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Abstract. In many coniferous forests of the western United States, wildland fuel accumulation and projected climate
conditions increase the likelihood that fires will become larger and more intense. Fuels treatments and prescribed fire
are widely recommended, but there is uncertainty regarding their ability to reduce the severity of subsequent fires at a

landscape scale. Our objective was to investigate the interactions among landscape-scale fire regimes, fuels treatments and
fireweather in the southern SierraNevada, California.We used a spatially dynamicmodel ofwildfire, succession and fuels
management to simulate long-term (50 years), broad-scale (across 2.2� 106 ha) effects of fuels treatments. We simulated

thin-from-below treatments followed by prescribed fire under current weather conditions and under more severe weather.
Simulated fuels management minimised the mortality of large, old trees, maintained total landscape plant biomass and
extended fire rotation, but effects varied based on elevation, type of treatment and fire regime. The simulated area treated

had a greater effect than treatment intensity, and effects were strongest where more fires intersected treatments and when
simulated weather conditions were more severe. In conclusion, fuels treatments in conifer forests potentially minimise the
ecological effects of high-severity fire at a landscape scale provided that 8% of the landscape is treated every 5 years,

especially if future fire weather conditions are more severe than those in recent years.

Additional keywords: climate change, LANDIS-II, prescribed fire, wildfire.

Introduction

Wildfire has played a crucial role in shaping the structure and

ecological function of coniferous forests throughout the world,
including those in the Sierra Nevada of the western United States
(Bond andvanWilgen1996; vanWagtendonk andFites-Kaufman

2006). Prior towidespreadEuro-American settlement, firewas the
predominant disturbance in the Sierra Nevada, and fire regimes
were characterised by frequent, low- to mixed-intensity surface
fires that created a fine-scaled mosaic of vegetation across the

landscape (Kilgore and Taylor 1979; Collins and Stephens 2007;
Beaty and Taylor 2008). Although the timing and extent of fires
naturally varied over the last several millennia (Gavin et al. 2007;

Beaty and Taylor 2008), the 20th-century policy of fire exclusion
reduced fire activity to levels that were far below historical esti-
mates (Keeley and Stephenson 2000), although extensive burning

and structural changes did occur owing to logging.
The unforeseen consequence of fire exclusion was that many

western forests became denser, with a greater abundance of

surface and canopy fuel (Keane et al. 2002). Structural changes
due to extensive harvesting also occurred (Laudenslayer and
Darr 1990). Because the fire–fuel relationship is typically self-
limiting in forested ecosystems (i.e. recently burned areas limit

subsequent fire size) (e.g. Collins et al. 2009), large areas of
dense, continuous fuels increase the likelihood that fires will

become larger and more severe, to the point that they are
considered outside the historical range of variability (Stephens
1998; Keeley and Stephenson 2000; Sugihara et al. 2006).

As a result, the extent and frequency of high-severity, stand-
replacing wildfire has increased substantially since the mid-
1980s (Miller et al. 2009).

Compounding the difficulties posed by fuel accumulation,

projected changes in climate may also favour increased inci-
dence of fire (Lenihan et al. 2003; McKenzie et al. 2004;
Flannigan et al. 2005). Increased spring and summer tempera-

tures and earlier spring snowmelts have resulted in more
frequent, larger, longer-duration fires since the 1980s because
longer, drier summers generally increase the availability of fuels

(Westerling et al. 2006). Abnormally large and severe fires can
result in dramatic reduction in large trees and aboveground live
biomass, leading to cascading ecological effects (DellaSala

et al. 2004; Lehmkuhl et al. 2007; Hurteau et al. 2008; Scheller
et al. 2008; Hurteau and North 2009).

Although there is growing consensus that fire exclusion has
had a negative effect on natural communities (Backer et al. 2004),
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there is continued debate over how to return fire to forested
landscapes while also reducing the extent of high-severity fire
(Schoennagel et al. 2004; Miller et al. 2009; Stephens et al.

2009). Some argue that only fire should be used to restore forest
structure (Parsons et al. 1986), but others fear that forest
conditions are now so altered that fires will become unaccept-

ably hazardous in wildland–urban interface areas, particularly
under severe weather conditions (Miller and Landres 2004).
Therefore, mechanical fuels treatments (i.e. reducing vertical

and horizontal continuity of canopy fuels) have become widely
accepted as necessary management tools for reducing fuel loads
and restoring structure to minimise ecological effects of high
fire severity (Agee et al. 2000; Peterson et al. 2005; Schmidt

et al. 2008; Stephens et al. 2009). The aim of treatments is to
maintain large trees through the decrease in surface fire intensity
and severity (Agee and Skinner 2005). Whereas the effects of

fire exclusion are not confined to the Sierra Nevada (e.g.
Covington and Moore 1994; Varner et al. 2005), it is important
to also point out that the necessity to restore forest structure will

vary according to the natural fire regime in a region and the
extent to which fire exclusion has actually altered ecosystem
qualities (Noss et al. 2006).

Although the conceptual basis of fuels treatments is well
founded, there is ongoing uncertainty regarding their ability to
modify fire regimes across broad landscapes. Estimating fuels
treatment effects on the overall fire regime is difficult because

natural fire regimes vary widely and the effect of a single
treatment depends on treatment type, vegetation composition
and structure, the natural fire regime, weather conditions and

local topography (Stratton 2004). Another source of uncertainty
is how treatments will affect subsequent fire behaviour and
decrease fire severity under more severe weather conditions

(Reinhardt et al. 2008). For example, a review by Schoennagel
et al. (2004) revealed that fuels treatments were largely ineffec-
tive under severe weather conditions in the 2002Hayman Fire in
Colorado; however, this may have been due to the small size

of the treated area. Nevertheless, the extreme fire weather on
the day of the fire strongly contributed to the fire’s severity.
However, fuels treatments effectively slowed and reduced the

severity of the 2002 Rodeo–Chediski Fire in Arizona under
extreme fire weather conditions (Finney et al. 2005).

