrence data were drawn for this study is really only a sample
of a high variable population of occurrences. Even for a sample
period of this length, an upward trend in the number of human-
caused fires was discovered in some of the data sets for individ-
ual National Forests (Bratten 1984a). A jonger sample period
would overlap major changes in the underlying structure of the
fire occurrence systerii, caused by factors such as increased road
access and timber harvesting. The dilemma is how to achievea
fire occurrence sample large encugh to capture the full variation
of fire occurrences while not overlapping major changes in the
structore of the fire occurrence process.

This problem was addressed here by statistically fitting the
fire occurrence data to a Weibull distribution to smooth the high
occurrence tail of the frequency distribution where data were
sparse. Fire ogcurrence data from all areas within the Climate
Zone that were representative of each FMS were also pooled.
The fire occurrence probabilities were derived from that pooled
data rather than from the much more limited data set that would
have been available for each individual area. Without this
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pooling of data into EMS sets, separation of the occurrence data
into strata would have been infeasible. The fire behaviorand fire
effects in the fuel model, time-of-day, and slope class strata, for
example, are too important to ignore, The fire occurrence
sample size available from a site-specific approach would have
been inadequate. While productive, these measures may still not
capture the full variability of fire occurrence.

Validating the Model—Model validation is another modeling
problem that is caused by the highly stochastic nature of the fire
management system and its annual cycle. Empirical observa-
tions of the behavior of the full system can only be generated
once a year. Wherever possible, input data were developed
directly from empirical data. The fire occurrence frequencies,
the large fire size classes, and costs per acre are examples, It was
also possible to compare the simulated escape fire percents and
simulated acres burned against historical data. The simulated
escaped percents and acres bumed are within the range of
historical data, Similarly, the simulated relationship between
the presuppression and suppression costs was consistent with
the historically observed ratic. More detailed suppression cost
validation was hampered by the lack of detailed historical cost
data and changesin the Forest Service accounting procedureson
the differentiation of firefighting time between presuppression
and suppression cost charges. In the absence of empirical data,
it was impossible to empirically validate the simulations of fire
behavior, fire effects, and net value changes.

Perhaps more troublesome, there appears to be no good way
toempirically validate the C+NVC and risk output of the model.
There is no historical data on either the expected value C+NVC
or its probability distribution against which the simulation
output can be compared. Even if a particular fire management
program option were implemented in a selected arca and data
were collected, the stochastic fire management system would
simply yield one point estimate that would surely fall on the
simulated probability distribution. Without repeated annual
observations, however, there would be no way to estimate a
historical probability distribution that could be compared to the
simulated distribution or from which an expected value could be
estimated, If data overalong enough time period of observation
were collected, they would likely show that the underlying
structure of the fire management system in the test area would
have changed.

Hypothesis Test Resulis

First Hypothesis

Our first hypothesis was that economic efficiency in the fire
management system is affected by both the funding level of the
fire management program and the type of fire management
inputs that are bought with the funds. Since different fire
management program emphases have different production func-
tions, the acres burned and resulting suppression costs and net
value changes are likely to be affected by changes in both
program funding and program emphasis. Those differences, in
turn, would lead to differences in economic efficiency.

Simulated acres burned were quite sensitive to changes in
initial attack program level and program emphasis. Major
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changes in the number of acres burned translated into much
smaller changes in suppression cost and net value changes,
however, primarily because of the economies-of-scale in both
suppression cost and net value change with larger fire sizes. The
suppression cost and net value change consequences of those
acres-bumed differentials were therefore relatively minor. When
combined with the relatively small contribution of suppression
costand net value change to the total C+NVC, the C+NVC was
almost exclusively controlled by the cost of the presuppression
program itself.

