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a b s t r a c t

Fuel treatment of wildland vegetation is the primary approach advocated for mitigating fire risk at the
wildland–urban interface (WUI), but little systematic research has been conducted to understand what
role fuel treatments play in controlling large fires, which factors influence this role, or how the role of
fuel treatments may vary over space and time. We assembled a spatial database of fuel breaks and fires
from the last 30 years in four southern California national forests to better understand which factors are
consistently important for fuel breaks in the control of large fires. We also explored which landscape
features influence where fires and fuel breaks are most likely to intersect. The relative importance of
significant factors explaining fuel break outcome and number of fire and fuel break intersections varied
among the forests, which reflects high levels of regional landscape diversity. Nevertheless, several factors
were consistently important across all the forests. In general, fuel breaks played an important role in
controlling large fires only when they facilitated fire management, primarily by providing access for

firefighting activities. Fire weather and fuel break maintenance were also consistently important. Models
and maps predicting where fuel breaks and fires are most likely to intersect performed well in the regions
where the models were developed, but these models did not extend well to other regions, reflecting how
the environmental controls of fire regimes vary even within a single ecoregion. Nevertheless, similar
mapping methods could be adopted in different landscapes to help with strategic location of fuel breaks.
Strategic location of fuel breaks should also account for access points near communities, where fire

tant.
protection is most impor

. Introduction

Wildfire is a key natural process in many ecosystems, but fire
requency, extent, and/or severity have surged across the globe
n recent decades (Bowman et al., 2009; Flannigan et al., 2009;

esterling et al., 2006). The social and economic consequences
f these fires are immense, with dramatic increases in property
estruction and firefighting expenditures (Butry et al., 2001; NIFC,
009). Altered fire regimes also threaten ecosystem integrity and
iodiversity (Pausas and Keeley, 2009; Pyne, 2004). In many parts
f the world the fire problem has been exacerbated by the con-
inued expansion of the wildland–urban interface, where homes
nd lives are most vulnerable to wildfires, and where human

gnitions increase the likelihood of fire occurring (Radeloff et al.,
005; Syphard et al., 2007). Mitigating the risk of wildfire at the
ildland–urban interface, therefore, is now described as a major

bjective in the National Fire Plan (2001), the Healthy Forests
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Restoration Act (2003), and other federal fire management docu-
ments. The primary approach advocated for mitigating fire risk is to
reduce hazardous fuel loads through fuel treatments of vegetation
in wildland areas. In the last decade, expenditures on fuel treat-
ments and area treated has increased markedly (Mell et al., 2010),
with U.S. federal land management agencies receiving billions of
dollars and treating millions of hectares of land (Schoennagel et al.,
2009).

Despite this recent surge in treatment area and expenditure,
fuel treatments have been a cornerstone of fire management in
the U.S.A. for the better part of the 20th century. Yet, little sys-
tematic research has been conducted to understand what role fuel
treatments have played in controlling fire, which factors influ-
ence this role, or how the role of fuel treatments may vary over
space and time. A number of simulation studies have improved our
understanding of potential fuel treatment effectiveness in modify-
ing forest fire behavior (e.g., Finney et al., 2007; Miller and Urban,

2000; Schmidt et al., 2008). However, most empirical studies have
focused on relatively localized effects when fires have intersected
fuel treatments on forests (e.g., Finney et al., 2005; Martinson and
Omi, 2003; Raymond and Peterson, 2005; Schoennagel et al., 2004).
Due to this relatively small temporal and spatial scale (but see
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yphard et al., in press-b), these studies have not contributed to an
nderstanding of factors that influence sustainable fuel treatment
erformance over broad landscapes. This is important because
any parts of the western U.S. that intersect with urban environ-
ents comprise heterogeneous landscapes that include forest and

on-forested ecosystems and because strategic planning requires
n understanding of how repeated fire events over time are affected
y fuel treatments.

Due in part to the paucity of appropriate research, there is no
omprehensive fire policy in the United States that provides forest
angers with science-based guidance on where, how, and when

uel treatments should be conducted (Agee et al., 2000; Franklin and
gee, 2003). Instead, within-agency policies are established and

mplemented according to the agencies’ missions and objectives,
nd many policies are not publicly reviewed or debated (Franklin
nd Agee, 2003). Developing scientifically based general principles
nd guidelines for using fuel treatments to control fires could bene-
t managers if these guidelines were to facilitate decision-making
ith regards to strategic placement and tactical response. Given

imits in time and money, managers need to prioritize where to
lace new fuel treatments and to determine the level of mainte-
ance needed for current fuel treatments (Dellasala et al., 2004).
hus, a scientifically based methodology and set of principles could
ake the decision-making process not only easier but more defen-

ible as well. Furthermore, a better understanding of the factors that
nfluence the role of fuel treatments could lead to the identification
f additional management considerations and the development of
mproved management practices.

The primary problem with development of general guidelines
or fuel treatments is that fire-prone regions are highly variable
ith regards to their natural fire regimes and the factors that con-

rol them. Fire regimes vary as a function of forest type, fuels,
errain, climate, and ignition sources (Pyne et al., 1996; Keeley et al.,
009), and fuel treatment effectiveness may also vary according to
hese factors (Schoennagel et al., 2004). In addition, human devel-
pment and other infrastructure strongly influence fire regimes
nd vulnerability to fire. Humans start and stop fires both directly
e.g., via suppression or accidental ignitions) and indirectly (e.g., via
and use planning, land cover change, exotic species introduction,
limate change), and their influence varies by scale and by locale
Cardille et al., 2001; Prestemon et al., 2002; Syphard et al., 2009).
hese variations in fire regime and human influence complicate the
otion of general principles because management programs need
o account for these differences (Noss et al., 2006).