Because fire occurs sporadically over large areas, it is difficult

to design landscape-scale experiments to evaluate how fuels
treatments affect subsequent fire behaviour. Some studies have
taken advantage of natural experiments, and there is empirical

evidence of how fires respond to individual fuels treatments (e.g.
Schoennagel et al. 2004; Agee and Skinner 2005; Raymond and
Peterson 2005); but there are insufficient empirical examples to
make general conclusions. To overcome this shortcoming, model

simulation experiments at the scale of individual fires have been
developed to evaluate the effectiveness of different forest man-
agement approaches for reducing the size and spread of fires (e.g.

Miller and Urban 2000; Finney et al. 2006; Schmidt et al. 2008).
Results of these simulations suggest that treatment effects on
individual firesmay vary as a function of treatment type, treatment

frequency or spatial arrangement on the landscape.
Nevertheless, although individual treatments may be effect-

ive at the stand scale, there are many remaining questions at
the landscape scale (Agee and Skinner 2005). A fundamental

concern is that, given the stochastic nature of fire, if fires
rarely or never encounter fuels treatments on the landscape,
the ability of treatments to reduce fire severity will beminimised

(Rhodes and Baker 2008). Furthermore, fuels treatments are
fully effective for a limited time, further decreasing opportu-
nities for intersection. Finally, if climate changes, fuel treatment

effectiveness may be either compromised or strengthened.
Because of the spatial and temporal scale of the ultimate

processes and interactions, a full assessment of fuels treatment

effectiveness cannot be accomplished using model simulations
that capture only a small fraction of the landscape or individual
fire events. A more complete evaluation requires a model
that accounts for the multiple, stochastic interactions between

disturbance and successional processes that occur over a wide
range of environmental conditions and over sufficiently long
durations (at least long enough to capture the duration of

fuels treatment effectiveness). However, modelling fires,
fuels treatments and landscape change over large landscapes
(.1� 106 ha) and over long durations (.30 years) necessitates

compromises in model detail and the judicious allocation of
complexity. If the questions at hand aremotivated by landscape-
scale processes and interactions, neither the data available

for parameterisation and calibration nor the available computa-
tional resources warrant inclusion of fine-scale processes and
interactions. For example, although flame length is a critical
component for predicting fire effects within the simulation of an

individual fire, such mechanistic detail must be subsumed
within broader indices of fire-caused mortality when modelling
large landscapes. Furthermore, if the system has a large inherent

uncertainty (Clark et al. 2001) due to stochastic disturbances
or the vagaries of forest management and policy, sensitivity
to fine-scale processes will be relativelyminor. By tuningmodel

complexity to match the primary hypotheses, landscape-
scale simulations become tractable and better able to inform
landscape-scale management and policy.

Our objective was to use a spatially explicit landscape model

of wildfire, succession and forest management to evaluate the
relative landscape-scale effects of differentmanagement actions
designed to reduce the spread rate and severity of fires over a

50-year duration. Note that we were explicitly not testing the
efficacy of individual treatments at the stand scale, but rather the
effect of treatments from the perspective of the total landscape

as it changes through time.
Specifically, the primary objectives were to answer these

questions:

1. What are the long-term effects of fuels treatments on the fire
regime across a large landscape in the Sierra Nevada?

2. What are the relative effects of treatment rate and intensity on
the landscape-scale fire regime?

3. Does the effect of fuels treatments on the overall fire regime
vary under more extreme weather conditions?

We evaluated the landscape-scale effects of treatments on
fire severity in terms of forest age and total biomass at the end of
the simulations. Because large patches of high-severity crown

fires are likely to kill large, old trees, older forests with greater
total biomass were assumed to reflect lower landscape-scale fire
severity. We also calculated fire rotation (i.e. the length of time
required to burn an area the size of a specific area) to determine
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whether fuels treatments affected the overall fire regime on the
landscape.

Methods

Study area

Our study area was ,2.2� 106 ha of forest in the southern
Sierra Nevada, CA, including portions of the Sierra, Sequoia and

Stanislaus National Forests and Yosemite and Sequoia–Kings
Canyon National Parks (Spencer et al. 2011; Fig. 1). The region
ranges in elevation from 31 to 4409m and therefore includes
substantial variation in topographic and climatic conditions,

and includes diverse vegetation types. The climate is primarily
Mediterranean, and although precipitation patterns vary over the
region, decreasing from north to south and from high elevation

to low elevation, more than half the total precipitation occurs as
snow in January, February and March (van Wagtendonk and
Fites-Kaufman 2006). The fire season occurs during summer

and fall (autumn) when there is little rain

The LANDIS-II model and extensions deployed

To estimate fuels treatment effects on landscape-scale fire

regimes, we used LANDIS-II, a spatially dynamic and sto-
chastic, landscape-scale forest succession and disturbance
simulation model (Mladenoff 2004; Scheller et al. 2007, 2010)
that has been applied to many forested and shrubland ecosys-

tems throughout the world (e.g. Ward et al. 2005; Syphard et al.
2006; Scheller et al. 2007;Xu et al. 2007;Gustafson et al. 2010).
LANDIS-II was designed to simulate large (up to and exceed-

ing .107 ha) landscapes, and model complexity is allocated
towards the spatial interactions among the principal processes
driving landscape change: succession, natural disturbances and

forest management. Therefore, by necessity, each component
process is individually of moderate or low complexity and fine-
scale inference (e.g. the effects of individual fires) is weak.
However, the model is well suited to answer research questions

that focus on the interaction between vegetation and wildfire at
broad spatial extents and long temporal scales (many decades).

LANDIS-II simulates individual tree and shrub species, and

each species is characterised by unique life history characteristics
(Roberts 1996) including longevity, age ofmaturity, fire tolerance,
shade tolerance, seeddispersaldistances, the ability to resprout and

reproduction following fire. LANDIS-II does not represent indi-
vidual trees; rather, trees are binned into species and age cohorts.
Multiple species and age cohorts may be present at a single site.

