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Abstract. Aswildfires have increased in frequency and extent, so have the number of homes developed in the wildland–
urban interface. In California, the predominant approach to mitigating fire risk is construction of fuel breaks, but there has
been little empirical study of their role in controlling large fires.We constructed a spatial database of fuel breaks on the Los
Padres National Forest in southern California to better understand characteristics of fuel breaks that affect the behaviour of

large fires and tomapwhere fires and fuel breaksmost commonly intersect.We evaluatedwhether fires stopped or crossed
over fuel breaks over a 28-year period and compared the outcomes with physical characteristics of the sites, weather and
firefighting activities during the fire event. Many fuel breaks never intersected fires, but others intersected several,

primarily in historically fire-prone areas. Fires stopped at fuel breaks 46% of the time, almost invariably owing to fire
suppression activities. Firefighter access to treatments, smaller fires and longer fuel breaks were significant direct
influences, and younger vegetation and fuel breakmaintenance indirectly improved the outcome by facilitating firefighter

access. This study illustrates the importance of strategic location of fuel breaks because they have been most effective
where they provided access for firefighting activities.
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Introduction

In recent decades, wildfire frequency, extent or severity have
increased across much of the western United States (Stephens
2005;Westerling et al. 2006;Miller et al. 2009), as well as other

regions around the world (e.g. Pausas and Vallejo 1999;
Montenegro et al. 2004). Concurrently, the number of homes
built in the wildland–urban interface (WUI, where development
meets or intermixes with wildland vegetation), and the areal

extent of the WUI have grown dramatically – and are expected
to continue growing for decades to come (Radeloff et al. 2005;
Theobald and Romme 2007). The social and financial cost of so

many homes located in fire-prone areas has been high. From
2002 to 2006 in the western US, US$6.3 billion was spent
fighting fires, 92 lives were lost and more than 10 000 homes

were destroyed (Gude et al. 2008). Considering the enormity of
these effects, there is tremendous pressure to develop wildland
fire-management practices to reduce urban losses.

Although reducing wildfire losses ultimately will require a
combination of urban and wildland changes, historically the
main focus has largely centred on wildland fuel reduction, often
in the form ofmechanical fuel treatments (Dellasala et al. 2004).

Between 2001 and 2006, federal land management agencies in

the western United States spent US$2.7 billion for fuel treat-
ments (Schoennagel et al. 2009). Although the objective for
constructing fuel treatments is generally to reduce the severity

and spread ofwildfires, specific expectations regarding how fuel
treatments are supposed to function tend to vary among different
stakeholders (e.g. public, special-interest groups, policy-makers
or management agencies (Reinhardt et al. 2008). The typical

objective of fuel treatments in many western US forests is to
change fire behaviour, reduce the severity of fire effects and
restore forest structure to conditions that would safely support a

natural fire regime of frequent, low-intensity fires (Reinhardt
et al. 2008). In urbanised areas, treatments are instead intended
to prevent fire from spreading into development (Raab andMartin

2001; Radeloff et al. 2005), but there may be unrealistic expecta-
tions that these treatments can ‘fire-proof’ those areas (Reinhardt
et al. 2008; Keeley et al. 2009a).

Along with differing expectations, the effectiveness or
appropriateness of treatments are also likely to vary according
to regional differences in vegetation type and structure,
natural fire regime, weather conditions and local topography
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(Stratton 2004). The ecological implications of fuel treatments,
and ecological effects of altered fire regimes, are also likely to
vary from region to region, but ecological considerations are

rarely incorporated into current forest laws and policies (Noss
et al. 2006). Although fuel treatments and resource benefits are
likely to be compatible in many forest types (Schwilk et al.

2009), treatments potentially create negative ecological effects
in non-forested communities such as chaparral shrublands in
southern California (Keeley et al. 2009b). Unlike forests, in

whichmechanical fuel treatments typically remove only surface
fuel (preserving larger, older trees), fuel break construction in
chaparral typically involves complete removal of vegetation,
chemical herbicides and permanent conversion of native shrub-

lands to weedy herbaceous associations (Wakimoto 1977). The
range of ecological effects includes exotic species expansion,
erosion and watershed issues, and fragmentation of important

habitat for threatened and endangered species.
Despite the potential ecological effects of fuel treatments in

southern California shrublands, the pressure tomitigate fire risk is

enormous. In this region, almost 1 million ha of land has burned
since 2000, much of which was consumed in fires larger than
50000ha. In the fires of 2003 and 2007, ,5000 homes were

destroyed. The population of the region is growing rapidly, and
much of the housing development is distributed in scattered
patterns that create thousands of miles of edge between houses
and fire-prone vegetation (Pincetl et al. 2008). There are conse-

quently complex trade-offs among the costs and benefits related to
fuel management in southern California, as well as other fire-
prone regions dominated by extensive development: creating fuel

breaks is costly financially and may result in substantial ecologi-
cal effects, but fuel breaks may play an important role in
protecting communities from catastrophic losses.

Adding to the dilemma over costs and benefits in implement-
ing fuel treatments is the uncertainty over the conditions under
which fuel treatments are effective at mitigating fire risks. For
example, the behaviour of chaparral fires under moderate

weather conditions is very different than the behaviour during
Santa Ana conditions, and the role of fuel breaks may vary
accordingly (Keeley 2005; Keeley et al. 2009a). Althoughmany

managers recognise that the primary role of fuel breaks in
developed areas and the WUI is to provide an anchor point
and a safe place for firefighters to control and extinguish fires

(Conard and Weise 1998; Witter and Taylor 2005), sometimes
too much faith is placed in the ability of treatments to passively
stop the spread of fire, which may be unlikely under severe

weather conditions. A quantitative analysis of the role of fuel
breaks may therefore provide critical insights that can inform
peoples’ expectations and can help to construct fuel breaksmore
efficiently.

