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Abstract

With wildfire suppression, accumulation of fine fuels and coarse fuels increases fire risk in Central Hardwood Forests.
Assessment of fire risk provides guides for fuel treatments (prescribed fires, or coarse woody debris reduction) to avoid severe
wildfires. A spatially explicit landscape model, LANDIS, was used to simulate fine and coarse fuels and their dynamics in
the Missouri Ozarks as influenced by forest succession, species establishment, tree mortality, wildfire disturbance and fuel
treatments. Three scenarios were selected and simulated for 200 years: (I) wildfire suppression only; (II) prescribed fire with
wildfire suppression; and (l11) prescribed fire and coarse fuel reduction with wildfire suppression. LANDIS evaluated the potential
fire risk for each forest stand by rating the potential fire intensity and fire probability. About 5% of the stands with the highest
potential fire risk were selected each decade for fuel treatment under scenarios Il and Ill. Simulation results showed that fuels and
potential fire risk gradually built up to high levels in scenario I. Prescribed fires in scenario Il reduced potential wildfire risk at the
beginning of the 200-year simulation, but became less effective in limiting wildfires in later years. Additional coarse fuel reduction
coupled with prescribed fire in scenario Il effectively controlled the coarse fuel loading and potential fire risk. The simulated
mean wildfire return interval increased from 325 years in scenario |, to 496 years in scenario Il, to 637 years in scenario Il1.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Since 1940, forests in Missouri and throughout
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E-mail addressshangz@missouri.edu (B.Z. Shang). 2002, significantly extending the mean wildfire return
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interval relative to prior decade&(yette and Larsen, temporal scales and large areas. Some stochastic ap-
2000. This has led to changes in forest size structure proachesVYan Wagner, 1978; Johnson, 1979; Johnson
and species composition. Wildfire suppression also re- and Van Wagner, 198Hhave been adapted and applied
sults in the build up of fuels and increased fire risk using landscape models such as DISPAT®GldKer et
with a greater probability for catastrophic wildfires. Re- al., 1991; Baker, 1992and LANDIS (Mladenoff and
cently, the Missouri Department of Conservation and He, 1999; He and Mladenoff, 1999
the USDA Forest Service have used fuel treatments  Fire and fuel behavior models are useful tools for
(e.g., prescribed fires and thinning), to manage wild- evaluating the long-term vegetation and wildfire dy-
fires and manipulate forest structure and composition namics under fire suppression, and for making prelim-
in Missouri. inary assessments of the effects of alternative fuel treat-
Fuel treatments are intended to limit wildfires ments on fuel loading, fire risk, wildfire behavior and
directly by mitigating fire spread and severity and forest successiodohnson and Miyanishi (1995)m-
indirectly by facilitating suppressiorFinney, 200} ulated the effects of prescribed burning on fire behav-
Several fuel-treatment options have been suggested,or. Van Wagtendonk (1996)sed the FARSITE model
including creation of fuel breaks of various widths, (Finney, 1994 to test multiple fuel treatment options
prescribed burning of understory and surface fuels (the for reducing fuels and wildfireinney (2001 studied
duff, live fuels, and dead woody debris lying on the the landscape fuel treatment patterns that modify fire
forest floor), thinning and chipping trees in smaller size behavior.Omi and Martinson (200Ximulated the ef-
classes, and removal of understory trees and branchedects of thinning and prescribed fires on wildfire sever-
to reduce ladder fueld/an Wagtendonk, 1996How- ity. Baeza et al. (200&tudied the implications of using
ever, the effectiveness and efficiency of these treat- prescribed burning to reduce wildfire risdBrose and
ments are largely unknown, and some means of evalu- Wade (2002)nodeled the fire behavior under multiple
ating them is necessary. Field experiments are a directfuel reduction treatments.
approach to test the effectiveness of various fuel treat- We used a stochastic, spatially explicit landscape
ments on subsequent wildfire behavior, but they remain model, LANDIS, to simulate the dynamics of species
difficult and costly to conduct in large areas and for succession, fuel and fire disturbance, and to evaluate
long time periods. Spatial modeling is an effective tool the effects of alternative fuel treatments. We selected
for evaluating the ability of alternative fuel treatments three scenarios for study: (I) wildfire suppression only;
to reduce fire risk and modify fire behaviors. Compared (ll) prescribed fire with wildfire suppression; and (l11)
to field experiments, spatial modeling is fast and inex- prescribed fire and coarse fuel reduction with wildfire
pensive approach for estimating the relative impacts of suppression. This study explores three hypotheses: (1)
alternative fuel management regimes over space andfuel and fire risk gradually build up under wildfire sup-
time, and guiding the implementation of field studies. pression; (2) prescribed fires can reduce the incidence
Two approaches, mechanistic or stochastic model- of wildfires over time; and (3) coarse fuel removal can
ing, are normally used to simulate fuel and wildfire dy- affect wildfire severity and area burned. Due to the
namics He and Mladenoff, 1999 Mechanistic mod- stochastic nature of the LANDIS model and the generic
els are usually used to simulate fire events over a shortscenarios used, the simulation of fuel treatments effects
time period. They use the physical and chemical prop- in this study should be regarded as a heuristic device,
erties of fuel, weather and topographic data to simu- and not a prediction of the fuel situation and wildfire
late fire ignition, rate of spread and shape of spread. behavior in future.
Examples include BEHAVERurgan and Rothermel,
1984; Andrews, 1986; Andrews and Chase, 1989
Fire-BGC Keane et al., 1996 FOFEM Reinhardt 2. Methods
et al., 1997, FARSITE (inney, 1994; Finney, 1998
FFE-FVS Reinhardt and Crookston, 200&nd mod- 2.1. Study area
els byRothermel (1972)Albini (1976), andVan Wag-
ner (1977) In contrast, stochastic models were devel- The study area, 71,142 ha in size, is located in the
oped to simulate multiple wildfire events over long Mark Twain National Forest and within the Missouri
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Ozark Highlands Kig. 1). The study area contains
the watershed for two rivers, the Current River and
the Eleven Point River. Historic records of wildfire in
Missouri from 1939 to 1991Westin, 1992 and den-
drochronological studies (from 1680 to 1990) in the
Current River watershedSuyette et al., 2002show
that the average wildfire return interval in the Cur-
rent River watershed3uyette and Larsen, 20p@aried
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nataMill.) and oak-dominated woodland (savanna) in
frequently burned areas southwest of the Current River,
and more mesophytic species such as red daisicus
rubralL., Q. coccineaMuenchh.), mapleAcer rubrum