Successional dynamics result from interactions among distur-
bances, species life history behaviours and site conditions on the
landscape. Using estimates from Burns and Honkala (1990),
refined by expert opinion, we compiled life history characteristics

for 23 individual tree species (Table 1). We also defined two
chaparral functional types that represent groups of species that
share similar life history traits and responses to disturbance

(facultative seeders, such as Adenostoma fasciculatum, and obli-
gate resprouters such as Cercocarpus montanus) (Keeley and
Davis 2007). Finally, we developed a riparian functional type

composed of willows (Salix spp.), black cottonwood (Populus
trichocarpa) and alders (Alnus spp.) (Table 1).

We simulated fire within LANDIS-II using the Dynamic Fire
extension (Sturtevant et al. 2009), which was designed with an

emphasis on landscape-scale fire regimes and stochastic behav-
iour occurring over many decades. The Dynamic Fire extension
simulates the general characteristics of a fire regime, including

fire frequency, fire sizes or durations and fire effects (mortality).
Fire-induced cohort mortality is not mechanistically simulated,
but is class-based. Mortality depends on both the cohort age and

the species’ parameterised fire tolerance relative to the potential
severity of a fire (Sturtevant et al. 2009). Young cohorts with
low fire tolerance (Table 1) are most susceptible, but old, fire-

tolerant trees can be killed by high-intensity fires. Species-
specific post-fire regeneration is simulated by specifying a
probability of vegetative reproduction or serotiny. Post-fire
succession occurs when species disperse into burned areas

after fires, depending on their capacity for dispersal and shade
tolerance.

In the Dynamic Fire extension, fire spread rate and direction

are a function of fuel type, weather, topography and ignition rate
(Sturtevant et al. 2009). Fuel types represent fuel bed and ladder
fuel conditions with unique spread parameters, ignition proba-

bility and the crown base height (CBH: the height above ground
that the live crown base begins) (Sturtevant et al. 2009). Daily
weather records, including temperature, wind speed, wind azi-

muth, relative humidity and precipitation, are required inputs.
Daily weather data determinewind speed velocity and direction,
percentage curing of grass and fine fuel and larger fuel moisture
(Van Wagner 1987) (Fig. 2). Fine fuel moisture conditions and

wind speed velocity determine the Initial Spread Index (ISI),
which is combined with larger fuel moisture into the Fire
Weather Index (FWI) (Amiro et al. 2004; Sturtevant et al. 2009).

TheDynamic Fire extension calculates potential fire severity
as a function of crown-fraction burned and fire rate of spread
(Sturtevant et al. 2009). Crown-fraction burned is a function of

foliar moisture content (FMC), CBH and surface fuel consump-
tion (Sturtevant et al. 2009). Due to the complex interactions
among weather, fuels and topography, simulated fires generally
contained a mixture of potential fire severities. Depending

on the cohorts present and their mortality, actual severity is
generally also mixed.

We used the Dynamic Biomass Fuels extension (Sturtevant

et al. 2009) to assign fuel types. During model simulations, the
extension assigns a single fuel type to every cell in the study area
based on species and cohort ages present. Fuel type assignments

are dynamic and change depending on succession, disturbance
or management activity. For example, following a fire, the fuel
type assignment will no longer represent the prefire conditions,

but will instead reflect the cohort species and ages present at this
new successional stage.

To determine many of our fuels- and fire-related model
parameters and assumptions, we used an expert-knowledge

approach through close correspondence with fire scientists and
fuels specialists of the USDA Forest Service, Region 5. All data
on model design, fuels treatment parameters and treatment

efficacy were reviewed and approved by our scientific advisory
board.

We simulated fuels treatments using the Biomass Harvest

extension. In particular, we simulated the effects of fuels
management activities on stand structure by thinning (from
below) the cohorts present on a site (a reduction in aboveground
live biomass). Immediately following a fuels treatment in the

366 Int. J. Wildland Fire A. D. Syphard et al.



simulations, we explicitly reassigned fuel types using a set of
rules that varied according to the type of treatment, the species

and ages present and the assumed efficacy of the treatment.
We did not design fuel treatments to stop fires. Rather, the

treatments were designed to alter fire behaviour and potential
severity based on the suite of characteristics of the treated fuel

types (details of fuel treatments are provided under the section
Defining and calibrating fuel types). Thus, we explicitly

�
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assumed that individual fuels treatments changed fire behaviour
once a fire intersected the treatment, and our objective was to

evaluate the cumulative ecological effects of these treatments
at a landscape scale where fire and landscape dynamics are
stochastic.

Succession parameterisation and calibration

Within LANDIS-II, the landscape is divided into a grid of

square cells that are aggregated into land types (or ‘eco-
regions’) that represent relatively homogeneous climatic and
soil conditions that capture differences in species’ ability to

establish and grow. For the southern Sierra Nevada, we
used a 100-m cell resolution. We stratified the study area
into ecoregions with an unsupervised clustering approach to
derive seven land types from six environmental data layers

(e.g. Franklin 2003). The initial vegetation for the forested
area of the landscape was represented as combinations of
species present in different age classes. To estimate the initial

community composition of the landscape, we used a combi-
nation of California Wildlife Habitat Relationship (CWHR)
tree size classes and forest type data (Mayer and

Laudenslayer 1988) and Forest Inventory and Analysis
(FIA) data (Hansen et al. 1992). We regressed the log of the

largest-diameter tree against log stand age across all plots
within the study area (n¼ 608) to estimate relationships

between diameter and age for each species. Next, for each FIA
plot, we derived an age estimate for each tree based on these
diameter–age relationships. We then crosstabulated the FIA

diameter and species data with the CWHR size classes and forest
types so that we could assign the more detailed species and age
data of the FIA plots to the broadly classified polygons of the

CWHR data using a stratified random assignment.
The LANDIS-II Biomass Succession extension (version 2.0)