Most research on fuel-treatment effectiveness has been
conducted with simulation models at relatively small scales
(e.g. Miller and Urban 2000; Finney et al. 2007; Schmidt et al.

2008), and there is some empirical research documenting
how fires have responded to individual fuel treatments (e.g.
Schoennagel et al. 2004; Raymond and Peterson 2005; Safford

et al. 2009). However, there are insufficient examples to form
general conclusions, particularly at a landscape scale.

Another consideration is that, if fuel breaks are constructed in
locations where fires rarely or never encounter them, then those

treatments will have no opportunity to play any role. In other
words, two conditions need to be satisfied before a fuel treat-
ment can function effectively: (1) the fire needs to actually

intercept the treatment, and (2) the treatment must perform
according to its expected role.

Considering these two conditions, and to better understand

what role fuel treatments have played in reducing the effects of
large fires, we analysed the relationships among fires and fuel
breaks in the Los Padres National Forest in southern California

over a period of 28 years to answer these research questions:

1. What proportion of treatments intersected fires, and can we
explain and predict why some treatments encounter more

fires than others?
2. What is the role of fuel breaks in controlling large fires, and

what factors influence this role?

We expected this study to provide deeper understanding of
the relative importance of factors influencing fuel-treatment

success in southern California and to provide guidance on how
to develop more efficient treatment strategies.

Methods

Study area

Our study area included all lands (,590 000 ha) within theMain
Division (central ranger districts) of the Los Padres National
Forest in southern California. The climate is Mediterranean,

with cool wet winters and hot dry summers. The landscape is
dominated by chaparral shrublands, which are highly flammable
owing to dense community structure and the annual 6 months of

drought every summer and autumn (Radtke et al. 1982; Conard
and Regelbrugge 1994). Broad swaths of chaparral are often
broken up by patches of coastal sage scrub, riparian woodlands,

oak woodlands, grassland and coniferous forest. The region
is topographically complex and rugged, with slopes often
exceeding 358, and much of the interior of the Los Padres Na-
tional Forest study area is relatively inaccessible.

Adjacent to this rugged terrain are several urban areas, such
as Santa Barbara and Ojai, and housing developments border
much of the forest boundary, increasing the potential forwildfire

to threaten lives and property. Slightly more than 10% of the
land inside the forest boundary is occupied by privately owned
inholdings (V. Radeloff, unpubl. data), and low-density housing

exists within much of the forest, particularly near the boundary.
Thus, the primary objective of firefighting and constructing fuel
breaks is to stop fires and to prevent them from threatening

structures. Humans also cause the majority of fire ignitions in
the region (Moritz 1997).

Fuel treatment and fire data

The Los Padres National Forest provided written, pictorial and
oral data on historic fuel treatments. Many recent fuel-treatment
locations were provided digitally, but we also digitised older

fuel breaks from hard-copy maps. To identify case studies for
follow-up interviews and subsequent analysis, and to analyse
the intersections among fuel treatments and fires, we used a

Geographic Information System (GIS) to overlay the fuel
treatment data with fire perimeter polygons, compiled by
the California Department of Forestry-Fire and Resource
Assessment Program (CALFIRE). The fire perimeter data only
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represent the largest fires (with a minimum mapping unit of
4.04 ha (10 acres)), but they serve as the most comprehensive
source of fire data in the state. The largest fires also account for

the majority of area burned.

Quantifying number of intersections

Through GIS overlay analysis, we counted the number of times
fires crossed fuel breaks from 1980 to 2007. We restricted our
analysis to fires that occurred after 1980 owing to greater

uncertainty in accuracy of GIS data before 1980 and because of
the limited availability of firefighters and managers familiar
with fires before 1980, which was critical for personal inter-
views. Some sections of fuel breaks intersected fires more fre-

quently than other sections, so we stratified each fuel break
spatially and classified it according to the number of intersec-
tions (ranging from 0 to 4). From this spatially stratified data

layer, we randomly selected point samples (244 points; see
below) to extract environmental data to relate to the number of
intersections that occurred at those points. To ensure that all fuel

breaks had an equal chance of intersecting fire, for this part of
the analysis, we only evaluated those fuel breaks that had
been constructed before 1980 and were intersected by fire that

occurred in the period 1980–2007.
Based on a previous analysis of fire frequency (Syphard et al.

2008), we suspected that fire intersections and our predictor
variables were likely to be spatially autocorrelated, whichwould

violate the assumption of independence in regression models
and potentially inflate model significance (Fortin et al. 1989;
Haining 1990). The influence of spatial autocorrelation can be

avoided by using a minimum distance to separate observations
that is larger than the range of spatial autocorrelation (Miller
et al. 2007). Therefore, after we estimated initial regressions

models (see below), we plotted semivariograms of the models’
deviance residuals. We determined that spatial autocorrelation
was present when samples were within 1 km of each other, so we
subsampled our data to avoid observations within that lag

distance, which resulted in a sample size of 244 observations.