L., Acer saccharunMarsh), and eastern red cedam{
niperus virginianal.) dominant in a “fire shadow”
northeast of the Current River. The combination of log-
ging followed by wildfire suppression in the 20th cen-

from 17.7 years in the depopulated period (1580—-1700) tury favored the development of oak-dominated forests
and 12.4 years in the Native American repopulation pe- and prompted a decline in the abundance of shortleaf
riod (1701-1820), to 3.7 years in the Euro-American pine. Present shortleaf pine abundance is only 20-25%
settlement period (1821-1940). Effective wildfire sup- of that circa 1900 in MissouriGuyette and Dey, 1997;
pression, wildfire prevention education, and increased Batek et al., 1999 Recently, the Missouri Department
timber values have resulted in a reduction in the of Conservation and USDA Forest Service have begun
area burned annually in the Current River watershed using prescribed fires to reduce fire risk in the Missouri

(Guyette and Larsen, 20Q)Grom about 21% in 1940

to less than 1% in the 1990’s, thus dramatically extend-

ing the wildfire return interval. Reconstruction of early

Ozark Highlands. The ecological effects of these fires,
especially the long- term effects, are still unclear.
Our study area primarily consists of National For-

nineteenth-century vegetation in the Missouri Ozarks est lands for which detailed information on vegeta-