(Scheller and Mladenoff 2004) simulates cohort regeneration,

growth, inter- and intra-specific competition and tree mortality.
The extension requires estimates of the probability of establish-
ment (PEST) and maximum aboveground net primary produc-
tivity (ANPPMAX) by species and land type. PEST was estimated

through consultation with USDA Forest Service Region 5
silviculturists. ANPPMAX for each species was estimated from
Forest Vegetation Simulator (FVS) (Dixon 2002) simulations of

the FIA plots within the study area. We subsequently iteratively
calibrated LANDIS-II growth estimates by comparing 50-year
estimates of aboveground biomass (AGB, Mg ha�1) for 24

FIA plots produced by LANDIS-II and FVS. The final set of
LANDIS-II and FVS estimates of AGB had an R2 of 0.50.
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Fig. 2. The fine fuel moisture code (FFMC), Build-up Index (BUI) and wind speed velocity (WSV) used for simulating the baseline (a) and high fire

(b) regimes in the Sierra Nevada, CA.
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Delineating fire regions

We stratified the study area into three fire regions that broadly
reflect the effect of elevation and moisture on regional fire
regimes (Agee 1993). The classes included low (up to 1190m),

medium (,1190–2120m) and high (above 2120m) elevations
that roughly correspond to the foothill shrubland and woodland,
lower-montane forest and upper-montane forest ecological

zones respectively (vanWagtendonk and Fites-Kaufman 2006).
Fire regime parameters that varied by elevation included fire
size (or duration), daily weather conditions, Fine Fuel Moisture

Code (FFMC) and number of fires (detailed below in calibration
section). Seasonal FMCwas estimated by USDA Forest Service
Region 5 fire scientists. Topographic data were assigned to each
cell. Fires can spread across fire region boundaries, and the

model adjusts the fire size and spread rate to account for dif-
ferences among fire regions. Therefore, boundaries between
these elevation classes will not be reflected in fire behaviour.

We further stratified our fire regions by wildland–urban
interface (WUI) to reflect the potential human influence on
ignition rates. We increased ignition probabilities in the WUI

regions to reflect the added number of fires caused by humans.
Without empirical data to estimate the increase in ignitions, we
aimed to adjust the probabilities so that fire rotation was, on

average, 25% shorter in theWUI (based on Syphard et al. 2007).
To simulate the combined effects of more ignitions and better
fire suppression capabilities in heavily populated areas, we also
calibrated the model to simulate smaller fire sizes in the WUI

areas. The net effect wasmore frequent, smaller fires in theWUI
(ranging from 46 to 82% smaller). We delineated WUI areas
using data from amap ofWUI in the conterminousUnited States

(developed from 2000 US Census data and land-cover data
from the US Geological Survey National Land Cover Dataset)
(Radeloff et al. 2005) and also incorporated roads data (buffered

to 100m) from the 2000 US Topologically Integrated Geo-
graphic Encoding and Referencing system TIGER/Line files
(US Census 2000).

Our source of daily weather data for the fire regions was
the California Climate Data Archive produced by the Western
Regional Climate Center of Scripps Institution of Oceanography
and the California Energy Commission (http://www.calclim.dri.

edu/stationlist.html, accessed 7 April 2011). For all Remote
Automated Weather Stations (RAWS) within the fire regions,
we downloaded the full available history of daily weather data.

Because some weather calculations (e.g. fine fuel moisture code
(FFMC) and Build-up Index (BUI)) require all days to be present
within the fire season, we evaluated the data to find the combina-

tion of stations that provided the longest complete histories.

Study design

To assess the effectiveness of fuels treatments at a landscape
scale, we developed a factorial experimental design to examine
relationships between fire regime, fuels treatment rate and fuels

treatment intensity. Specifically, we developed and evaluated:
(1) two fire regimes: Baseline or High Fire; (2) three fuels
treatment rates: 2, 4 or 8% of the treatable landscape (every

5 years); and (3) two fuels treatment intensities: Light Thin or
Medium Thin.

For all combinations of treatment and fire (12 in total), we ran
model simulations for 50 years.We also ran simulations for both

fire regimes without treatment to use as reference conditions.
Owing to the stochastic nature of the model, we replicated each
factorial combination 10 times, which resulted in a total of 120

simulations. Details of the fire regimes, treatment rates and
treatment intensities are detailed in following sections.

We evaluated the landscape-scale effects of treatments on

fire severity in terms of mean forest age and total AGB, and we
also evaluated fire rotation. Total AGB and mean age of forests
were calculated at the end of each simulation, at Year 50. Owing

to differences in fuel types and fire regimes, we conducted our
analyses separately for the three elevation-defined fire regions.
We did not evaluate the WUI fire regions separately in the
analysis.

Defining and calibrating fire regimes

Wedeveloped parameters to simulate two different fire regimes.

The ‘Baseline Fire Regime’ represented fire patterns similar
to those observed during the last 20 years (1985–2006), which
reflect a recent trend towards increased size and extent of

fires (Westerling et al. 2006; Miller et al. 2009). We estimated
baseline fire regime parameters from historic fire perimeter data
(http://frap.cdf.ca.gov/data/frapgismaps/download.asp, acces-

sed 7 April 2011). We calculated mean historical fire rotation
over the period 1985–2006 by dividing the area of the fire
regions by the mean area burned per year. We did not calculate
fire rotation separately for the WUI fire regions because the

WUI areas were mapped using census boundaries from the
year 2000. The number of houses in the WUI was historically
much lower, and the extent of the WUI was smaller in the

past (Radeloff et al. 2005). Therefore, we would not expect
the influence of human-caused ignitions to be fully reflected in
summary statistics of historic data.

We calibrated the Dynamic Fire extension such that the
simulated mean fire rotation, across 10 model replicates, was
within 25 years of the historic mean (for the last 20 years) for
the low, middle and high fire regions. We also calibrated the

extension to simulate fire sizes within 100 ha of empirical means.
During our calibration process, we iteratively varied three model
parameters: mean fire duration, mean variability of the duration

and number of ignitions attempted. We calibrated the Baseline
Fire Regime so that themean landscape potential fire severitywas
slightly skewed around a mean of,3.5 on a scale of 1 to 5, where

1 reflects the relative severity of a ground fire and 5 reflects high-
severity crown fire (Sturtevant et al. 2009). We calibrated the
mean potential landscape fire severity to reflect findings ofMiller

et al. (2009), who reported that fire severity in the Sierra Nevada
has been increasing in recent years. In LANDIS-II, post-fire
mortality is a function of age and species-specific fire tolerance
relative to the fire event. Therefore, the calibration of potential fire

severity at 3.5 meant that, on average, the mean fire intensity
translated to moderate fire severity.