Selecting fuel break case studies

Through GIS overlay analysis, we identified all events in which
a fire occurred within 100 m of a fuel break, to account for any
spatial uncertainty in the boundaries of either the fires or the fuel

breaks. For this analysis, we considered fuel breaks constructed
at any date, but only fires later than the date of fuel break con-
struction were included. After identifying all potential inter-

sections between fires and fuel breaks, we conducted
preliminary analyses to identify whether the fire appeared to
have stopped at the fuel break or whether it spread across it. We
then arranged personal interviews with fire personnel having

first-hand knowledge of the incident.

Explanatory variables

To understand and to predict why fires intersect some sections of
fuel breaksmore than others, we explored the potential influence
of several human and biophysical variables known to be asso-

ciated with the spatial distribution of fire at a landscape scale
(Syphard et al. 2008). We also considered the potential for
historic fire regime (fire frequency and ignition density) to
explain the number of intersections because we expected the

fire history to reflect how some areas in a landscape are more
fire-prone than others. Because the data for the number of fuel
break intersections were collected from across the entire time

period in the study (1980–2007), we did not consider variables
related to specific points in time for that analysis. However, to
identify the primary factors that affect the role of fuel breaks, we

additionally considered variables related to fire events, includ-
ing characteristics of the fires, fuel breaks, suppression activities
and vegetation age, although we did not consider historic fire

regime.
For the environmental and fire regime variables, we used a

GIS to extract data values to relate to the dependent variables.
For the analysis of number of intersections, we extracted data

from the locations of the random sample points. For the case
studies where fires intersected fuel breaks, we extracted data
from the portion of the fuel break where the fire intersected and

averaged the values for that area. By constraining the area of
analysis, we ensured that we were only considering the potential
local influence of those variables because some fuel breaks are

quite long and may span large areas.

Human and biophysical environmental variables

Because the majority of fires in California are started by
humans, the spatial distribution of fire tends to be strongly
related to the distribution of human infrastructure (Syphard et al.
2007, 2008). Therefore, our explanatory human variables

included distance to development, roads and trails (as in
Syphard et al. 2008). We expected a larger number of intersec-
tions to occur in close proximity to human infrastructure, andwe

expected fires to stopmore frequently near human infrastructure
because firefighters would be able to access those areas more
quickly. We used the Development Footprint data layer from

CALFIRE (http://frap.cdf.ca.gov/data/frapgisdata/select.asp,
accessed 13 July 2011) that delineates developed lands from
2000 Census block data, 2000 land ownership data, 1990s US
Geological Survey National Land Cover Data (NLCD), and

2000 Census Urbanised Area data at 30-m resolution. The road
data came from the 2000 US Topologically Integrated Geo-
graphic Encoding and Referencing system TIGER/Line files.

The trail data came from the US Forest Service online GIS
clearinghouse (http://www.fs.fed.us/r5/rsl/clearinghouse/gis-
download.shtml, accessed 13 July 2011).

Independently of human influence, a region’s fire regime and
the distribution of fire patterns are influenced by biophysical
factors, or the fire environment (Pyne et al. 1996). Based on the

biophysical variables that significantly influenced fire patterns
in another southern California landscape (Syphard et al. 2008),
we explored the potential influence of elevation, slope gradient,
solar radiation, fuel model and vegetation age. We also consid-

ered several climate variables, but they were strongly correlated
with elevation, so we removed them from the analysis. Because
these biophysical variables may affect fire spread rate, fuel

moisture, flammability of fuels and fire intensity both directly
and indirectly (Whelan 1995), we expected that their distribu-
tion and spatial variability would influence where fires would

most frequently intersect fuel breaks. We expected them to also
potentially influence the role of fuel breaks in constraining fire
because of their influence on fire spread rates, which could
inhibit firefighting efforts.
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We acquired elevation data from the 30-m US Geological
Survey Digital Elevation Model, and used it to derive slope
gradients and to develop grids of terrain-distributed solar radia-

tion, which mediates temperature and available fuel moisture
(Dubayah and Rich 1995). Solar radiation tools in the Spatial
Analyst extension of ArcGIS 9.x were used to calculate daily

insolation for winter solstice with site latitude of 338N, sky size
of 200 cells per side and 0.2 clear sky irradiance, the fraction of
global normal radiation flux that is diffuse. This has been shown

to be a significant predictor of regional plant species distribu-
tions (Syphard and Franklin 2009).

Vegetation and fuel characteristics are often classified into
fuelmodels that exemplify relatively uniform fire behaviour and

rates of spread. We obtained spatial fuel model data from
statewide maps developed by the US Forest Service (N. Amboy,
pers. comm. January 2010) at 30-m resolution to evaluate

whether number of intersections would vary according to fuel
models. We were unable to evaluate fuel model in the statistical
analysis of fuel break outcome because there were several fuel

model types with only one observation in the data.
We also evaluated whether or not fuel break outcome would

vary based on the age of surrounding vegetation at the time of

fire. Because the majority of fires are stand-replacing in Cali-
fornia shrublands, we used fire-history maps to determine the
age of the vegetation by subtracting the time of last fire from the
year of every fire event.

Fire history

Because some parts of a landscape are more fire-prone than

others, we expected the number of intersections among fires and
fuel breaks to be positively associated with those areas that have
historically burned most frequently. To associate number of

intersections with historic fire regime, we converted the fire
perimeter polygon data layer into a continuous grid surface that
reflected the number of fires that occurred in each cell through-
out the fire history (1878–2007). We included the full history of

fires for this variable because it provided a larger sample of fires
to quantify which parts of the landscape tend to burn more
frequently than others.