Another reason that a “one size fits all” approach to fire man-
gement is problematic is that fuel treatment objectives are likely
o vary from region to region, particularly for wildland areas
ersus the wildland–urban interface (Keeley et al., 2009). In wild-
and areas, particularly in western U.S. forests, fuel treatments are
ntended to change fire behavior and to reduce the severity of
re effects, whereas fuel treatments in the wildland–urban inter-

ace are intended to prevent fire from spreading into communities
Radeloff et al., 2005; Reinhardt et al., 2008). Therefore, the effec-
iveness of fuel treatments, and the factors that contribute to their
ffectiveness, may change as a function of fuel treatment objectives.

One way to determine how well certain guidelines may trans-
er from region to region is to identify which factors affecting fuel
reatment outcome are most likely to vary. Identifying these could
elp to determine what aspects of plans need to be developed sep-
rately for each management area. Common decision-making tools
ould be developed that account for regional differences in those

ariables. If there are factors that are universally influential across
ifferent regions or landscapes, these could help in the develop-
ent of general management considerations.
In California, where a substantial portion of the landscape com-

rises non-forested ecosystems such as chaparral and sage scrub,
anagement 261 (2011) 2038–2048 2039

fuel breaks have been a major part of fire management activities
since the 1930s (Davis, 1965). Unlike forests where mechanical
fuel treatments remove only surface fuels (preserving larger, older
trees), fuel break construction in chaparral typically involves com-
plete removal of vegetation, chemical herbicides, and permanent
conversion of native shrublands to weedy herbaceous associations
(Wakimoto, 1977).

In southern California, differences in natural fire regimes and the
way fire regimes have been altered by past land use complicate fire
management in the region. In the shrubland-dominated foothills
and coastal valleys, fire frequency has substantially increased along
with population growth and urban expansion (Keeley et al., 1999;
Syphard et al., 2007). This increased fire frequency not only threat-
ens homes and lives, but many shrublands cannot tolerate repeated
fires and under such conditions are often replaced with non-
native grasslands (Keeley and Fotheringham, 2003; Syphard et al.,
2006). In shrubland-dominated regions, fuel manipulation projects
involve a trade-off. On one hand, fuel breaks are needed to protect
homes and lives, which are at an elevated risk in these crown fire
shrublands; on the other hand, construction of fuel breaks typi-
cally involves complete removal of vegetation and may result in a
range of ecological impacts. Thus, fire management in the region is
greatly complicated by the need to balance both fire and resource
management.

In the less extensive montane coniferous forests in the region,
fire frequency has been unnaturally low during the last century,
and fire hazard has consequently increased due to accumulated
fuels associated with fire suppression and logging (Keeley, 2006),
problems similar to other forests in the western U.S. (Miller et al.,
2009). Because thinning and fuel manipulation is intended to
improve forest vigor and reduce risk of catastrophic loss to wild-
fire (often by restoring forests to more historic conditions), fuel
treatments and resource benefits are likely to be compatible in
these forested regions (Schwilk et al., 2009). However, this model
of fuel accumulation and ecological compatibility with fuel treat-
ments has often been inappropriately applied to chaparral (Keeley
and Fotheringham, 2004, 2006).

To better understand the factors that influence the role of fuel
treatments in controlling large fires in southern California, and how
the role of fuel treatments varies across different landscapes, we
assembled a spatial database of fuel breaks and fires from the last
30 years in four national forests. For this analysis, we only con-
sidered fuel manipulation projects that were clearly intended to
serve as fuel breaks, which are defined as wide blocks, or strips,
on which vegetation was manipulated to create lower fuel volume
and reduced flammability (Green, 1977). Thus, prescribed fires and
burn piles were excluded, as were any dozer lines created to aid
suppression activities during the time that a fire was burning. We
analyzed relationships among fires and fuel breaks to answer:

(1) What are the most important environmental and management
variables affecting the role of fuel breaks in controlling large
fires, and do these factors vary among national forests?

(2) What are the primary factors affecting the spatial pattern of
fires and fuel break intersections, and do they vary among
national forests?

Because we restricted our analysis to U.S. Forest Service national
forests, we assumed these landscapes would be broadly similar in
the tactical approaches used in the construction and maintenance

of fuel breaks. Thus, this study could help determine how well man-
agement approaches for one national forest may transfer to other
national forests. Also, on these largely non-forested landscapes we
assumed that the primary management objective for fuel breaks in
the region is to control the spread of fire and protect communities.
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Table 1
Characteristics of fires and fuel breaks in the four southern California national
forests. Fire rotation was calculated from 1980 to 2007.

Angeles Cleveland Los Padres San Bernardino

Area (ha) 26,375 21,117 61,464 30,408
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Table 2
Variables considered and retained in the multiple regression models explaining
number of fire and fuel break intersections in three national forests. All variables
retained in the models are designated through a significance symbol.