High fire regime

Current trends and climate projections suggest that wildfires are
likely to become larger and more intense in the Sierra Nevada,

with a longer fire season that may also increase ignitions and fire
frequency (Lutz et al. 2009). Therefore, we developed a ‘High
Fire’ regime to determine if management effectiveness would
vary under heightened fire conditions.We did not try to attribute
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these weather changes to any particular climatic cause or to
project exactly how the fire regime might change. Instead, our
goal was to determine the degree to which fuels treatments may

affect landscape-scale fire regimeswhenweather conditions and
fires are more severe.

To create the high fire regime, we used the FWI to select a
subset of historic weather records that reflected the most severe

weather conditions. We selected and used those records with
FWIs that were originally scaled as ‘Extreme’ in the baseline
calibrated regime (Table 2). We also specified a higher mean

potential fire severity in the high fire regime (,4.5) owing to the
projections that fires are likely to become more intense in the
future. Lutz et al. (2009) projected that the area burned at high

severity will increase by ,22%, and our scenario of increased
severity is potentially higher than what is likely to occur under
climate change.

Defining and calibrating fuel types

We defined fuel types based on characteristic species assem-
blages and age ranges that together exemplify relatively uniform
fire behaviour and rates of spread (Table 3). Fuel types fell into
seven basic groups: Mixed Conifer, Red Fir, Pines and White

Fir, Sequoia, Lodgepole and Hemlock, Chaparral and Decid-
uous (predominately oaks). Within each group, fuel types were
further divided into age groups: young, mid-aged and old. We

also created two fuel types to represent fuel conditions following
treatment, depending on the intensity of the treatment (described
below).

Each fuel type exhibits characteristic rates of spread. Begin-
ning with the fuel type coefficients defined in the Canadian
Forest Fire Behaviour Prediction System Forestry (Forestry

Canada Fire Danger Group 1992), we modified some of the
coefficients where necessary to reflect rates of spread character-
istic of Sierra Nevada fuels based on expert opinion (Sturtevant
et al. 2009, appendix D) (Fig. 3). Unfortunately, fire behaviour

experimental data to confirm our fuel type parameters were not
available. Regional fire experts also provided estimates of CBH
for each fuel type. For the deciduous fuel type, we derived

parameters (from fuel class TL6; broad-leaf deciduous) from the
Fire Behaviour Fuel Models (FBFM) developed by Scott and
Burgan (2005).

Fuels treatments

In collaboration with the regional fire and fuel experts, we
defined fuel treatments (below) that are broadly representative

of current and anticipated management activity. Similarly, we
used a panel of local managers and fire ecologists (listed in the
Acknowledgements) to estimate the effectiveness and duration

of each of our fuel treatments. Therefore, both the immediate
treatment effects (removal of existing trees) and treatment
efficacy (i.e. removal of slash and alteration to fire spread rates)

were assumed at the stand scale.
We restricted all simulated fuels treatments to those areas

that could potentially be treated by the US Forest Service. This

potentially treatable area included lands inside national forests
but excluded non-treatable designations, such as existing and
recommended Wilderness Areas, existing and recommended
Wild and Scenic River areas (Wild and Scenic Rivers Act 1968),

Research Natural Areas, non-vegetated land and spotted owl
(Strix occidentalis caurina) Protected Activity Centers (PACs)
(USDAForest Service Region 5).We subdivided the potentially

treatable area into two slope categories (.30 or #30% slope)
because mechanical treatments typically cannot be performed
on slopes .30%.

We divided the landscape into management units, which
were further divided into stands. Because our stands were not
shaped to contain fire or clustered or set into arrays, they are not

equivalent to Strategically Placed Area Treatment (SPLAT),
e.g. Schmidt et al. (2008). Within each stand, the aboveground
live biomass of individual cohorts was reduced as prescribed.
Note that fuels treatments only directly affect cohort above-

ground biomass. Any effect on fire behaviour is assumed when
different fuel typeswith reduced rates of spread and intensity are
assigned to a treated area following the management activity.

The highest treatment rate tested (8%per 5 years) (equivalent
to ,1/3 of the landscape over 20 years), approximated the
proportion of the landscape that fire-spread modelling suggests

should be treated to substantially reduce fire incidence on a
forested landscape (Finney et al. 2006). The lower treatment
rate (2% per 5 years) was intended to approximate the current
treatment rate in the region’s national forest lands (USDAForest

Service Region 5).
Light- and medium-thin treatments represented a combina-

tion of mechanical treatment followed by prescribed fire. On

slopes$30%, a third treatment, Prescribed Fire, was simulated
alone. Following a treatment, a stand was assigned a new fuel
type (Fig. 3) with an assumed rate of spread and duration (10

or 15 years, details below) (USDA Forest Service Region 5).
Following this maximal efficacy period, stand fuel type was
assigned based on stand structural characteristics alone. Each

treatment included a prescribed fire component; therefore slash
would be substantially reduced.