In addition to the fire perimeter database, we also used a
database of ignitions (that occurred from 1970 to 2007) to
evaluate whether number of intersections was positively related

to areas of high ignition density. The ignition data were
compiled from original fire reports on file at the Los Padres
National Forest and included 1380 ignitions (71% caused by

humans). To create the ignition-density grid, we used a point
density function in a GIS that calculated, across the entire
landscape, the relative magnitude of ignition occurrences per
unit area based on the number ignition points that fell within a

specified neighbourhood (3 km) around each cell.

Fire events

We calculated the size of every fire that intersected a fuel
break using a GIS, and the month of the fire was listed in the fire
perimeter database. To reduce the degrees of freedom in the

analysis, we reclassified the fire months into spring–summer
(April through July) v. fall (autumn)–winter (September–
December). No fires occurred in the month of August in our
dataset.

We explored two sets of weather data in relation to the fires
that intersected fuel breaks. One was from the global surface
summary of day product from the National Oceanic and Atmo-

spheric Administration (NOAA) National Climatic Data Center
(NCDC) (ftp://ftp.ncdc.noaa.gov/pub/data/gsod). There were
seven NOAAweather stations within the proximity of the study

area, and the available data included the mean, maximum and
minimum daily temperature, mean and maximum wind speed,
and daily precipitation. For some historic fires that burned over

the course of many days, we had no way of knowing the date
when the fire intersected the fuel break. Therefore, we down-
loaded and explored data for all dates in which the case-study
fires occurred. We calculated the mean, maximum and mini-

mum values, as well as the range and standard deviation, of
weather data during the duration of the fire to relate them to fuel
break outcome.

In addition to the NOAA data, we explored a data product
developed by John Abatzoglou and colleagues at the Desert
Research Institute Western Regional Climate Center in Reno,

NV. The development of this product involved a hierarchical
process in which 32-km North American Regional Reanalysis
data, including relative humidity, temperature and wind speed

parameters (http://www.emc.ncep.noaa.gov/mmb/rreanl/) were
bias-corrected to fine-scale 4-km PRISM (Parameter-elevation
Regressions on Independent SlopesModel) climate data,monthly
temperature and precipitation (http://www.prism.oregonstate.

edu/) and further corrected using Remote Automated Weather
(RAWS) stations. From the 4-km continuous grids of weather
data, we extracted minimum and maximum daily relative

humidity, temperature, wind speed and direction from within
the perimeters of case-study fires during the range of dates that
they occurred. Aswith the NOAAdata, we explored the potential

influence ofmean,maximum andminimumvalues, aswell as the
range and standard deviation, of weather data during the duration
of the fire to relate them to fuel break outcome.

Characteristics of fuel breaks

WeusedGIS to calculate the length of the fuel breaks, andwe
included the entire fuel break length as our explanatory variable.

The fuel break width was included in the attributes of the files
that the forest service crews provided and ranged from 6 to
183m (20–600 feet). A few of the fuel break widths were

presented as ranges (e.g. 6–12m or 91–180m), so we used the
mean of the range for the width value of those fuel breaks.

Because it was difficult to determine the condition of the fuel

break (i.e. the amount of vegetation regrowth) at the moment of
intersection through maintenance records or through GIS map-
ping, we asked fire personnel to indicate the condition of the fuel
break on a scale from one to three (poor to excellent). All

personnel based their ranking on the same criteria. A ranking of
one meant that the fuel break was barely discernable from the
surrounding vegetation; a ranking of two meant that the fuel

break was apparent, but that vegetation was starting to regrow;
and a ranking of three meant that the fuel break was in excellent
condition with no vegetation regrowth or was primarily grass.

Suppression activities and other fire event information

Data on suppression activities were obtained during personal
interviews based on a questionnaire to determine whether there
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was access to the fuel break (yes or no) and the availability of
firefighting resources (manpower and equipment) on a scale
from one to three. For firefighting resources, a ranking of one

meant that the firefighters did not have the equipment or
manpower available to fight the fire; a ranking of two meant
that equipment and manpower were available but not completely

sufficient for properly fighting the fire; a ranking of three meant
that the firefighters had all the equipment and manpower they
needed to fight the fire. We also asked the firefighters to specify

the vegetation type at the time of fire, but this variable was highly
correlated with condition of fuel break, so we did not include
that variable in the statistical analysis. In addition to asking
specific interview questions, we documented any additional notes

or insights about the fire events.

Statistical analysis

Number of intersections

To evaluate the influence of the explanatory variables on

number of fuel break–fire intersections, we developed Poisson
regression models because they are appropriate for count data
(Agresti 1996). To explore the effects of the explanatory

variables independently of their interactions with other vari-
ables, we first developed simple regression models. We evalu-
ated linear and quadratic relationships for all the continuous
variables, and then ranked variable importance based on the

deviance explained in the simple models. In generalised linear
models (which include Poisson and logistic regression), models
are optimised through deviance reduction, and the deviance

explained (D2) is the equivalent to the R2 in ordinary least-
square models (Guisan and Zimmermann 2000). We used the
rankings to establish the order to enter variables in a multiple

regression, and we considered those variables that were signifi-
cant atP# 0.15 and that were not correlatedwith other variables
(bivariate correlation $ 0.3). Because distance to development
was correlated with ignition density (R¼�0.4) and distance to

road (R¼ 0.37), we removed it from the multiple-regression
analysis.

For the multiple-regression modelling, we were primarily

interested in selecting the bestmodel for predicting andmapping
the number of intersections. Therefore, we identified several
plausible multiple-regression models and selected the best-fit

model as the one that explained the highest percentage deviance
explained with the lowest Akaike information criterion (AIC)
(Quinn and Keough 2002). We checked our Poisson model to

ensure that overdispersion did not exist and that our residual
deviance was equal to our residual degrees of freedom.