Highlands Guyette and Dey, 1997; Batek et al., 1999
shows extensive stands of shortleaf piRén(s echi-

tion, land types, and stand boundaries exists. There are
some inclusions of private land where such information
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Fig. 1. Study area, a portion of the Mark Twain National Forest Park located in the Missouri Ozark Highlands. (A) National forests in Missouri
State, US. (B) Private land and national forest in the study area.
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is lacking. For these sites where inventory data were afire in dead fuels beneath them, can they burn, some-
lacking we used a generic oak species (or pseudo-oaktimes very intensely. However, some live trees, such
species) to describe the forest cover. This generic oakas conifers, will readily burn intensely and have great
has attributes similar to the dominant oak species in chance to introduce a crown fire. Dead fuels consist
the Ozark Highlands. This procedure simply allowed of fallen leaves and needles, dead twigs and branches,
the fire to initiate in the private lands and spread from and standing or fallen dead trees, grass and weeds. Fires
private lands to the national forest and vice versa. Our start easily in dry, dead fuels and spread readily. The
analyses of results were restricted to National Forest LANDIS fuel module tracks live and two kinds of dead

lands. fuels: fine fuels (light fuels) and coarse fuels. To reduce
false precision and the parameterization burden, the
2.2. LANDIS fuel loads are converted into five categorical classes:
very low, low, medium, high and very high.
LANDIS, a spatially explicit simulation model of Some live fuels (e.g., conifers), provide vertical con-

forest landscape disturbance, succession and managetinuity between strata and allow fire to be transmitted
ment, is designed to integrate ecological processesfrom the surface into the crowns of trees or shrubs.
across large and heterogeneous aredstd ha), and Species that frequently become ladder fuels can be
over long periods of time (e.g., hundreds of years) specified in the process of model initialization. The
(Mladenoff etal., 1996; Mladenoff and He, 19%% et model uses that information to generate a probability
al., 1999). LANDIS is a raster-based model that simu- that a fire will become a crown firésShang and He,
lates ecosystem dynamics including forest succession,2003; He et al., 2004

seed dispersal, species establishment, fuel accumula- Fine fuels include leaves, twigs, ground litter, nee-
tion and decomposition, fire and windthrow distur- dles, and fine woody debris. Forest species composi-
bance, timber harvest, and fuel treatment with a 10-year tion and age are two major factors associated with the
time step. LANDIS 3.7 includes four components (or production of fine fuels. The fine fuels fall annually
modules): species succession, fire disturbance, windand decompose quicklyrofymow et al. (2002jound
disturbance and harvesi¢ et al., 2003 Descriptions that about 80% of the original litter mass decomposed
of species succession, fire and wind disturbance, andwithin a 6-year experiment in Canada. Therefore, we
timber harvest in LANDIS can be found elsewhere assume that most fine fuels decompose in one 10-year
(Mladenoff et al., 1996; Mladenoff and He, 1999 simulation time step. A curve was defined for each
et al., 1999He and Mladenoff, 1999; Gustafson etal., species to approximate how fine fuel loading varied
2000. A new LANDIS fuel module $hang and He,  with species age by balancing the accumulation and
2003; He et al., 2004has been added to LANDIS 3.7 decomposition rateShang and He, 2003; He et al.,
to track live, fine and coarse fuels, to estimate potential 2004. Natural and human disturbances affect fine fuel
fire risk, and to evaluate the effects of fuel treatments. loads; windthrow, insects and diseases, and timber har-
Detailed information about fuel module design can be vest can greatly increase input of fine fuel. Wildfire can
found inHe et al. (2004)The following sections give  readily burn most fine fuels.

an overview of fuel tracking, potential fire intensity, Coarse fuels, also called coarse woody debris, in-
fire probability and fire risk, and fuel treatment in the clude snags, logs, large pieces of wood (which re-
LANDIS fuel module. sult from the disintegration of larger snags and logs),
branches, stems and coarse roots. Tree mortality, break-
2.2.1. Fueltracking age, windthrow and timber harvest move large quanti-