Angeles Los Padres San Bernardino

Elevation * *

Slope
Solar radiation *

USFS fuel model * *

Distance road **

Distance development
Distance trails **

Historic fire frequency *** ** ***

Ignition density * *

Deviance explained 37.27 27.55 54.7

Biophysical variables (including climate, terrain, and fuels)
Number of fires since 1980 175 118 96 253
Fire rotation period (years) 32 14 35 30
Fuel break length (km) 1834 482 550 1199

. Methods

.1. The national forests of southern California

The area of study included the Los Padres, Angeles, San
ernardino, and Cleveland National Forests (Table 1), an area span-
ing the extent of the state’s South Coast Ecoregion (Keeley, 2006),
hich encompasses approximately 3.4 million ha (8% of the state)

nd is home to more than 19 million people (US Census 2000)
Fig. 1). Although the region is the most threatened hotspot of bio-
iversity in the continental US (Hunter, 1999), the national forest

ands together occupy more than 1.5 million ha and offer some
easure of protection for the region’s biodiversity.
The South Coast Ecoregion is characterized by a Mediterranean-

ype climate, with cool, wet winters and warm, dry summers.
haparral shrublands are the most extensive vegetation type, but
here is extraordinary ecosystem diversity in the region, owing
argely to a relatively sharp elevational gradient from sea level to

ore than 3500 m. Therefore, chaparral forms a mosaic with other
egetation types, including coastal sage scrub shrublands, grass-
ands, oak woodlands, and montane coniferous forests, and natural
re regimes are correspondingly variable (Keeley, 2006; Wells et al.,
004).

Fire management on the national forests is the responsibility
f the U.S. Forest Service. The two primary strategies for manage-
ent are to (1) suppress all actively burning fires, and (2) reduce

he extent of future fires through mechanical construction of fuel
reaks and limited use of prescription burning. We focus exclu-
ively on fuel breaks in this study.

.2. Data for dependent variables: fuel break outcome and
re/fuel break intersections

We acquired information on historic fuel breaks and their loca-
ion from U.S. forest service staff on each of the four forests. We
eveloped a digital spatial database of fuel breaks for the four
orests by combining existing GIS layers with files that we created
urselves by digitizing fuel breaks that had been drawn on paper
aps. Due to the substantial number of fuel breaks that were hand

rawn, we conducted follow-up interviews to validate the newly
igitized data.

On all the forests, we overlaid the fuel break GIS layer with
re perimeter polygons compiled by the California Department of
orestry-Fire and Resource Assessment Program (CALFIRE). The fire
erimeter data represent the largest fires, with a minimum map-
ing unit of 4.04 ha (10 acres).

To evaluate factors affecting fuel break outcome, we first used
GIS overlay to identify all events in which a fire intersected a

uel break (within a 100 m buffer distance to account for poten-
ial data uncertainty). These events were considered potential case
tudies to retain for subsequent analysis. To be included for consid-
ration, the date of the fire had to be later than the date of fuel break

onstruction. For the case studies, we conducted a preliminary
ssessment as to whether fires stopped or crossed over fuel breaks,
nd then confirmed the outcome during personal interviews with
refighters who had first-hand knowledge of the event.
* p = 0.05.
** p = 0.01.

*** p = 0.001.

Although data for some of the explanatory variables were
acquired during personal interviews, we also used a GIS to extract
information for other explanatory variables to relate to the fuel
break outcome. See below for description of explanatory variables.
For this analysis, we extracted data only from the portion of the
fuel break that intersected the fire and averaged values across that
area. In some cases, fires stopped at a portion of the fuel break, but
ultimately crossed over the fuel break. For those cases, we classi-
fied the fuel break as not having stopped fire (for statistical analysis
purposes only), and we only extracted explanatory variables for the
section of the fuel break where the fire crossed over.

To analyze factors influencing the number of times fires inter-
sected fuel breaks, we spatially stratified and classified all fuel
breaks according to the number times they intersected fires dur-
ing the study period. We only considered fires that had occurred
since 1980, and to ensure that all fuel breaks had an equal chance
of experiencing a fire, we only looked at fuel breaks that had
been constructed before 1980. From this spatially stratified layer,
we randomly selected point samples (greater than 1 km apart, to
avoid spatial autocorrelation) to extract environmental data used
as explanatory variables. The dependent variable was number of
intersections at each sample location.

2.3. Explanatory variables for role of fuel breaks

The factors we considered as potentially influencing the role of
fuel breaks on the forests included human and biophysical variables
that have previously explained landscape-scale fire patterns in the
region (Syphard et al., 2008), and that we used in a previous study
of fuel breaks on a single national forest (Table 2, Syphard et al., in
press-a). In addition to static landscape features, we also considered
variables related to the actual event when a fire intersected a fuel
break, including characteristics of fires, fuel breaks, vegetation age,
and firefighting activities.

For the human variables, we considered distance to roads, trails,
and development (Table 2) because fire ignitions in the region
tend to occur near human activities (Syphard et al., 2008). We also
hypothesized that these human variables may influence firefight-
ing access and resources. For these three variables, we developed
continuous grid surfaces reflecting the Euclidean distance to the
nearest feature (road, trail, or development) and extrapolated val-
ues from those grids for the areas where fuel breaks intersected
fires.
influence fire spread rate, fuel moisture, flammability, and fire
intensity (Pyne et al., 1996; Whelan, 1995). Therefore, we evaluated
the potential influence of elevation, slope, solar radiation, vegeta-
tion age, and fuel model on fuel break outcome (Table 2). After
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ig. 1. Study area showing the four national forests of southern California. ANF is
orest, and SBNF is San Bernardino National Forest.

reliminary regression analysis, we found that climate variables
ere significantly correlated with terrain variables, so we did not

nclude them. Because most fires are stand-replacing in southern
alifornia shrublands, we determined vegetation age by calculat-

ng the time since last fire in the area immediately adjacent to the
uel break before the fire intersected it.