To evaluate the multiple-regression model, we predicted the
number of intersections for the random sample points and

calculated the Pearson’s correlation coefficient between the
actual number of intersections and the predicted number of
intersections. We also calculated the root mean square error

(RMSE) to quantify the discrepancy between observed and
predicted values. All modelling was carried out in the R 2.7.0
statistical programming environment (R Development Core

Team 2004).
We converted the multiple-regression model into a predic-

tive map surface by applying the formula from model to the
entire landscape using the regression coefficients and the GIS

layers for the significant explanatory variables. For Poisson
regression, the formula is:

n ¼ expðB0 þ B1 � X1 þ B2 � X2 þ . . .þ Bk � XkÞ

where n is the number of fire–fuel break intersections, B0 is a
constant, and Bi are coefficients of the explanatory variables.

Fuel-treatment outcome

The response variable for fuel-treatment outcomewas binary
and indicated whether the fuel treatment constrained the fire or

not. Therefore, instead of using Poisson regression, we estimat-
ed simple and multiple logistic regression models using the
same approach as for number of intersections, although we did

not create a predictive map. To evaluate the performance of the
logistic multiple-regression model, we performed a leave-one-
out cross-validation, which iteratively leaves one observation
out of the model, fits the model and then calculates the predicted

probability of the observation for every observation in the
sample. Based on the cross-validated predictions, we calculated
the area under the curve (AUC) for a receiver operating

characteristic (ROC) plot (Hanley and McNeil 1982). The
AUC ranges from 0.5 to 1, and, in this case, indicates the overall
probability that, for a randomly selected set of binary observa-

tions (one in which fire stopped at a fuel break and the other in
which fire did not stop), the model correctly identifies them.

After exploring the relationships among the explanatory

variables through regressionmodelling and correlation analysis,
we developed a structural equation model (SEM) to confirm
hypotheses about the factors and interactions that were signifi-
cant in explaining fuel-treatment outcome. We developed our

hypotheses based on the regression analysis as well an explora-
tion of correlations among all the variables. SEMhas advantages
over multiple-regression modelling because it can test whether

our hypotheses are consistent with our data and can also test for
indirect interactions (Grace and Pugesek 1998). Rather than a
predictive modelling approach, SEM serves as a framework for

interpreting relationships among a network of interrelated
factors (Grace et al. 2010). We supplemented the multiple-
regression analysis with SEM because our objective was to

better understand the interactions among factors influencing the
role of fuel breaks in controlling fires.

Because we were modelling categorical outcomes, we used
the weighted least-squares with mean and variance adjustment

(WLSMV) estimator, and evaluated model fit using chi-square
and associated P values as well as other fit indices, including
RMSE of approximation and weighted root mean square resid-

ual (Hooper et al. 2008). Owing to our limited dataset, we
included paths that were significant at P# 0.15; however, we
compared alternative models by removing one path at a time to

ensure that, if a path were removed, the chi-square did not
increase more than 3.84 points (the single degree-of-freedom
test) (J. B. Grace, pers. comm.). We performed the structural
equation modelling with Mplus version 5.1.

Results

There were ,550 km of mapped fuel breaks in the study area

(Fig. 1), including fuel break backbones along ridgelines as well
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as laterals. Most were constructed before 1980, but several were

created within the last decade. Often, a combination of methods
were used to create and maintain the fuel breaks, including
dozers, discs, herbicide or spot herbicide, hand pile and burn,

hand pile and chip, or mastication. These methods often varied
along the length of individual fuel breaks, and maintenance
methods changed over time. Although one fuel break (,28 km)
was shaded, the rest of the fuel breaks were constructed simi-

larly, as linear features on the landscape in which shrublands
were converted primarily to grasslands.

From 1980 to 2007, 95 fires intersected the study area, with

sizes ranging from 5 to almost 100 000 ha (the Zaca fire of 2007)
(Fig. 1). Of these, 20 fires (21%) intersected at least one fuel
break, and 8 of these 20 fires (40%) intersected more than one

fuel break. Some portions of the fuel breaks never intersected
any fires, but during the 28-year study period, some portions of
fuel breaks intersected up to four fires (Fig. 2).

The GIS analysis identified 74 unique events in which fires
intersected fuel breaks, but during personal interviews, 21 of
those intersectionswere removed from the analysis owing to one
of the following reasons: in one case, two fires were unnamed

and nobody remembered them; in another, several fires did not
spread into the fuel break, but rather spread away from it or
parallel to it; and lastly, one of the fires in the database

apparently never occurred. We did not consider fires spreading
away from or parallel to the fuel break because the firefighters
claimed in the interviews that the fuel break in those cases would

have been irrelevant in the control of the fires. Therefore, the

final number of fire and fuel break intersections was 53.
For 23 of the 53 events (46%), the fire was effectively

constrained by the fuel breaks, and for 30 (54%) of the events,

the fire spread across the fuel break. In all but one of the events in
which fires stopped at the fuel breaks, firefighters had access to
the treatment for suppression activities. For the events in which
fires spread across fuel breaks, there were 11 occasions (37%) in

which fire crews did not have access to the treatment and
19 events (63%) in which crews had access to the treatment,
but the fire spread across it.

Results from the interviews with the firefighters revealed
that the primary reasons that fires crossed fuel breaks were:
(1) scarce resourceswere available if the firewas large or if other

fires were burning simultaneously; (2) winds shifted during the
event, making fire behaviour unpredictable; (3) the fuel break
had not beenmaintained and was difficult to manoeuvre around;

or (4) fire crews did not put suppression resources on the
treatment.

