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The Effectiveness and Limitations of Fuel Modeling
Using the Fire and Fuels Extension to the Forest
Vegetation Simulator
Erin K. Noonan-Wright, Nicole M. Vaillant, and Alicia L. Reiner
Fuel treatment effectiveness is often evaluated with fire behavior modeling systems that use fuel models to generate fire behavior outputs. How surface fuels are assigned,
either using one of the 53 stylized fuel models or developing custom fuel models, can affect predicted fire behavior. We collected surface and canopy fuels data before
and 1, 2, 5, and 8 years after prescribed fire treatments across 10 national forests in California. Two new methods of assigning fuel models within the Fire and Fuels
Extension to the Forest Vegetation Simulator were evaluated. Field-based values for dead and downed fuel loading were used to create custom fuel models or to assign
stylized fuel models. Fire was simulated with two wind scenarios (maximum 1-minute speed and maximum momentary gust speed) to assess the effect of the fuel model
method on potential fire behavior. Surface flame lengths and fire type produced from custom fuel models followed the fluctuations and variability of fine fuel loading
more closely than stylized fuel models. However, results of 7 out of 10 statistical tests comparing surface flame length between custom and stylized fuel models were
not significant (P ⬍ 0.05), suggesting that both methods used to assign surface fuel loads will predict fairly similar trends in fire behavior.
Keywords: prescribed fire, custom fuel model, California, fire behavior modeling

D

uring the 2000 fire season, wildland fires burned large areas
in the western United States, resulting in large fire suppression expenditures. In response, the National Fire Plan (US
Department of the Interior, US Department of Agriculture 2000)
and 10-Year Comprehensive Strategy (US Department of the Interior, US Department of Agriculture 2002) funded and implemented
fuel treatment projects intended to decrease hazardous fuels and
mitigate unwanted, large wildland fires (Stephens and Ruth 2005).
The National Fire Plan created interagency performance measures
designed to provide accountability of hazardous fuel treatment projects; however, the evaluation of the treatments themselves, via the
National Fire Plan Operations and Reporting System, was performed sparingly or not at all (US General Accounting Office
2004).
In a synthesis of fuel treatment effectiveness, Omi and Martinson
(2009) evaluated more than 1,200 publications. Within the synthesis, 60 publications evaluated fuel treatments burned by wildland
fire and of those only 19 included controls and data that made
quantitative analysis possible. Given the challenges of evaluating