The air emphasis of the initial attack program component
consistently resulted in the Jowest number of acres burned and
was marginally the most efficient, but its margin of efficiency
over the other initial attack emphases was small. When viewed
as a vehicle for hazard reduction alone, differences in program
level and emphasis of the fuel-treatment program had essentially
no impact on the simulated acres bumed or on the suppression
cost and net value change. While the program level greatly
affected economic efficiency, program emphasis did not. There-
fore, these results only weakly support our hypothesis,

Second Hypothesis

Our second hypothesis was that risk, where risk is measured
by the width of the probability distribation about the expected
value C+NVC, would be less at high fire management program
levels than at low levels. There is a wide distribution about the
expected value acres burned, but the width of that distribution of
the absolute acreage burned was essentially unaffected by sub-
stantial changes in program level, The C+NVC distribution did
narrow with increasing initial attack program levels, but the
reduction in risk was relatively minor.

The effect of program level on risk was minor primarily
because the suppression cost and net value change were such a
small portion of the total C+NVC, Suppression cost and net
value change are the only contributors to C+NVC variation,
While minor, the air emphases of the initial attack program did
consistently have lower levels of risk than the historical or
ground initial attack emphases justas they had marginally higher
economic efficiency. The fuel-treatment program options had
essentially no impact on the width of the C+NVC distribution.
These results, therefore, only weakly support our second hy-
pothesis.

We also hypothesized that the tail-heavy character of the fire
system would yield an expected value C+NVC that lay close to
the severe end of the C+NVC distribution; however, these
results yielded a fairly symmetrical C+INVC distribution, which
does not support our hypothesis.

Third Hypothesis

Qur third hypothesis was that the relationship between effi-
ciency and risk would lead the risk-averse decisionmaker to
select a higher program level than a risk-neutral decisionmaker,
The traditional fire management approach to risk is to seleci a
fire management program that is most efficient at an above-
average level of fire severity. Using that risk representation, the
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most efficient program level for the risk-averse decisionmaker
is the same program level that is most efficient for the risk-
neutral decisionmaker,

On the other hand, if risk is represented as itis in the general
risk literature, as a parameter preference model for mean versus
variance, these study results indicate that the risk-averse deci-
sionmaker could select a higher program level than the rigk-
neutral decisionmaker. How much higher is a function of the
shape of the utility function between risk and efficiency.

Implications of Hypothesis Tests

These results do have implications for the use of an economic
efficiency justification for fire management programs on public
lands in the Northern Rocky Mountains and Intermountain Fire
Climate Zone that are typical of the FMS’s tested here. These
resulis lend very little economic efficiency justification for
initial attack or fuel-treatment program levels that approach the
base-level funding. The lowest program level tested for the
initial attack program, base minus 75 percent or $0.10 per acre
protected per year, and the lowest program level for the fuel
treatment program, $0 funding, were consistently the most effi-
cient program levels in all three FMS’s. Resuits from the
sensitivity analysis on resource management objectives indi-
cates that the same conclusion is probably also true for the fire
management program on private lands in the Climate Zone
representative of the FMS’s, Selection of a program level as
high as the base-level funding must therefore be justified on
decision criteria other than economic efficiency.

Return to amore nataral fire regime has often been advocated
for wilderness areas {e.g., Lotan and others 1983). The most
economically efficient fire management program in this study is
one that would provide the low Ievel of fire control that might be
readily accepted by environmental interest groups,

These risk results have an implication for the justification of
fire management programs on public lands in the Climate Zone
typical of the FMS’s tested just as the economic efficiency
results have. They give little risk justification for a high fire
management program level.

Whether risk should even affect the program selection at all
is also a point of debate. Arrow and Lind (1970) argued, for
example, that public agencies should be risk-neutral because
public risks are spread among a large number of events, i.e., the
public can be self-insured because any one loss is small relative
to the total public investment., Any one wildfire is small relative
to the total public investment in natural resources in the study
area. Unlike the potential catastrophic consequences of nuclear
energy or chemical accidents, wildfires are natural ecological
evenis that do not produce irreversible consequences.