Severe weather conditions are likely to strongly influence fire
pread rates and intensity (Moritz et al., 2004; Keeley and Zedler,
009), and lead to conditions that are dangerous for firefighters
Halsey, 2005). However, previous analysis indicated that, because
eather is highly variable over space and time, it is difficult to

ttribute exact weather conditions to the moment of intersection
Syphard et al., in press-a). Instead, we considered fire size and
eason as potential explanatory variables because they indirectly
eflect the severity of weather conditions (Finney, 2003; Westerling
t al., 2004), particularly because of the importance of autumn Santa
na winds in this region (Moritz et al., 2010). We calculated fire
ize from the fire perimeter data through GIS calculations, and we
erived fire season from the attributes of the fire perimeter data.
e reclassified the months of the fires into winter and spring (Jan-

ary through May), summer (June through August), and autumn
September through November) to reduce the degrees of freedom
n the data.

We obtained information on fuel break condition and firefight-
ng activities through personal interviews with firefighters and

anagers who were most familiar with the fire events. Fuel break
ength was calculated from the GIS files, but data on fuel break

idth were largely unavailable for all four forests. Because written
uel break maintenance records were often unavailable, we deter-

ined how well the fuel break had been maintained by asking fire

ersonnel to indicate the condition of the fuel break at the time the
re intersected it on a scale from one to three. The ranking reflected
oor to excellent conditions, with poor reflecting fuel breaks where
he vegetation had almost entirely regrown, and excellent reflect-
ng fuel breaks that were either entirely grass, or no vegetation had
les National Forest, CNF is Cleveland National Forest, LPNF is Los Padres National

regrown. To evaluate the importance of management activities, we
also asked personnel to indicate whether they were able to gain
access to the fuel break for firefighting (yes or no) and whether
they had sufficient resources available (including manpower and
equipment) to fight the fire, again on a scale of one to three, from
poor (no resources) to excellent (full resources).

2.4. Explanatory variables for mapping number of intersections

To explain and map areas where fires and fuel breaks are most
likely to intersect, we evaluated the same human and biophysi-
cal variables as for the fuel break outcome (Table 2). However, we
did not consider fire and management variables related to single
events because we were interested in trends across the entire study
period (1980–2007). In addition, we hypothesized that significantly
more fire and fuel break intersections would occur in areas that
were historically fire-prone. Therefore, we additionally explored
historic fire frequency (derived through overlay of fire perimeters
from 1878 to 2007) as well as spatially interpolated ignition density
as explanatory variables.

2.5. Fuel treatment outcome: structural equation modeling

Structural equation modeling provides advantages over tra-
ditional multiple regression analysis because it uses existing
information to examine potential causal pathways among intercor-
related variables and identify indirect relationships (Bollen, 1989;
Grace and Pugesek, 1998). The model is statistically evaluated
to determine the degree of consistency with empirical data and

compare the outcomes of alternative models. Although structural
equation modeling is a confirmatory approach that tests a priori
hypotheses of about interrelationships among variables, it is often
essential to use exploratory regression and correlation analysis to
suggest which pathways to explore (Grace, 2006).
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Fig. 2. Number of fires that occurred in four national forests divided into those that
042 A.D. Syphard et al. / Forest Ecology

For the different national forests, we initially conducted corre-
ation analyses and built simple and multiple logistic regression

odels to explore the relationships among the explanatory vari-
bles and fuel break outcome. We used logistic regression because
he response variable for fuel treatment outcome was binary, indi-
ating whether the fuel treatment stopped the fire or not. Based
n the hypothesized interrelationships developed through corre-
ation and regression analysis, we developed and tested structural
quation models using Mplus version 5.1 software. Because we
odeled categorical outcomes, we used the weighted least-squares
ith mean and variance adjustment (WLSMV) estimator. To ensure

hat we retained only the important pathways in the final mod-
ls, we sequentially removed one path at a time to ensure that, if a
ath were removed, the chi-square did not increase more than 3.84
oints (the single degree-of-freedom test) (James B. Grace, personal
ommunication). We also examined the fit of alternative models
hrough p-values, root mean square error of approximation, and
eighted root mean square residual (Hooper et al., 2008).

.6. Number of intersections: multiple regression and predictive
apping

To evaluate the relative influence of the explanatory variables
n the number of times fires intersected fuel breaks on the forests,
e developed simple and multiple Poisson regression models that
ere appropriate for count response variables (Agresti, 1996).
ecause the objective of this part of our study was to create pre-
ictive maps (rather than explore causal pathways), we only used
ultiple regression analysis, as opposed to structural equation
odeling. We first conducted simple regression models with each

ariable (and quadratic terms for continuous variables) to establish
ankings for entering the variables into a multiple regression.

For the multiple regression models, we entered variables
ccording to the amount of deviance they explained [D2, equivalent
o the R2 in ordinary least square models (Guisan and Zimmermann,
000)] and only considered those variables that were significant at
≤ 0.15. We evaluated correlation coefficients in the models for all
f the forests and avoided including two variables with a bivariate
orrelation ≥0.3. For each forest, we evaluated alternative plausible
ultiple regression models with different combinations of predic-

or variables and selected the best model as the one that explained
he highest percentage deviance with the lowest Akaike informa-
ion criterion (AIC) (Quinn and Keough, 2002). We also checked to
nsure that overdispersion was not present in the models.