During the interviews, the fire crews also described how they
frequently ran dozers down the fuel breaks before the fires

reached them. In wilderness areas, dozers are prohibited, so
crews instead used hand-lines or hose-lay in preparation for the
fire. If the fuel breaks were already type-converted to grass, the

crews did not dozer them, but dropped retardant and water. If
safe, firefighterswaited for the firewith a hose-lay and hand-line
to bare dirt. In many cases, substantial areas of the recorded fires

Fig. 1. Map showing location of fuel breaks (thick black lines) and fires (in white) that occurred between 1980 and 2007 in the Los Padres National Forest,

CA. The thinner black line shows the study area.
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had been burned through backfires to prevent the actively spread-

ing fire fromreaching the treatment. In one case (the,100 000-ha
Zaca fire), nearly 33 000 ha burned from backfire activity.

The crews described that they focussed most of their sup-

pression efforts on the backbone fuel breaks, which are typically
located along ridge lines. The lateral fuel breaks, running
perpendicular to the backbone, were used to contain smaller

fires that potentiallywere spreadingwithin a drainage basin. The
crews often put dozer lines down the laterals during the fire
under those conditions.

For seven (13%) of the events cases, the fuel break changed

the fire behaviour after the intersection such that crews could
manoeuvre around the vicinity of the treatment and ultimately
successfully suppress the fire.

Statistical analysis

Number of intersections

Almost 40%of the fuel treatments never intersected a fire, but

,30%of the treatments intersected two ormore fires. Fireswere
most likely to intersect fuel breaks in areas where: historic fire
frequency was high (D2¼ 0.18, P, 0.001); fuel breaks were in
close proximity to trails (D2¼ 0.07, P¼ 0.09); distance to roads

was intermediate (D2¼ 0.04, P¼ 0.001); historic ignition den-
sity was low (D2¼ 0.02, P¼ 0.04); and winter solar radiation
was low (D2¼ 0.02, P¼ 0.02). None of the other variables

explained significant variation in number of intersections.
All of these variables that were significant in the bivariate

simple regressions were retained in the multiple-regression

model explaining number of intersections; however, whereas
the linear term and its quadratic were both significant for
distance to roads in the simple model, only the linear term was

retained in the multiple-regression model, which was highly
significant (D2¼ 0.28, P, 0.001).

The map surface generated by applying the formula and

coefficients of the multiple-regressionmodel to the original GIS
maps of the predictor variables showed the relative distribution
of where fires are predicted to intersect fuel breaks most

frequently (Fig. 3). The Pearson’s correlation coefficient for
the observed versus predicted observations was 0.57, and the
RMSE was 0.74.

Fuel-treatment outcome

Five of the independent variables explained more than 5% of
the residual deviance (D2. 5) in the bivariate simple regression
analysis. Fires were most likely to stop at a fuel break when:

there was firefighter access to treatment (D2¼ 0.12, P¼ 0.01);
fire size was smaller (D2¼ 0.11, P¼ 0.009); vegetation age was
younger (D2¼ 0.10, P¼ 0.01); fuel breaks were longer

(D2¼ 0.07, P¼ 0.03); and there were adequate firefighting
resources (D2¼ 0.07, P¼ 0.12). The fuel break outcome was
not significantly explained by fire season, weather, any of the

biophysical variables or distance to human infrastructure.
There was significant multicollinearity between access to

treatment and vegetation age (D2¼ 0.05, P¼ 0.09). Access to
treatment was also significantly related (again through simple

bivariate regression) to the condition of the fuel break (better
condition contributed to better access, D2¼ 0.10, P¼ 0.05) and
fuel break width (wider fuel breaks contributed to better access,

D2¼ 0.06, P¼ 0.08). These two variables were not considered
in the multiple-regression model, but their effects were indirectly
evaluated in the SEM.

After entering the significant variables in order of devi-
ance explained and performing forward and backward
stepwise regression, the final multiple-regression model for

fuel-treatment outcome retained access, fire size and length of
fuel break. The model was significant at P¼ 0.006, with a D2

Fig. 2. Map of sample points on fuel breaks classified according to the number of times fires had

intersected them from 1980 to 2007. Perimeters of fires that intersected fuel breaks are also shown.
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of 0.29. The leave-one-out cross-validation of the multiple-

regression model resulted in an AUC of 0.84.
Based on exploration of the relationships among the vari-

ables, our structural equation model that explained why fires

stopped at fuel breaks included the direct effects of the signifi-
cant explanatory variables from the multiple regression (access,
fire size and fuel break length) as well as indirect effects of

vegetation age and fuel break condition based on their influence
on treatment access (Fig. 4). The model chi-square was low
(0.82), with a high P value (0.85) that indicated there was no
significant difference between the data and our hypothesised

model. The proportion of variance explained in fuel treatment
outcome (R2¼ 0.68) was substantially higher than the general-
ised linear mode (GLM) multiple-regression model equivalent

(D2¼ 0.29). Removal of any paths in the model resulted in an

increase of chi-square that was greater than 3.84. The standar-
dised coefficients in the SEM results indicated that fuel-
treatment effectiveness was positively related to access to

treatment and fuel break length and negatively related to fire
size. There was a positive indirect effect of fuel break condition
and a negative indirect effect of vegetation age on fuel-treatment

outcome due to their direct effects on access to treatment.