The public’s attitude toward risk is also important in deter-
mining whether the public decisionmaker should be averse to
risk since, after all, it is the public’s resources that are involved
in the fire management decision. Recent studies have demon-
strated that the public’s attitude toward risk within the fire
management system might be more tolerant than many manag-
ers have previously thought. Gardner and others (19835), for
example, in a survey of 1,646 members of nine organized
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resource-criented groups, such as the Soil Conservation Society
of America and the Sierra Club, found that 58 percent of those
interviewed favored the use of prescribed {ire as a management
tool even if an occasional fire would escape control. In asimilar
study of 1,200 adult residents of the Tucson metropolitan area,
Cortner and others (1984} found that 72 percent approved the
use of prescribed fire, even knowing that escapes were possible.

Concern for risk has entered debates about fire management
policies and operating procedures for decades, but only recently
has there been an ability to model risk consequences of program
alternatives. Currently available models permit us to replace
simplistic proxies for fire system risk, such as number of fires
over 10 acres in size or extremes in total acres burned, with
performance parameters, such as expected value economic
elficiency and the probability distribution about that expected
value, which integrate far more inlo one measurement, Risk
analysis of the fire system requires probabilistic data inputs and
probabilistic models, both of which are expensive. Until more
isknown about the risk character of alternative fire management
programs, however, additional research should be directed toward
understanding the risk response surfaces in the fire management
system.

Just as the tradeoffs between risk and efficiency must even-
tually be integrated within the decision calculus by the decision-
maker, the results of this study must be carefully placed within
three additional dimensions of the decisionmaking context for
the fire management program.

First, neither the numerical input to our model nor the behav-
ioral relationships within the model that manipulate the numeri-
cal input during the simulation are, nor ever could be, totally
accurate. The complexity of the fire management system is oo
great to permit complete modeling accuracy. The sensitivity
analyses presented here provide a partial indication of the
consequences of data and model errors, but no sensitivity
analysis can ever be fully successful in depicting the potential
consequences of deficiencics in data and models.

Second, there is a true uncertain facet to fire sysiem perform-
ance, using Knight’s (1933} classic definition of uncertainty as
an outcome to which no probability can be assigned. Fire
occurrence levels and the size of large fires are examples. The
simulation model input for these two factors was derived from
historical data, but there is no certainty that the future levels of
fire occurrence will not be higher or the large fires larger.

Third, our study was restricted to fire management program
inputs and outputs that could be assigned dollar values. While
we think that our measurements of fire consequences reflect the
dollar-measured cash flow impacts on the fire site as clearly as
possible, there are certainly other consequences of fire than
cannot be assigned a dollar measurement. Potential fire impacts
on threatened animal species and archeclogical sites are ex-
amples.

Just as the decisionmaker must integrate the risk and effi-
ciency tradeoffs into the decision calculus, the decisionmaker is
also responsiblé for incorporating these three additional dimen-
sions. While the efficiency and risk results of this study help
measure the opportunity cost of alternative integrations of these
diverse factors, they in no way dictate an answer.
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Three hypotheses about fire system performance were formulated: (1) economic effi-
ciency is affected by both the dollar amount of the fire management budget and the mix or
emphasis of the fire management inputs purchased with the budget; (2) risk in the fire
management system, where risk is measured by the probability distribution about the
expected value economic efficiency, decreases with increasing fire management funding
levels; and (3} the most efficient funding level for a risk-averse fire program manager is
higher than for a risk-neutral manager. These hypotheses were tested on selected public
Iands in the Northem Rocky Mountains using the Fire Economics Evaluation System
(FEES). Study findings show that efficiency is strongly affected by the fire management
program level but relatively liule by changes in the fire management mix or emphasis. The
most economically efficient initial attack program level was the lowest from among those
tested, 75 percent below the base Ievel funding for the study peried. When only hazard-
reduction benefits are credited 1o fuel treatments, the zero program level was the most eco-
nomically efficient. The level of risk does decrease with increasing program levels, but the
decrease in risk is relatively minor. Whether there is justification for a higher program leve]
for the risk-averse than the risk-neutral decisionmaker is a function of how the risk/
efficiency tradeoff is displayed.

Retrieval Terms: cost plus net value change, fire behavior, fuel treatments, initial attack,
fire suppression, fire effects, resource values, probability moedeling, risk analysis