After selecting the best multiple regression models, we con-
erted them into continuous map surfaces that reflected the
redicted number of fires that would intersect fuel breaks across
he entire forest. We created these maps by applying the Poisson
egression formula and predicted coefficients onto the GIS layers
f the significant explanatory variables (as in Syphard et al., 2008).
e evaluated the correspondence of the predicted number of inter-

ections to the actual intersections that occurred through Pearson
orrelation coefficients. We also quantified the magnitude of dis-
repancy among predicted and observed values by calculating the
oot mean square error (RMSE).

To test how well the models that explained the number of
ntersections on one national forest matched the models in the
ther forests, we applied the models developed on each forest
o the entire South Coast Ecoregion and compared the maps. To
uantify the spatial correspondence among the maps, we used a
earson’s correlation coefficient to calculate pairwise correlations

Termansen et al., 2006; Syphard and Franklin, 2009). High cor-
elations among maps would indicate that the factors controlling
he spatial pattern of fire and fuel break intersections were similar
mong the forests, and low correlations would suggest that those
actors vary.
intersected a fuel break and those that did not intersect a fuel break (A); and propor-
tion of fuel break area intersected by 0–5 fires from 1980 to 2007 (B). ANF is Angeles
National Forest, CNF is Cleveland National Forest, LPNF is Los Padres National Forest,
and SBNF is San Bernardino National Forest.

3. Results

3.1. Summary of fuel break and fire intersections and outcomes

During the 28 years of the analysis, 641 fires occurred within the
boundaries of the four national forests. On average, 23% of those
fires intersected a fuels treatment, but the proportion of intersec-
tions varied among the forests (Fig. 2A). In fact, the number of
intersections among fires and fuel breaks on the Cleveland National
Forest was only 13 (11% of the intersections), and this small
number precluded us from including that forest in our statistical
analyses.

For the fuel breaks that we considered in our spatial analysis of
intersections (i.e., those constructed on or before 1980), approx-
imately 25–50% of the fuel break area never intersected a fire.
On the other hand, approximately 10–45% of the fuel break area
intersected multiple (two or more) fires. The proportion of fuel
break area that intersected fires varied among the four forests
(Fig. 2B).

When fires intersected fuel breaks, the percentage that stopped
at the fuel breaks ranged from 22 to 47%, and the percentage
that crossed over the fuel breaks ranged from 29 to 65%, depend-
ing on the forest (Fig. 3). We distinguished another group of fuel
break intersections where fires crossed over fuel breaks, but the
fuel breaks did change fire behavior enough to facilitate firefighter
access and eventually help with the suppression of the fire. When
this group is considered along with the other cases in which the
fuel break held a portion of the fire, the percentage ranged from 10
to 23% (Fig. 3).

3.2. Fuel treatment outcome: structural equation modeling
Among the three national forests that we analyzed, there were
seven variables that significantly affected fuel break/fire outcomes.
However, the structural equation models revealed differences in
the number and combination of important variables as well as



A.D. Syphard et al. / Forest Ecology and Management 261 (2011) 2038–2048 2043

Fig. 3. Proportion of fire and fuel break intersections in four forests divided into
those that effectively stopped a fire (Effective); those in which only a portion stopped
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Fig. 4. Structural equation model of factors that directly and indirectly explain why
fires stopped at fuel breaks in the Angeles, Los Padres, and San Bernardino National

regression models (Table 2). For all three forests, the number of
fire or that changed fire behavior (Both or Behavior); and those in which the fires
rossed over the fuel break (Ineffective). ANF is Angeles National Forest, CNF is Cleve-
and National Forest, LPNF is Los Padres National Forest, and SBNF is San Bernardino
ational Forest.

ifferences in the interrelationships among them. We tested alter-
ative models with different explanatory variables and different
irect and indirect effects. The final model varied among the forests
Fig. 4). Despite these differences, most of the variables were com-

on to at least two of the three forests; and three variables were
ommon to all forests: firefighter access, fire size, and fuel break
ondition.

Firefighter access was the only variable to directly improve the
utcome in all three forests, and it was the most influential variable
or the Los Padres and Angeles National Forests. The proportion of
vents in which firefighters had access to fuel breaks was slightly
ower in the Angeles than in the other two forests (Fig. 5C). On the
os Padres and San Bernardino forests, fire size was directly and
egatively related to fuel break outcome; in the Angeles, fire size
egatively affected firefighter access and thus indirectly influenced

uel break outcome. On average, the fires were smaller in the Ange-
es, but fire sizes were highly variable on all of the forests (Fig. 6). On
he Los Padres and Angeles forests, fuel break condition facilitated
refighter access to fuel break and thus indirectly improved fuel
reak outcome; the relationship was direct in the San Bernardino,
hich reported the largest proportion of fuel breaks with low scores

or fuel break condition (Fig. 5B).
The Los Padres was the only forest for which season was not

mportant in explaining fuel break outcome, as later-season fires
i.e., September through November) had a direct negative influ-
nce on outcome for the Angeles; and for the San Bernardino,
ater-season fires contributed to increased fire size, so the effect

as indirectly negative. Most of the fires on the Los Padres
ccurred in the summer months, whereas fires in the autumn
ere most common for the other two forests (Fig. 5E). The Los

adres was the only forest in which firefighting resources were
ot influential in explaining outcome. On both the Angeles and
an Bernardino, resources indirectly improved fuel treatment
utcome; but on the Angeles, the primary relationship was by
mproving access and on the San Bernardino, the primary relation-
hip was through reduction in fire size. The overall distribution
f firefighting resources, according to the interviews, was vari-
ble among the forests (Fig. 5A). Finally, the Los Padres was the
nly forest in which fuel break length had a significant direct
nd positive impact on fuel treatment outcome, and this forest
ad longer fuel breaks, on average, than the other two forests
Fig. 6).