The fuels that burn in a forest fire are generally sep- ties of coarse woody debris from living trees into the
arated into two classes, live fuels and dead fuels. Live coarse fuel pool. Insects and disease may cause mortal-
fuels consist of leaves, twigs, and stems of growing ity and add coarse woody debris over extensive areas
plants. Most live fuels are difficult to ignite and of- (Harmonetal., 1986 The decomposition rate of coarse
ten do not burn readily by themselves. Only when the woody debris varies by species, fuel sizes, and ecosys-
moisture content of living plants is reduced by drought tems Harmon etal., 2000However, the accumulation
or dormancy and/or when they are dried and heated by rate and decomposition rate eventually reach a balance.
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The LANDIS fuel module uses accumulation and de-
composition curves defined for each ecological land
type to estimate coarse fuel loadingh@@ang and He,
2003; He et al., 2004

Wildfires have two kinds of effects on the coarse
fuels. Normally wildfires burn and reduce some coarse
fuels, depending on the fire intensity. Sometimes wild-
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2.2.3. Fuel management

Stands are the basic unit for forest management, and
LANDIS implements management events by selecting
stands for treatment. Management areas are comprised
of groups of stands (not necessarily contiguous) that are
managed in a similar way. Fuel treatments are applied
in the context of management areas. Each management

fires cause tree mortality and add new shags to the poolarea may have unique management prescriptions, in-

of dead coarse fuels. The LANDIS fuel modu&hang
and He, 2003; He et al., 20pgrovides the flexibility
to deal with these two situations by defining either neg-

cluding single or multiple fuel treatments.
LANDIS computes the potential fire risk for each
forest stand by evaluating the potential fire intensity and

ative or positive changes in coarse fuel abundance afterprobability of fire occurrence, and selects the stands for

wildfires.

2.2.2. Potential fire intensity, fire ignition
probability and potential fire risk

Fuel types, fuel loads and fuel moisture are major
factors that affect fire intensity. In LANDIS, informa-
tion about soil moisture and topography are included
in each ecological land type. Therefore, LANDIS uses
the fine fuel load, the coarse fuel load, the quantity of
ladder fuels, and ecological land type information to es-
timate the potential fire intensity. High fine fuel loads
and high coarse fuel loads lead to higher probabilities
of high intensity fires. If conifers exist in the forests,
probabilities of high intensity fire are greater due to the
increased opportunity for crown fires. Fire intensity is
classified into five classes, ranging from very low (class
1) to very high (class 5).

LANDIS uses fire history information to evaluate
the fire ignition probability. Fire ignition probability
follows a negative exponential distribution based on
time since last fire and on the mean wildfire return in-
terval, which varies by ecological land typed and
Mladenoff, 1999; He et al., 2004The probability of
ignition increases with increasing time since last fire.
The LANDIS fuel module reclassifies the fire ignition
probability into five categories from very low (class 1)
to very high (class 5).

An index, potential fire risk, is used to indicate the
combined risk of occurrence and intensity of wildfires.
High potential fire ignition probability and high po-
tential fire intensity result in high potential fire risk
(He et al., 2004 In the LANDIS fuel module, poten-
tial fire risk is assorted into five categories: very low,
low, medium, high and very high. Potential fire risk
is the guiding index for the fuel treatments described
below.

treatment based on stand age, fire risk and adjacency.
Each treatment prescription is specified by the propor-

tion of stands to be treated, the rotation and frequency
of treatment and the amount of fine fuel and coarse fuel

removed.