Prescribed fire

The Prescribed Fire treatment, designed to emulate effects of a
1.22-m (4-foot) flame length, was applied as a stand-alone
treatment only on slopes.30% because this was considered too

steep for mechanical thinning treatments. On these slopes, stand
age had to be greater than 50 years, and the stands had to be
dominated either by pines, firs or Douglas-fir (aged 40 to

200 years) or by oaks (aged 40 to 200 years). Prescribed fires
could only be re-applied if 10 years had passed since the last
treatment. The treatment removed the biomass of tree cohorts
according to a declining curve, with the largest percentage

Table 2. Fire Weather Indices (FWI) broken into five quintile classes

for the baseline calibration and the high fire regime, which reflectsmore

extreme weather conditions than the baseline

The FWI represents a single integration of fire weather

Percentile Class FWI baseline

middle elevation

FWI high fire

middle elevation

97–100 Extreme 35.14–37.17 36.00–37.17

90–96 Very high 34.58–35.13 35.53–35.99

75–89 High 33.27–34.57 35.21–35.52

50–74 Moderate 27.55–33.26 34.85–35.20

0–49 Low 10.01–27.54 12.34–34.84
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biomass removed for the youngest cohorts, and the lowest per-

centage biomass removed for older cohorts (Fig. 4). Following a
Prescribed Fire treatment, the stand was assigned Fuel Type 90
(FT90) (Table 3, Fig. 3) for 10 years. Fuel Type 90 is consistent

with the expectation that fuel loads will be significantly reduced
following prescribed fires or mechanical thinning plus pre-
scribed fire (Stephens and Moghaddas 2005).

Light thinning followed by prescribed fire (Light Thin)

The Light Thin prescription was designed to emulate thin-

ning from below with understorey trees up to 120 (3.66m) in
diameter being removed (Fig. 4) followed by a prescribed fire
with a 0.61-m (2-foot) flame length. We assumed that light

thinning combined with prescribed fire would not leave any
slash on the ground, and therefore stands treated with Light Thin
were assigned to FT90 (Table 3, Fig. 3) for 15 years. Stands had

to have a minimum age of at least 50 years and treatment could
only occur after 20 years since the last treatment.

Moderate thinning followed by prescribed fire
(Medium Thin)

The Medium Thin prescription was designed to emulate a

more intense thinning from below (relative to Light Thin) with
trees up to 300 (9.14m) in diameter removed, followed by a
prescribed fire with a 0.61-m (2-foot) flame length (Fig. 4).

Following Medium Thin, stands were assigned to Fuel Type 91
(FT91) (Table 3, Fig. 3) for 15 years. The stand qualifications for
application were identical to the rules for Light Thin.

Analysis

We estimated simple, bivariate linear regression models using
the R 2.7 statistical programming environment (R Development

Core Team 2004) to estimate the independent contributions

of total aboveground live biomass removed, treatment rate
and treatment intensity (explanatory variables) on fire rotation
period, mean forest age and total AGB (dependent variables)

for the baseline and high fire regime. Using total AGB removal
as an explanatory variable allowed us to quantify the combined
overall effect of treatment rate and treatment intensity at a

landscape scale. Biomass removed by treatment and total AGB
at Year 50 are mechanistically linked and without fire, we
would expect a negative correlation between the two. How-

ever, the amount of biomass removed for treatment was a very
small percentage of total biomass and induced more vigorous
growth of the remaining trees; thus, any significant correlation
(below) largely reflected the contravening influence of

wildfire.

Results

Simulated fire regime – no treatment

Over the past 20 years, the mid-elevation (,1190–2120m) fire
region had a longer fire rotation than the higher-elevation
(.2120m) or lower-elevation (,1190m) fire regions (Table 4).

The fire rotation in our baseline fire regime simulations fol-
lowed the same trends andwaswithin�35 years of the empirical
means. The mean simulated fire sizes were also within 100 ha of

those calculated for the last 20 years.
Under the high fire regime, fire rotation was shorter than

the baseline by 18% (low elevation) to 37% (high elevation),

and fire sizes increased by 12% (mid-elevation) to 68% (high
elevation) (Table 4), resulting in a substantial increase in fire.
The overall distribution of fire frequency on the landscape was
similar in both fire regimes, but increased fire frequency in the
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high fire regime was particularly evident in the high elevations
and in the southern portion of the landscape (Fig. 5).

Intersection of fires and fuels treatments

Under all fuels treatment combinations, the area of fuels treat-
ments and fire intersections was highest in the mid-elevation

region and lowest in the low-elevation region, although there
was substantial variability among the replicates (Fig. 6). Also,

there was a consistently larger area in which fuels treatments
and fires intersected in the high fire regime than the low fire
regime. In terms of the proportion of fires that intersected
with fuels treatments, the mid-elevation region was slightly
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higher than the high-elevation region, but a much lower
proportion of fires (by 98%) intersected treatments in the
low-elevation region (Fig. 6). These proportions were similar in
the high fire regime.

Fuels treatment effect on mean forest age

For all treatment combinations and under both fire regimes, the
simulated mean maximum age of forests was older than the age

Table 4. Fire regime statistics for the three elevation fire regions in the southern Sierra Nevada, USA

Fire region

Low elevation Mid elevation High elevation

Empirical fire rotation period (FRP) (years) 90 140 120

Mean simulated baseline FRP (years) 89 175 141

Mean high fire regime FRP (years) 79 134 90

Empirical fire size (ha) 401 513 577

Mean calibrated baseline fire size (ha) 458 495 544

Mean high fire regime size (ha) 563 592 963

Empirical maximum fire size (ha) 19 460 32 060 60 490

Mean simulated baseline fire size (ha) 25 255 18 211 36 237

Mean high fire regime size (ha) 30 186 22 609 46 690

Study area

No fire

�0.1

�2.51

0.11–0.25

0.26–0.5

0.51–0.75

0.76–1

1.01–1.25

1.26–1.5

1.51–2

2.01–2.5

Average number of fires

0W E

S

N

10 20 40

Kilometres

(a) (b)

Fig. 5. Distribution of fires on the landscape for (a) the baseline fire regime and (b) the high fire regime. The range of low to high fire frequency represents the

number of fires that occurred in each grid cell for 10 replicates of 50-year simulations.
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of forests when no treatment was performed (Fig. 7). The mean

forest age differed according to fire region, fire regime and
treatment rate and intensity (Figs 7, 8b). The mid- and high-
elevation regions were more significantly affected by treatment
than the low-elevation region (R2¼ 0.02–0.15), and treatment

intensity was statistically insignificant in all fire regions in the
baseline fire regime. Under the high fire regime, the effect of
treatment was more substantial compared with the baseline fire

regime (R2¼ 0.11–0.36). Total biomass removed, treatment rate
and treatment intensity all explained significant variation in
forest age for the low-elevation region under the high fire regime

(Fig. 8b).