Discussion

Because prefire fuel manipulation is one of the primary strate-
gies used to manage wildfire, we evaluated the role that fuel
breaks have played in controlling the extent of large fires in
southern California. For a fuel break to function, it must: (1)

encounter a fire, and (2) successfully function as expected,
which in the WUI is to stop the spread of fire, either directly or
by facilitating the alteration of fire behaviour. During the nearly

three decades of our analysis, most of the fires that occurred
(79%) burned without intersecting a fuel break, and many seg-
ments of fuel breaks never encountered a fire. However, certain

fuel breaks intersected several fires, and our results showed that
we can identify the factors that influence the likelihood of
intersection and we can map where on the landscape treatments

are likely to intersect fires. Our results also showed that the
primary role of fuel breaks is to provide firefighters safe access
to perform suppression activities. Only a few of the other vari-
ables that we considered as potentially influencing the role of

fuel breaks were statistically significant.
A potential reason that some environmental variables did not

significantly affect the fuel break–fire outcome is that they may

have been relatively uniform across our study area relative to the
sample size, which may have been too small to adequately
explain substantial variation. In other words, there may be

additional reasons that fires stop at fuel breaks, but there were
not enough samples to adequately quantify these different
effects. Regardless, the results strongly suggest that fires will

Access

0.63

Fuel
treatment
outcome

R2 � 0.68
X 2 � 0.82
d.f. � 3
P � 0.85

�0.47

�0.29

0.28

FB length

Fire size

FB condition

Vegetation age

0.33

Fig. 4. Structural equation model of factors that directly and indirectly

explain why fires stopped at fuel breaks (FBs) in the Los Padres National

Forest. Coefficients shown along arrows are standardised values.

Fig. 3. Map showing predicted distribution of areaswhere fires and fuel breaks aremost likely

to intersect in the Los Padres National Forest, CA.
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generally not stop at fuel breaks in our study area unless
firefighters are present to suppress the fire. There was only
one event in our analysis in which a fire stopped at a fuel break

without active fire suppression. With firefighter control, how-
ever, fuel breaks had a decent success rate (46%), which is the
exact same success rate found in old (and one of the only other)

analyses of fuel break effectiveness in the region (Cecil 1941).
It is important to keep inmind that our statistical analysis was

based on a response variable describing whether the fire stopped

at the fuel break and did not reflect the role of fuel breaks in
changing fire behaviour. In seven cases, the treatments did
change the behaviour of the fire that ultimately allowed subse-
quent control, and if these are included, the success rate

increases to 56%. The key variables that may be most important
to consider in fire management and planning, therefore, may be
related to those that affect firefighting activities.

Our results showed that access to the fuel breakwas critical in
the success of fire control, and this was echoed by firefighters
who generally viewed access as a function of the spread rate of

the fire relative to location of fire origin, the location of the fuel
break and the location of the crews at the time of the fire. Also, if
the fire started at night, there were fewer people available, so

theywould have to travel from home towork to get to the engine.
The speed of response is an important component in successful
fire control (Halsey 2005), and this has been recognised formany
decades, particularly in the Los Padres National Forest, which

has extensive roadless and trailless areas (Show et al. 1941).
Once firefighters were in the vicinity of the fuel break,

vegetation structure played an important role in determining

whether they could access the fuel break in time to stop the fire,
and this is reflected in our SEM (Fig. 4). In the high-elevation
chaparral of the Los Padres National Forest, as well as chaparral

elsewhere, stand age and fuel loads play a limited role in
stopping the spread of fire, particularly during extreme weather
conditions when fires will readily spread through all age classes
of vegetation (Moritz 1997; Moritz et al. 2004; Keeley and

Zedler 2009). Therefore, whereas young fuelsmay constrain fire
in other vegetation types, the primary relationship in the present
study is with firefighter access to fuel breaks. Chaparral is

composed of dense, woody shrubs that form a continuous cover
that makes it difficult to manoeuvre and contributes to danger-
ous flame lengths (Conard and Weise 1998), and therefore,

younger vegetation makes it easier for crews to access the fuel
break and establish an anchor point. In many cases, the crews
will re-establish the fuel break (e.g. through dozers or hand-

lines) once they arrive. However, if the fuel break is close to a
fast-moving fire, there may not be time to re-establish the break
and to fully prepare. Therefore, the condition of the fuel break
was significant in explaining access to treatment owing to the

time required to restore a fuel break in poor condition, especially
when fires were fast and near. This suggests that maintaining
current fuel breaks may be an important component of effective

fire management.
Although maintaining current fuel breaks may increase their

success rate, the length of the fuel break was also important,

although fuel break width was insignificant. A possible reason
that fuel break width was insignificant is that the widths
provided in the data may have been approximations, and we
also needed to average the range of widths for several of the fuel

breaks. We considered that fuel break length may have facilitat-
ed firefighter access, but those two variables were not correlat-
ed. Therefore, longer fuel breaks may potentially provide

greater number of opportunities for fires to intersect fuel breaks.
Another consideration is that we did not explore the relative
difference of main fuel breaks versus secondary or lateral fuel

breaks (which tend to be shorter in length), and other research in
the region has shown that laterals are not as effective and do not
substantially improve firefighting (Omi 1977).