2.3. Data preparation and model initialization

Forest inventory data for each stand in our study
area in the Mark Twain National Forest included: (i)
forest type, (i) tree size class (sapling, pole, sawlog
and nonstocked), (iii) age, (iv) basal area (low, medium
and high stocking), and (v) ecological landtypes. The
20 ecological land types (ELTsMjller, 1981) repre-
sented in the inventory data were combined to create
a reduced set of seven principal ecological land types
(i.e., south and west slopes, north and east slopes, ridge
tops and upland flats, savanna/glade, upland drainage,
limestone slopes and mesic/floodplaiBh{fley et al.,
2000. A digital elevation model (DEM) with 30 nx
30 m resolution in the Missouri Ozark Highlands was
used to validate and confirm the geographic attributes
(slope and aspect) and boundaries for each ecological
land type. Species composition in the study area is rep-
resented by four species groups: the white oak group,
predominantly white oakQ@uercus alba..) and post
oak @. stellataWangenh.); the red oak group, pre-
dominantly black oak@. velutinaLam.) and scarlet
oak @. coccineaMuenchh.); the pine group, predom-
inantly shortleaf pineRinus echinataMill.); and the
maple group, predominantly red mapkecer rubrum
L.) and sugar mapleA. saccharunMarsh.). Species
proportions were estimated from forest inventory and
analysis databases (FIAH&nsen and Hahn, 1992;
Hansen et al., 1992and the nearby Missouri Ozark
Forest Ecosystem Project (MOFEMréokshire and
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Shifley, 1997; Shifley and Brookshire, 2000; Shifley nario Il incorporated a prescribed fire prescription in
and Kabrick, 200p Species locations were randomly addition to fire suppression. For each decade, LAN-
assigned within each stand based on the species proDIS selected about 5% of the stands with the highest
portions. The majority of forest in the study area was potential fire risk and simulated prescribed fires that
in the 60- to 80-year age clasSKifley et al., 200p burned all the fine fuels and decreased the coarse fuel
Based on historic fire data between 1970 and 1995 load by one classl@able 2. To further control the fuel
(Westin, 1992, the mean fire return interval (FRI) was loading, scenario Il simulated fire suppression in con-
initialized at around 300 years for most land types, and junction with a high intensity of fuel treatment on both
20 years on managed savanna/gladaisifiey et al., fine and coarse fuels. In each decade about 5% of the
2000. Because wildfires burned frequently inthe Euro- stands with the highest potential fire risk were selected
American settlement period (1821-1940) (FRI = 3.7 for treatment Table 3. If the coarse fuel loads in the
years) Guyette and Larsen, 20Q@nd infrequently in stands were high or very higk-€lass 4), a coarse fuel
the fire suppression periotMestin, 1992, we set the reduction was used to reduce coarse fuels to a low level,
time since last fire to 70 or 80 years for most ecological and then additional prescribed fires were implemented
land types. For savannas, no wildfires were reported to reduce the quantity of fine fuels and some coarse
after the prescribed fires in 1970s (William D. Dijak, fuels. If the coarse fuel loads were not highc{ass 3)
personal communication). Therefore, we set the time in the selected stands, only prescribed fire was used to
since last fire to 20 years for savannas. burn the fine fuels and decrease some of the coarse fuel
An uncertainty and sensitivity analysisSt{ang load. All three scenarios were simulated for 200 years
et al., submitted for publicatigrshowed that the sim-  with a time step of 10 years, and a spatial resolution of
ulation results were critically sensitive to some initial- 30 mx30 m, using a common model initialization (i.e.,
ization parameters. For example, differentinitialization same initial time since last fire, fire ignition density, fire
of species age structure influenced the species distribu-size, species age and distribution map, land type map
tion (relative area) and the wildfire sizes. The initial- and management area map). We recorded the percent
ized mean fire return interval and time since last fire of the landscape with high levels (classes 4 and 5) of

had dramatically affected wildfire patterns. fine fuel load, coarse fuel load, and potential fire risk to
illustrate the fuel treatment effects over the 200 years
2.4. Simulation scenarios of simulation.

We selected three scenaridable J to show the dy-
namics of forests under fire suppression, and to eval-
uate the effects of simulated fuel treatments in con- 3.1, Fuel loading
trolling fuel loading, fire risk and wildfires. Scenario
| approximated the fire regime under fire suppression  Simulation results showed few differences in the
as practiced in the 1990§lifley et al., 200D Sce- fine fuel loading among the three scenaribgy( 2.