The Angeles was the only forest in which vegetation age
as not important. On the Los Padres, younger vegetation
urrounding the fuel breaks improved firefighter access to
he treatment, so the relationship was indirectly negative. On
he San Bernardino, the relationship was direct and positive.
lthough the average vegetation age was lowest on the San
Forests. Solid arrows represent direction of effect, and coefficients shown along
arrows are standardized values. Circles represent endogenous (or dependent) vari-
ables in the models. Due to insufficient number of fuel break/fire intersections the
Cleveland National Forest was not included.

Bernardino, there was a lot of variability in age for all the forests
(Fig. 6).

3.3. Number of intersections: multiple regression and predictive
mapping

Of the variables we considered for explaining the number of fire
and fuel break intersections in the forests, historic fire frequency
was the only one that was retained in all three of the multiple
intersections was strongly and positively related to the number
of fires that had occurred since 1878 (date of the earliest fire in
the database). Ignition density was also positively related to the
number of intersections on the Angeles and Los Padres National
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Fig. 5. Distribution of categorical variables for three national forests that were significant in any of the statistical models. The y-axis for all charts represents the proportion of
observations within each forest. The charts represent (A) firefighting resources; (B) fuel break condition; C) Access to fuel break; (D) historic fire frequency (with the average
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or each forest indicated in the legend); (E) season when intersection occurred; (F)
an Bernardino National Forest.

orests, but was not retained in the model for the San Bernardino
ational Forest. The Los Padres had the lowest average number of
res and lowest ignition density, whereas the San Bernardino had
he highest fire frequency and ignition density (Figs. 5D and 6).

For both the Angeles and San Bernardino National Forests, the
umber of intersections was negatively related to elevation, which
as slightly higher on average on the San Bernardino than the

ther forests (Fig. 6). The fuel model parameter was also signifi-
ant in explaining model variation for only the Angeles and San
ernardino. A larger number of intersections occurred in forest and
imber fuel models on the San Bernardino National Forest (“TU” or

TL”, Scott and Burgan (2005)), whereas the shrub models (“SH”,
cott and Burgan (2005)) were more influential in the Angeles
Fig. 5F). Three variables were retained in the multiple-regression

odel for the Los Padres that were not important in the other
pe. ANF is Angeles National Forest, LPNF is Los Padres National Forest, and SBNF is

forests. On the Los Padres, fires were more likely to intersect fuel
breaks when fuel breaks were in close proximity to trails, distance
to roads was intermediate, and winter solar radiation was low. Both
the average distance to trails and solar radiation were lower on the
Los Padres than in the other two forests, but the average distance to
roads was similar, with high variation in the three forests (Fig. 6).

The three map surfaces developed by applying the multiple-
regression model formulas and coefficients to the GIS maps of the
significant variables reflect a continuous probability distribution
of where fires and fuel breaks are most likely to intersect (Fig. 6).
The Pearson’s correlation coefficients between the observed num-

ber of intersections and the number of intersections predicted
by the model ranged between 0.59 and 0.74 (Table 3), and the
root mean squared error ranged from 0.28 to 1.31 intersections.
The correlations among the three maps generated by the differ-
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ig. 6. Distribution of continuous variables for three national forests that were
ignificant in any of the statistical models.

nt multiple-regression models were lower, particularly for the
os Padres model (correlation of 0.21 with the Angeles and 0.16
ith the San Bernardino). The Angeles and San Bernardino maps,
owever, had a much stronger correlation (0.54) (Fig. 7).

. Discussion

The four southern California national forests studied here all
hare several features in common; they are in rugged terrain, are
ominated by non-forested ecosystems, and contain a substan-

ial amount of wildland–urban interface. These national forests,
owever, differ in the proportions of vegetation types, biophysi-
al characteristics, and the relative proportions of wildland–urban
nterface and intermix landscapes. These differences are part of

able 3
earson correlation coefficients among prediction maps for three national forests
nd among predicted and observed number of intersections within each forest.
oot mean squared error (RMSE) is calculated between the observed and predicted
umber of intersections within each forest.

Angeles Los Padres San Bernardino

Angeles map 1.00 0.21 0.54
Los Padres map 0.21 1.00 0.16
San Bernardino map 0.54 0.16 1.00
Observed N intersections 0.61 0.59 0.74
RMSE 1.31 0.76 0.28
anagement 261 (2011) 2038–2048 2045

the reason the significant factors explaining fuel break/fire out-
comes and number of intersections were different among forests.
Nevertheless, several factors were consistently important across
all forests in explaining the number of intersections between fuel
breaks and big fires and the role of fuel breaks in altering fire spread.
These similarities support several general conclusions about the
role of fuel breaks in controlling large fires in southern California.