Fuels treatment effect on total aboveground biomass

The total AGB at the end of the simulations was either the same or
higher when there were fuels treatments than if there were no
treatments (Fig. 9). This is the opposite ofwhatwould be expected
if therewere nowildfires. In otherwords, removing some biomass

for treatment generally resulted in a greater overall amount of
biomass on the landscape after 50 years of simulations. The effect
of treatment, again, was stronger in the mid- and high-elevation

regions, and in fact, there was almost no effect (R2¼ 0–0.003)
under both fire regimes in the low-elevation region (Fig. 8c).Also,
AGB was only significantly higher with treatments than without

treatment under the high fire regime. In the high fire regime,
the effect was slightly stronger in the high-elevation region, and

biomass removal, treatment rate and treatment intensity all
explained significant variation in the total AGB.

Fuels treatment effect on fire rotation

The effect of fuels treatments on fire rotation in the baseline and
high fire regimes also varied by fire region and according to
treatment rate and intensity (Figs 8a, 10). In the low-elevation

fire region, fire rotation lengthened slightly with fuels treat-
ments (not shown), and was significantly positively related to
total AGB removed (Fig. 8a). However, the effects of treatment

rate and intensity were not significant when examined sepa-
rately. In both the mid- and high-elevation regions, fire rotation
lengthened substantially with fuels treatments (from 11 to

31 years), but was quite variable in the mid-elevation region
(Figs 8a, 10). Under the baseline fire regime, fire rotation
was significantly positively related to total AGB removed and

treatment rate, but was not significantly affected by treatment
intensity. Under the high fire regime, treatment explained
almost twice the variability than was found under the baseline
fire regime, and fire rotation was significantly related to total

AGB removed, treatment rate and treatment intensity. The
relative effect of fuels treatment intensity (R2¼ 0.05–0.18) was
lower than the effect of fuels treatment rate (R2¼ 0.05–0.28).

Discussion

Our simulations showed that a combination of fuels treatments

and prescribed fire in southern Sierra Nevada conifer forests
may reduce the severity and extent of fire across a large, het-
erogeneous landscape during a 50-year time span, particularly if

weather conditions become more severe. In particular, simula-
tions with fuels treatments resulted in lower mortality of large,
old trees (as indicated by forest age; Fig. 7) and greater total

landscape AGB compared with simulations with only fire
and without treatment. In spite of these benefits, there is some
concern about potentially negative ecological effects of fuels
treatments, such as increased non-native plant abundance (e.g.

Merriam et al. 2006) or effects to aquatic resources or wild-
life (e.g. Rieman et al. 2003; Lehmkuhl et al. 2007). Owing
to increasing occurrence of large, severe fires in the region’s

conifer forests (Miller et al. 2009), ourmodel results suggest that
fuels treatments may provide ecological benefits (e.g. prevent-
ing mortality of large, older trees) that offset potential localised

loss of aboveground carbon (Hurteau and North 2009) or habitat
(Lehmkuhl et al. 2007). The magnitude of treatment effects,
however, may vary by elevation, type of treatment and fire

regime.
The differences among elevations in the simulated fire

rotation were consistent with the fire rotation from the last
20 years in the fire-history database, and the differences in all

of the results among the fire regions in part reflect how fire
regimes and fuel conditions vary by elevation in the Sierra
Nevada (van Wagtendonk and Fites-Kaufman 2006). These

differences also determined which parts of the landscape were
treated, so one of the primary reasons that fuels treatments
were most influential in the mid- and high-elevation regions,

and not in the low-elevation region, was simply a function of
where most of the treatments occurred. The low-elevation
region had the largest proportion of chaparral andWUI, which
is why the fire regimewas characterised by shorter fire rotation
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with more frequent, smaller fires (to reflect higher human-
caused ignition frequency, but more effective suppression in

human-dominated areas) (Cardille et al. 2001; Sturtevant et al.
2004; Syphard et al. 2008). Although the chaparral and oak
fuel types in the low elevation region had relatively rapid fire

spread rates, there were few treatments in those areas to reduce
the spread of fire.

The relationship between treatment effect and area of inter-

section between fires and treatments speaks to one of the
concerns over fuels treatment efficacy: for treatments to be
effective, they must intersect with fires that occur stochastically

across space and time (Rhodes and Baker 2008). The strength of
the LANDIS-II model is that it simulates the stochastic nature of

fire and how the probability of fire is conditioned on multiple,
interacting, dynamic processes (such as succession, weather,
topography, disturbance history and stochastic ignitions) that

vary over time across large, heterogeneous landscapes. There-
fore, our results suggest that despite the stochastic nature of fire,
fires intersect fuels treatments at a sufficient rate across the

landscape to significantly alter the fire regime. Not surprisingly,
treating a greater area (higher treatment rate) therefore increases
the overall effect on the fire regime (Figs 7, 10).
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The maximum effect of treatment occurred with the
greatest area treated (8% per 5 years) (equivalent to ,1/3
of the landscape over 20 years), consistent with previous

modelling efforts (Finney et al. 2006). However, we cannot
extrapolate beyond 8% to conclude that treatment effects
would increase with even greater treatment rates. Although

the lowest treatment rate (2% per 5 years) did have some
effect in the mid- and high-elevation regions, the overall
effect was not significant. Considering that the 2% rate

approximates the current rate of treatment implemented by
the US Forest Service, the results suggest that it may be

important for forest managers to commit additional resources
to expand the current scope of treatment.