3. Results

Table 1

Simulation approach for each fuel treatment scenario

Scenario Description Fuel treatment proportion Treatments on fine fuels Treatments on coarse fuels

| Forest under wildfire sup-  None None None
pression

1] Prescribed firesfireonfor- Each decade select 5% Remove all fine fuels Reduce coarse fuel load by
est under wildfire suppres-  stands with the highest po- one category
sion tential fire risk

] Prescribed fire and coarse As scenario ll As scenario Il If coarse fuel load is high
fuel reduction on forest (class 4 or 5), then reduce
under wildfire suppression to low level (class 1). Oth-

erwise reduce coarse fuel
load by one category
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Table 2
Fuel treatment parameters in scenario Il (prescribed fires with wildfire suppréssion)

[Fuel management prescription] prescribed fires

Management area identifier 1
Rank algorithm (1 = highest fire risk processed first) 1
Entry decade 1
Final decade 20
Reentry interval (decade) 1
Proportion of the management area to treat 5%
Minimum potential fire risk for management 3
[Treatment intensity]
Fine fuel load class before treatment 0 1 2 3 4 5
Fine fuel load class after treatment 0 0 0 0 0 0
Coarse fuel load class before treatment 0 1 2 3 4 5
Coarse fuel load class after treatment 0 0 1 2 3 4

a This table provides an example of fuel treatment prescription for one management area. Forest management began at year 10 and ended a
year 200. About 5% of the stands with the highest potential fire risktaSs 3) were selected each decade for management. All of the fine fuels
and some coarse fuels were burned in the selected stands. For example, coarse fuel loads were reduced from class 1 (very low) to class 0 (none)
from class 2 (low) to class 1 (very low), from class 3 (medium) to class 2 (low), from class 4 (high) to class 3 (medium), and from class 5 (very
high) to class 4 (high), respectively.

In scenario Il and Ill, fuel treatments on the selected  Simulation results showed distinct effects of fuel
stands (5% of whole area each iteration) did reduce the treatments on the coarse fuel load8g( 3). In sce-
fine fuel loads in these stands. However, as describednario |, coarse fuels built up rapidly between years 60
previously, fine fuels accumulate annually and decom- and 120, and remained at high levels thereafter, cover-
pose within a 10-year model iteration. Therefore, fine ing over 40% of total landscape. The fuel treatment in
fuels removed in the treated stands recovered in the scenario Il delayed the build-up of coarse fuels, but af-
next iteration. Hence, fine fuel did not differ distinctly  ter year 150, there was a larger proportion (over 50%)
among these three scenarios. of the landscape with a high coarse fuel load in sce-

Table 3
Fuel treatment parameters in scenario Ill (prescribed fire and coarse fuel reduction with wildfire supgression)

[Fuel management prescription] prescribed fires + coarse fuels reduction

Management area identifier 1
Rank algorithm (1 = highest fire risk processed first) 1
Entry decade 1
Final decade 20
Reentry interval (decade) 1
Proportion of the management area to treat 5%
Minimum potential fire risk for management 3
[Treatment intensity]
Fine fuel load class before treatment 0 1 2 3 4 5
Fine fuel load class after treatment 0 0 0 0 0 0
Coarse fuel load class before treatment 0 1 2 3 4 5
Coarse fuel load class after treatment 0 0 1 2 1 1

@ This table provides an example of fuel treatment prescription for one management area. Forest management began at year 10 and ended a
year 200. About 5% of the stands with the highest potential fire risk$ags 3) were selected each decade for management. For the selected
stands, if coarse fuel loads were not higtclass 3), only prescribed fires were used to burn all of the fine fuels and some coarse fuels. For
example, coarse fuel loads were reduced from class 1 (very low) to class 0 (hone), from class 2 (low) to class 1 (very low), and from class 3
(medium) to class 2 (low), respectively. If coarse fuel loads in the selected stands were high or verchagh 4), a coarse fuel reduction was
used to reduce coarse fuels to a low level, and then additional prescribed fires were implemented to burn all of the fine fuels and some coarse
fuels. For example, coarse fuel loads were reduced from class 4 (high) to class 1 (very low), and from class 5 (very high) to class 1 (very low),
respectively.
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Fig. 2. Percent of sites with high fine fuel load in three simulation scenarios. Scenario I: wildfire suppression only; scenario II: prescribed fires
with wildfire suppression; scenario Ill: prescribed fire and coarse fuel reduction with wildfire suppression.