One conclusion is that the primary role of fuel breaks in the
region is to facilitate fire management activities. Two of the three
fire management variables we considered (access and fuel break
condition) were important in all three structural equation mod-
els (Fig. 4), and firefighter resources was important for two of the
forests (Angeles and San Bernardino). Furthermore, while other
important variables in the models (related to vegetation structure,
fire size, and season) were not directly related to management,
these variables often indirectly influence management, for exam-
ple, by affecting access to treatment areas. Demonstrating the
strength of these indirect effects is one of the benefits to structural
equation modeling (Grace, 2006).

Firefighter access to fuel breaks was the most influential fac-
tor in fuel treatment outcome for the Los Padres and Angeles, and
was also highly significant for the San Bernardino. The high level
of significance for this variable supports the notion that, without
firefighters present to control fires, fires will generally not stop at
fuel breaks. Although three fires stopped on their own at the top of
ridges on the San Bernardino, these fires constituted less than 1%
of the cases. Only one fire stopped passively on the Los Padres, and
none of the fires in our analysis stopped without firefighters on the
Angeles. Despite this conclusion, it is important to point out that
the fire perimeter database only includes fires greater than 10 ha;
therefore, it is possible that some smaller fires do stop passively (i.e.,
without fire fighting actions) at fuel breaks. Many fire management
personnel understand that fuel breaks are unlikely to passively stop
most fires, particularly during extreme weather conditions, but the
public, news media, and policy-makers may unrealistically expect
otherwise. Our results show that such beliefs could lead to a false
sense of security about the protective value of fuel breaks.

Most of the largest fire events in southern California occur dur-
ing severe weather conditions in autumn, prior to winter rains,
when dry, offshore Santa Ana winds can exceed 30 ms−1 (Miller
and Shlegel, 2006; Moritz et al., 2010). Fighting fires during these
weather conditions can be extremely dangerous, and during these
wind events, multiple fires often break out simultaneously. These
severe weather conditions likely explain why fire size was another
variable that was highly significant in explaining fuel treatment
outcome in all three forests. Discussions during the interviews con-
firmed that fires were more difficult to control, and likely to become
large, under severe weather conditions. There are a number of rea-
sons for this: the speed of such fires, which can cover 10,000 ha
within a day or two, and thus the lack of time for accessing fuel
breaks, the danger of aggressively attacking fires under such condi-
tions, and firefighting resources spread too thin because of multiple
fire fronts. Consistent with the effect of fire size, fire season was
significant on the Angeles and San Bernardino because Santa Ana
winds typically occur during the fall (and this was the season when
fuel treatment/fire outcomes were poorest). The reason that sea-
son was not important for the Los Padres, but fire size was, is that
Santa Ana winds are much less predictable there (Moritz et al., 2004,
2010). The Los Padres regularly experiences strong, hot wind down-
canyon wind events known as “sundowners,” typically in summer
(Ryan, 1996), but these are not annual events as are Santa Ana

winds. It is possible for severe-weather fire events to occur in any
season, not just the fall, across the entire southern California region.
This explains why fire size was important on all three forests.

In addition to fire management and fire weather (i.e., size and
season), there was evidence that vegetation structure played an
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mportant role in improving fuel break outcome in all three forests,
nd this was generally because well-maintained fuel breaks were
uch easier for firefighters to access in time to prepare the fuel

reak for suppression activities. Because young vegetation typically
as a lower fuel load than old vegetation, one of the premises of
onducting fuel manipulation is that young vegetation can directly
low or stop the spread of fire. However, in southern Califor-
ia shrublands, stand age and fuel loads play a limited role in
topping the spread of fire, particularly during extreme weather
onditions, when fires often spread through or over very young age
lasses (Keeley and Zedler, 2009; Moritz, 1997; Moritz et al., 2004).
ccordingly, while vegetation age was significant in the Los Padres,
ounger vegetation did not directly prevent fires from spreading,
ut helped facilitate firefighter access to fuel breaks. There are some

arts of the Los Padres where, because of the lack of consistent Santa
na influence, fuel age may play a role in controlling fire spread

Moritz, 1997). This particularly applies to the coastal area near the
ity of Santa Barbara. Regardless, the most significant relationship
as between vegetation age and firefighter access.
in the Angeles, Los Padres, and San Bernardino National Forests. The sample points
t those locations from 1980 to 2007.

Fuel break condition (i.e., how well it was maintained) played
a similar role as vegetation age, and it was influential in all three
forests. While the relationship was direct on the San Bernardino,
better-maintained fuel breaks improved access to fuel breaks in the
Los Padres and the Angeles, and thus, the relationship was indirect.
Southern California chaparral forms a dense, continuous cover that
is extremely difficult to maneuver in (Halsey, 2005), which likely
explains why well-maintained fuel breaks improved the outcome.

As in the models for fuel break outcome, the models explaining
the number of fire and fuel break intersections reflected regional
landscape diversity and differences among the forests, while nev-
ertheless suggesting several general conclusions. By far the most
significant variable, and the only variable consistently significant
for all forests, was historic fire frequency. This result is not sur-

prising because areas that have burned most frequently in the past
are likely to be most fire-prone in general. Ignition density pat-
terns were also significant for two of the forests. Nevertheless, fire
history was not the only factor explaining why fuel breaks inter-
sect fires more in some places than in others. Fire and fuel break
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ntersections were a function of a combination of biophysical and
uman variables for all the forests, but the biophysical variables
ere generally more important than the human ones. This is con-

istent with other regional studies that have shown biophysical
actors to be strongly related to patterns of fire occurrence and area
urned, whereas human variables are most significant for explain-

ng ignition patterns and fire frequency (Parisien and Moritz, 2009;
yphard et al., 2007, 2008).