Although interviews confirmed that the rate of fire spread
and fire weather conditions play an important role in the efficacy
of fuel breaks (e.g. they determine whether fire crews can access
the treatment on time or whether conditions are safe enough to

anchor at the break), the only variable related to fire spread rate
that was significant in our study was fire size. Although fire size
can be a function of multiple interacting factors, larger fires are

generally associated with faster spread rates (Anderson 1983;
Finney 2003), and faster, or erratic, spread rates are likely to
vary as a function of fire–atmosphere couplings as well as fire-

induced wind (Sun et al. 2009). We made the basic assumption
that fire size is correlated with rate of spread at least during some
point during the duration of the fire, and consistent with our

expectations, small fires were more likely to stop at fuel breaks
than large fires. Although there is also the possibility fire size is
smaller when fuel breaks are effective because the fuel break
played a role in constraining the fire, conversations with fire-

fighters during the interviews confirmed that larger fires are
typically associated with severe weather conditions and are
much more difficult and dangerous to control.

Although we explored two different sets of weather data, and
multiple weather indicators, the likely reason that we found no
statistically significant relationships is that many of our fires

burned over several days, and we had no way of knowing the
exact date and time that the intersection with the fuel break
actually occurred. Becauseweather is highly variable over space
and time, we were therefore unable to assign exact weather

conditions to the location or moment of intersection. One
example of the effect of weather on fuel break outcome that
we were unable to capture was the Wheeler Fire number 2 of

1985, which burned for 2 weeks. The weather conditions during
the first 4 days were erratic and extreme; the only fuel breaks
that were effective were those that intersected the fire after these

first 4 days (Salazar and González-Cabán 1987).
Even in other forest types, the influence of fuel breaks on fire

spread and severity can be variable and are likely to vary

according toweather conditions and other variables (Schoennagel
et al. 2004). A ‘one size fits all’ approach to fire management has
been cautioned against in several recent papers (Noss et al. 2006;
Reinhardt et al. 2008; Keeley et al. 2009b) and we reiterate the

warning for chaparral. There is high variability and complexity in
the circumstances leading up to the intersection of fires and fuel
breaks and the outcome of what happens (Keeley et al. 2009a),

and the effectiveness of the fuel break in our study could not
be predicted by variables such as fuel type, elevation, slope
or average climate conditions. Furthermore, our study only

accounted for the final realisation of the fire event and not
for finer-scale factors that change fire behaviour during the course
of the fire event or firebrand production during the spread of
the fire.
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Although many of the biophysical variables we considered
did not significantly explain the role of fuel breaks in stopping
fires, a suite of biophysical and human variables was important

for developing a model that can predict which parts of the
landscape are likely to experience the highest number of fire
and fuel break intersections, at least on the landscape from

which the model was developed. It was no surprise that historic
fire frequency was the strongest predictor of number of fire–
fuel break intersections because some areas are inherently

more fire-prone than others. The negative relationship between
ignition density and number of intersections was unexpected,
but may be because the relationship between humans and
fire tends to be non-linear (Syphard et al. 2007, 2009), and

different factors control fire ignitions versus fire occurrence or
spread (Syphard et al. 2007, 2008). Aside from solar radiation
(which varies slowly over time), the other significant variables

(distance to trails and roads) tend to be spatially dynamic (as
more roads or trails are constructed), which means that
predictive mapping models may have to be refitted as land-

scapes change.
The fact that a substantial proportion of the fuel breaks never

intersected a fire during the course of the study suggests that fuel

breaks have not historically been placed in areas where fires are
most likely to intersect them. Although it is possible that a fire
may cross these fuel breaks in the future, fire managers might
want to consider focussingmaintenance and new construction in

areas where fires and fuel treatments are most likely to intersect
and thus provide greater opportunities for controlling fires.
Construction of fuel breaks can be costly (Agee et al. 2000)

and may lead to negative resource effects in the chaparral
(Witter and Taylor 2005; Merriam et al. 2006). Therefore,
mapping where fires are most likely to intersect fuel treatments

could be part of the planning process to increase efficiency of
new construction.

Although fuel breaks surrounding communities clearly serve
an important role in creating a safe space for firefighting

activities, fuel breaks in remote areas and in areas that rarely
or never intersect fires have a lower probability to serve a
beneficial function. It is important to consider strategic place-

ment in terms of values at risk, near communities and the WUI,
in shrubland ecosystems or other areas where the resource
benefits of fuel treatments have not been demonstrated as they

have been in forests. Despite strong arguments for locating fuel
breaks near communities where protection is most needed
(Winter et al. 2002; Halsey 2005; Keeley et al. 2009b), most

fuel break proposals continue to be located in more remote
wildland areas (Ingalsbee 2005; Schoennagel et al. 2009). Other
finer-scale factorsmay also be important for strategic placement
(e.g. placing them on ridgelines or other landscape features that

offer tactical advantages; Ingalsbee 2005). It is also important to
consider that many homes are not ignited owing to direct fire
spread, but from firebrands, and more research is needed on the

location of fuel breaks relative to firebrand production and
structure exposure (Mell et al. 2010).

Although this study focussed on the role of fuel breaks in

southern California, the increasing threat of fire to human lives
and structures, as well as to natural resources, is far-reaching
within the United States as well as many other regions in the
world. Asmore fuel breaks are being constructed tomitigate fire

risk, there is ongoing need to better understand their role in
controlling wildfires. Our methods of systematically exploring
the historic role of fuel breaks could be adopted anywhere, and

indeed, the specific factors affecting the role of fuel breaks are
likely to vary even within the southern California region.
Controls over fire regimes vary at multiple scales (Falk et al.

2007). Although there are substantial differences in fire regimes
between conifer forests and shrublands, southern California is
also spatially diverse, and the relative importance of variables

predicting fuel break effectiveness, and where fires intersect
fuel breaks, may vary according to the scale of the analysis or
across the region.
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