nario Il than that in the scenario I. The fuel treatment a high potential fire risk (classes 4 and 5), and we used
in scenario Ill was even more effective in controlling those results to illustrate the effects of fuel treatments
the coarse fuel loading during the 200-year simulation on potential fire riskffig. 4). In scenario |, potential fire
(less than 35% of the landscape had a high coarse fuelrisk built up rapidly between years 60 and 120. After

load after 150 years). year 120, potential fire risk decreased but still remained
high with over 40% of the landscape at high fire risk. In
3.2. Potential fire risk scenario ll, the potential fire risk stillincreased between

years 70 and 130, but slower than in scenario |. After
For selected decades of each simulation treatmentyear 130, half of the study area remained at high fire
we computed the proportion of the landscape that had risk. The fuel treatment in scenario Ill decreased the

100%
90%4 Scenario |

—— Scenario Il

Scenario Il

80%+

70%4
60%
50%
40%
30%+
20%+

Percent sites with high coarse fuel load

10%

0% T T T 1
0 50 100 150 200

Year

Fig. 3. Percent of sites with high coarse fuel load in three simulation scenarios. Scenario |: wildfire suppression only; scenario |l: prescribed
fires with wildfire suppression; scenario llI: prescribed fire and coarse fuel reduction with wildfire suppression.
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Fig. 4. Percent of sites with high potential fire risk in three simulation scenarios. Scenario |: wildfire suppression only; scenario II: prescribed
fires with wildfire suppression; scenario Ill: prescribed fire and coarse fuel reduction with wildfire suppression.

proportion of the landscape at high potential fire risk sity wildfire to less than 2% of landscape burned each

to less than 30%. decade.
Comparisons of cumulative wildfires during the 200
3.3 Wildfires years of simulation clearly show substantial differences

among the three scenariddg. 6). In scenario |, almost
two thirds of the landscape burned by wildfire in the
200-year simulation period, with most wildfires either
of high (class 4) and very high (class 5) intensity. In
scenario I, less than half of the landscape burned by
wildfire, and most wildfires were medium (class 3) and

: L . . .. high (class 4) intensity. In scenario Ill, less than one
scribed fires in scenario 1l caused more low intensity third of the study area burned by wildfire, and most of

wildfires than scenario IHig. 5A) with between 0.2% e . :
and 1.0% burned in scenario Il. In scenario lll, the area Fhe wildfires were medium (class 3) and high (class 4)

burned by low intensity wildfires increased gradually Intensity.

from 0.4% in the beginning to over 1.2% at the end of Slmylatlon resglts for the thre.e Scenarios §how no-
. . - table differences in the mean wildfire return interval.
the simulation Fig. 5A).

. N .. Fire suppression in scenario | resulted in a mean wild-
Fuel treatments greatly influenced high intensity _. : . : .
L ; fire return interval of 325 years. Prescribed fires with
(classes 4 and 5) wildfireEig. 5B). In scenario |, more ) o ; A
T . o : fire suppression in scenario |l extend the mean wildfire
high intensity wildfires occurred than for either of the : : .
. L return interval to 496 years, while the fuel treatment in
other two scenarios. The area of burned sites in sce- . : I .
o L scenario lll increased the mean wildfire return interval
nario | increased from 0% at the beginning, to about

4% per decade at the end. Prescribed fires in scenariotO 637 years.