In addition to the increased effect with treatment rate, the

influence of treatment was much stronger under the high fire
regime than the baseline because fires were generally larger
under the high fire regime, and therefore the probability of fires

encountering fuels treatments increased. Under the more severe
conditions represented by the high fire regime, the rate of fire
spread was generally higher; thus, a relatively greater reduction

in fire spread and momentum occurred when these fast-moving
fires encountered the fuels treatments. Although we did not
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Fig. 9. Simulated total aboveground biomass under the (a) baseline and (b) high fire regimes for two fire regions (high- and mid-elevation). Wildland–urban
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intend to predict how weather may change when we restricted
the database to reflect more extreme conditions, the response in
fire rotation showed that fire was strongly influenced byweather

in the simulations. Although there is considerable uncertainty
regarding how climate may change in the future, and how fire
may respond, the shorter fire rotation in the high fire regime

was consistent with recent analyses that show increasing area
burned in response to more severe weather (Calkin et al. 2005;
Westerling et al. 2006). In the southern Sierra Nevada, fuels

treatmentmay bemore beneficial if weather conditions continue
to become more severe and using the fuels treatment rates and
intensities that we simulated.

Although treatment effect increased with rate, the overall
influence of treatment intensity was insignificant in the baseline
conditions, although it did explain significant variation in forest

age, total AGB and fire rotation in the high fire regime. Neverthe-
less, our results do not strongly support the conclusion that higher-
intensity treatments are more effective at reducing the extent and

severity of fire than low-intensity treatments. Another consider-
ation is that the range of treatment intensities tested was much
smaller than the range of rates (medium-intensity treatments

removed only ,20% more biomass than the low-intensity treat-
ments, whereas the high treatment rate (8% per 5 years) was four
times as large as the low treatment rate (2% per 5 years)).
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Fig. 10. Simulated fire rotation periods (FRPs) under the (a) baseline and (b) high fire regimes for two fire regions (high- andmid-elevation).Wildland–urban

interface (WUI) fire regions not shown. Percentages represent the treatment rate (2, 4 and 8%), and LtThin and MdThin represent light and medium thinning
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One of themain objectives for implementing fuels treatments is to
reduce fire intensity to improve the chance that older trees can
survive fires (Peterson et al. 2005), which is why we evaluated

mean forest age and total AGB at Year 50 relative to fuels
treatments. We evaluated AGB in part because it is correlated
with the presence of many large trees. Although fuels treatments

actually remove biomass from the landscape, the simulation
results showed that removing biomass as prescribed results in
greater preservation of biomass over longer time scales. This

seemingly counterintuitive result is because the biomass removed
for treatments is young, dense understorey vegetation,whereas the
bulk of total AGB is in the form of large, old trees (Hurteau and
North 2009). The age of the forests was also much younger when

no treatmentswere applied,which also shows that fuels treatments
prevented substantial mortality of old trees.

Although our simulation results demonstrate a reduction in the

magnitude of fire effects with fuels treatment, it is likely that a
significant broad-scale effect would become most apparent over
longer time scales than we simulated. The reason for such a

potential time lag is that we parameterised the simulations to
reflect current conditions, including high fuel accumulation due to
fire suppression. Therefore, any fire that would initially occur on

this landscape (that does not encounter a fuels treatment) would
likely burn at a relatively high intensity and severity as compared
with pre-suppression conditions. Assuming that fires in areas that
havebeen treated, or have recently burned,wouldbe relatively less

intense owing to the loss of understorey fuels and ladder fuels, it
would takemany decades for enough treatments and fires to occur
to substantially reduce the overall fuel conditions on the landscape

to the point that the mean fire intensity was substantially reduced.
A large-scale treatment effect would only become apparent after a
substantial proportion of fires spread into areas that had been

treated or had burned previously. Similarly, Scheller et al. (2005)
found that fire severity did not substantially decline until after
40 years of simulated fire re-introduction in the BoundaryWaters
Canoe Area of Minnesota, USA.

Fuels treatments and prescribed fires are not designed to
exclude fire from the landscape (which would further the
paradigm of fire exclusion), but to slow the spread of fires and

reduce their intensity by lowering fuel loads (Agee and Skinner
2005). The objective is to allow reintroduction of fire with
moderated fire severity (or effects). Likewise, our treatment

simulations were not designed to exclude fire and the simulated
reduction in fire rotation from fuels treatments – even at the
maximum treatment rate – still resulted in substantially more

fire on the landscape than occurred during much of the 20th
century. Ultimately, the objective of forest management is to
restore the forest structure to conditions similar to those before
fire suppression and to safely support a more natural fire regime

of frequent, low-intensity fires (Miller and Urban 2000). Our
simulations suggest that forest management activities, using a
thin-from-below technique followed by prescribed fire, may

help to further the goal of restoring forest conditions and fire
regimes, and the ecological benefits of reducing the risk of large,
severe fires may outweigh localised effects.

Another future consideration with respect to strategic treat-
ment design is the determination of how and why fire patterns
vary across the landscape (DellaSala et al. 2004). If treatments
are placed in areas where there is a greater risk of fire, they will

likely be more effective, as opposed to treating areas with lower

probabilities of fire. Previousmodelling studies have also shown
that the spatial arrangement of treatments can increase their
efficiency (e.g. Finney et al. 2006; Schmidt et al. 2008). There

have been several approaches developed for mapping fire risk
and probability using biophysical and climate variables (e.g.
Preisler et al. 2004). Human influence on fire (i.e. ignitions and

suppression patterns) may also be incorporated into probability
maps (Syphard et al. 2008). Therefore, although our results
support the differential effectiveness of treatment at different

elevations and rates and in different fire regions, we also suggest
that future management consider how treatment efficiency
could be further maximised by focussing on areas that have a
relatively high probability of experiencing severe fire.

The applicability of our results is, by design, limited to the
landscape scale. Although many models encapsulate greater
complexity for individual disturbance events or management

activities, the additional resources (data inputs, calibration data,
computational) required were not justified given our landscape-
scale hypotheses. Furthermore, any additional precision gained

through increased model complexity would have been over-
whelmed by the inherent uncertainty of a system dominated by
highly stochastic wildfire and increasing human activity and

intervention (Milne et al. 2009).
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