The maps of predicted distribution of areas where fuel breaks
re most likely to intersect with large fires did not correlate well
mong the forests, yet there was good correlation among observed
nd predicted number of intersections within the forests. In other
ords, the combination of factors that best predicted the num-

er of intersections in one forest did not match well with the
ombination of factors that best predicted the intersections in
he other forests. These differences reflect how the environmen-
al controls of fire regimes vary from region to region, even within

single ecoregion. Therefore, a “one size fits all” management
pproach would be inappropriate if the objective were to map likely
reas for fires and fuel treatments to intersect. While developing
model for one region and applying it to a different region may

e inappropriate, the modeling methodology adopted here could
asily be applied anywhere. These types of maps could be part of
manager’s toolset in helping to identify areas where new fuel

reaks could be constructed or where current fuel breaks should be
aintained.
We cannot directly attribute differences in the influential vari-

bles of our models to differences among the forests because we
nly statistically analyzed three national forests. Nevertheless, the
ifferences among the national forests do provide a perspective
n the variability of the region, despite the fact that it all falls
ithin the same ecoregion. This is striking considering that south-

rn California has a distinctive fire regime, owing to the defining
haracteristics of the region’s Mediterranean-type climate. Because
f the cool, wet winters and hot, dry summers, and the specific
roperties of chaparral, this vegetation is particularly flammable
or a substantial portion of the year and burns in large, stand-
eplacing, high-intensity fires (Pyne et al., 1996). The region’s fire
egime and fire management issues are typically most starkly con-
rasted against those in forested regions (Keeley et al., 2009). While
t has been recognized that many fire management practices in
orested regions are inappropriate for southern California shrub-
ands (Halsey, 2005; Keeley and Fotheringham, 2006), this study
hows how certain aspects of fire management may need to be
ndividually tailored at even finer scales, dependent on terrain,
roximity to urban environments, regional weather patterns, and
uel type composition.

In southern California, fuel treatments can lead to ecologi-
al degradation because they often involve complete removal of
egetation, facilitate the spread of exotic species, and may thus
ndirectly contribute to increased fire frequency in a region where
ecurrent fire already threatens the native shrublands (Merriam
t al., 2006, 2007). These resource costs should be considered rela-
ive to the benefits of protecting communities, and these trade-offs
hould be considered when constructing new fuel breaks in the
egion. This is in contrast to forested regions, where the objective
f protecting communities is often coupled with the objective of
eshaping the age structure and composition of forests to resem-
le historic conditions (Reinhardt et al., 2008). In these forests,
uel breaks and resource benefits generally are mutually benefi-
ial. Regardless of the region, mitigating fire risk to communities is

priority for federal land managers, yet most fuel treatments are
ot placed within the wildland–urban interface where they may
ave the greatest potential for protecting homes. Across the west-
rn United States, only 3% of the area treated from 2004 to 2008
as located in this interface (Schoennagel et al., 2009).
anagement 261 (2011) 2038–2048 2047

Many new fuel breaks are currently being constructed in south-
ern California. In fact, the most likely reason there were not enough
fire and fuel break intersections to complete a statistical analysis in
the Cleveland National Forest is because a large proportion of the
fuel treatments have been recently constructed. Despite the large
amount of new fuel break construction, the results of this study
show that many fires never actually intersect fuel breaks, and large
areas of fuel breaks never intersect fire. Also, the forests that had
the highest density and area of fuel breaks did not have the highest
overall effectiveness of fuel breaks, suggesting that treating more
area alone does not necessarily increase the safety of a region. It
may be more effective to have fewer fuel breaks in strategically
placed locations than to have greater area of fuel breaks overall, at
least in terms of protecting communities. The results from all three
forests show that fuel breaks played an important role in control-
ling large fires primarily where they provided access for firefighting
activities. Strategically locating fewer fuel breaks could also reduce
the potential for resource costs.

Discussion in the interviews revealed that many strategic deci-
sions do go into placing fuel breaks. While these decisions are often
based on years of fire management experience, quantitative and
spatially explicit analyses could potentially be helpful in refining
these strategic decisions. For example, maps like the ones gen-
erated here, showing where fuel treatments are mostly likely to
intersect fires, could be combined with further spatial analyses of
where access is best and where communities need the most pro-
tection. In particular, this study strongly supports the notion of
constructing fuel breaks along the wildland–urban interface where
firefighters will have better access to the fuel breaks, and where the
fuel breaks will provide an immediate line of defense adjacent to
homes that are at risk. The case studies from all four national forests
demonstrate that fuel breaks will not stop fires without firefighter
presence. Therefore, constructing fuel breaks in remote, backcoun-
try locations will do little to save homes during a wildfire because
most firefighters will be needed to protect the wildland–urban
interface, and fires will not be stopped by those fuel breaks that are
located farther away. Finally, because access to fuel breaks was con-
sistently improved when vegetation structure was favorable, this
study suggests that maintaining fuel breaks in strategic locations
may be just as important as constructing new fuel breaks.
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