Il seem to be effective in controlling the high intensity

wildfires in the first 150 years, with less than 2% of the 4. Discussion

landscape burned each decade by high intensity wild-

fires. However, after year 180, there were more high  Fueltreatments areintended to reduce fireriskand to
intensity wildfires in scenario Il than in scenario I. The control wildfires. The effectiveness of fuel treatments
fuel treatments in scenario 1l decreased the high inten- depends on the treatment intensity (amount of fuel re-

Fuel treatments in scenarios Il and Il altered the
simulated wildfire regimes compared to scenario I. In
scenario |, the proportion of the landscape burned by
low intensity wildfires &class 3) was low—about 0.4%
of the landscape burned per decaéiey( 5A). Pre-
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Fig. 5. Wildfire burned sites. (A) Low intensity wildfires:¢lass 3) burned sites. (B) High intensity wildfires (classes 4 and 5) burned sites.
Scenario I: wildfire suppression only; scenario II: prescribed fires with wildfire suppression; scenario llI: prescribed fire and coarse fuel reductio
with wildfire suppression.

moval), proportion of the landscape treated, and the reduced area affected by high intensity wildfires in the
treatment frequency. Different fuel treatments have dif- first 150 years of the simulation encouraged the build-
ferent effects on the fuel loading and wildfire behavior. up of coarse fuels. Therefore, after year 150, there was
Prescribed fires burn most fine fuels, but do not greatly a larger proportion of the landscape with a high coarse
reduce coarse fuels. Hence, in scenario Il, prescribedfuel load in scenario Il than in scenario I. Additional
fires delay the build-up of coarse fuels, and reduce the coarse fuel removal in conjunction with prescribed fires
area burned by high intensity wildfires (classes 4 and in scenario Ill removed both fine and coarse fuels, and
5) in the first 150-year simulation. High intensity wild-  thus effectively controlled the coarse fuel loading and
fires consume more coarse fuels than prescribed fires dodecreased the high intensity wildfires throughout 200
(Brown et al., 198k Consequently, in scenario Il, the years of simulation.
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Fig. 6. Wildfires accumulation over the 200-year simulation. Scenario I: wildfire suppression only; scenario Il: prescribed fires with wildfire
suppression; scenario lll: prescribed fire and coarse fuel reduction with wildfire suppression.

This simulation study shows that fuel treatments Fuel treatments also altered the fire regimes. In sce-
mitigate intensities and sizes of wildfires, which is con- nario I, both fine fuel loads and coarse fuel loads were
sistent with field observationg&{minster and Olsen, high. Over time the wildfire size increased rapidly and
1995; Scott, 1998; Pollet and Omi, 2Q0&nd other most of the wildfires were high intensity fires. This fire
simulation studies\an Wagtendonk, 1996; Stephens, regime had a high probability for catastrophic fires.
1998; Brose and Wade, 200ZFire suppression with  Under scenario I, wildfire size was small initially but
no fuel treatment as modeled in scenario | led to the increased over the course of the simulation. After year
highest potential fire risk in the study area. The pre- 180, more area was burned by wildfire in scenario Il
scribed fires modeled in scenario Il reduced the po- than in scenario I. Fuel treatment in scenario Il was
tential fire risk and area burned initially, but became effective in reducing the potential fire risk and area of
less effective in controlling wildfires as the simulation wildfires. The simulated fire cycle increased from 325
progressed. Coarse fuel removal, in addition to the pre- years in scenario |, to 496 years in scenario Il, to 637
scribed fires as modeled in scenario lll, was more effec- years in scenario lIl.
tive in controlling wildfires. Fuel treatments in scenario Despite high occurrence of thunderstorms in Mis-
Il substantially reduced coarse fuel loads and potential souri (50-70 thunderstorm days per yedpldwin,
fire risk. Similar results were reported in a field study 1973, anthropogenic ignitions have overwhelmed the
(Pollet and Omi, 200 in which prescribed burns re-  influence of natural ignitions in the Missouri Ozarks,
duced the surface fuel loading in the short-term, while with more than 99% of the wildfires being of human-
sites with thinning had more dramatically reduced fire related origin {Westin, 1992 Human population den-
severity compared to the site with prescribed fire only. sity and culture has been one of the major factors in-
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