fuel treatment effectiveness with observed wildland fire, managers
and researchers use fire behavior modeling systems as a proxy for
wildland fire (van Wagtendonk 1996, Harrington et al. 2007, Stephens et al. 2009). Fuel treatments evaluated in this manner are
subject to the limitations of the input data and fire behavior modeling systems used to assess effectiveness via predicted fire behavior
metrics (Scott 2006). For instance, a suggested best practice to
model fuel treatment effectiveness with custom fuel models is to
fully disclose all inputs and assumptions to defend these studies,
thereby building trust among the wildland fire community (Varner
and Keyes 2009).
A fuel model is a set of fuel parameters used to characterize a
surface fuelbed less than 1.83 m (6 ft) in depth, which may then be
used to predict fire behavior using fire models (Rothermel 1972).
Fuel model parameters include dead and live surface fuel loads
(Mg/ha), surface area to volume ratio (SAV, cm2/cm3), heat content
(kJ/kg), fuelbed depth (m), and dead fuel moisture of extinction (%)
(Albini 1976, Anderson 1982, Scott and Burgan 2005). Dead surface fuel loads defined by particle size classes range from 0 to 0.64 cm
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(1 hour and litter); 0.65 to 2.54 cm (10 hours); and 2.55 to 7.62 cm
(100 hours). The size class intervals, 1 hour, 10 hours, and 100
hours, correspond to average moisture time lag classes and are an
indication of how long it takes a fuel to lose approximately 63% of
the difference between its initial moisture content and its equilibrium moisture content (Deeming et al. 1972). Live fuels less than 6
mm in diameter are divided into live herbaceous fuels including
grasses and forbs and live woody fuels including shrubs. Measured
fuel loads should reflect the fuels that propagate fire spread, such as
dead and downed woody fuels less than 7.62 cm in diameter and
branches, stems, and leaves within live vegetation less than 1.63 cm
in diameter (Burgan and Rothermel 1984). The SAV ratio describes
the size of individual fuel particles that are used to weight fuel loads
within each size class to determine rate of spread (Rothermel 1972).
Fine fuels such as grasses have higher SAV ratio values conducive to
higher rates of spread. Heat content defines the amount of heat
required to raise 0.45 kg (1 lb) of dry wood from air temperature to
ignition temperature (Burgan and Rothermel 1984). The heat content of live and dead fuels can be used to fine tune the fire behavior
of custom fuel models (Scott and Burgan 2005). Fuelbed depth in
combination with total fuel load is used to compute bulk density
and is a measure of the oven-dry weight of fuel per volume of the
fuelbed. Dead fuel moisture of extinction is the highest average dead
fuel moisture in which a fire will no longer burn. Fuel models
commonly used in humid environments with higher values of dead
fuel moisture of extinction will continue to spread even as dead fuel
moisture increases, compared with fuel models with lower values for
moisture of extinction (Burgan and Rothermel 1984).
The Rothermel (1972) rate of spread model uses fuel models to
produce quantitative values of spread representing mean values for
the given fuel and environment. Predicted fire behavior is assumed
to be fully established and growing at a steady state. The model
assumes that continuous fuels are well mixed (i.e., shrub, grass, and
litter) and spread homogeneously throughout the fuelbed. Stylized
fuel models (Anderson 1982, Scott and Burgan 2005) are most
frequently used to propagate fire spread using the Rothermel model.
The original 13 stylized fuel models were developed to represent fire
behavior during the severe period of the fire season and were organized into four groups: grass, shrub, timber, and slash (Albini 1976,
Anderson 1982). Scott and Burgan (2005) published an additional
40 stylized fuel models designed to represent a wider range of fuel
types and fire behavior compared with the original 13 fuel models.
The 40 fuel models are split into the dominant fire-carrying fuel
type including grass, grass/shrub, shrub, timber litter, timber understory, and slash/blowdown.
There are some challenges when either a stylized or custom fuel
model is used to characterize surface fuels due to the necessity of
scaling from a fine-scale heterogeneous fuelbed to a value representing stand-level surface fuels (McHugh 2006, Harrington et al.
2007). Common fuel inventory protocols, such as the FEAT and
FIREMON Integrated (FFI) ecological monitoring utilities (Lutes
et al. 2006, 2009), collect surface and canopy fuels on a smaller plot
scale than the stand level that is commonly referred to when fire
behavior is evaluated. Site-specific fuel models must represent a
broad range of conditions, given the variability of fuelbed depth,
composition, and quantity (Burgan and Rothermel 1984), because
real fire behavior will be affected by the variability of fuels, weather,
and topography that are not taken into account with fire behavior
modeling systems (Fulé et al. 2001).
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The Fire and Fuels Extension (FFE) (Reinhardt and Crookston
2003, Rebain 2010) to the Forest Vegetation Simulator (FVS)
(Dixon 2002, Crookston and Dixon 2005) uses surface fuel loading
and stand characteristics to select one or more of the 53 stylized fuel
models to simulate fire behavior. Johnson et al. (2011) evaluated
fuel treatment effectiveness using the FFE-FVS fuel model logic that
assigned variant-specific fuel loads to one or more of the stylized 13
fuel models, and they reported limited capability to detect fuel treatment effectiveness for surface fuel treatments. Seli et al. (2008)
addressed these fuel modeling limitations by developing new logic
in FFE-FVS to select one of the 53 stylized fuel models to evaluate
fuel treatments and their influence on large fire growth over time.
Constants for shrub loading and fuelbed depth with modifications
based on time since treatment, forest type, and canopy cover were
variables used to select the final fuel models to partially address the
problematic lack of understory vegetation modeling within FFEFVS. Both studies identified limitations with traditional methods
used to assign fuel models. More recently, FFE-FVS provides two
additional alternatives to assign surface fuel models, which is the
focus of this analysis. Managers can use their measured values of
downed woody fuel loading derived from fuel inventories to guide
the selection of a stylized fuel model or create custom fuel models
used directly to predict fire behavior (Rebain 2010).
Federal land management agencies are emphasizing measurable
and quantifiable methods to evaluate whether a fuel treatment is
effective for mitigating unwanted fire behavior (Forest Service Manual 2012). In response, monitoring protocols and databases were
developed to measure and store inventory data to evaluate how the
manipulation of surface and canopy fuels change fire behavior. The
FFI provides monitoring protocols and a database to store fuels
inventory data that allows managers to quickly quantify surface and
canopy fuel parameters important for fire behavior prediction (Lutes
et al. 2009). The FFI is commonly used to store National Park
Service monitoring data, whereas Field Sampled Vegetation (FSVeg) stores National Forest inventory data (USDA Forest Service
2013). These databases are now linked with programs such as FFEFVS or FuelCalc (Reinhardt et al. 2006) allowing the use of fieldbased fuels inventory data to create custom fuel models or assign
stylized fuel models that traditionally required extensive expertise of
fire behavior and fuel simulation programs. The new logic in FFEFVS presents an opportunity for fire managers to objectively represent surface fuel loads as fuel models rather than using more traditional and subjective methods to assign surface loads to fuel models.
Other studies have subjectively assigned stylized fuel models even
when field-based fuel loading values existed to create custom fuel
models (Stephens et al. 2009, Vaillant et al. 2009a, 2009b). What
was lacking was a consistent and quantitative approach to the use of
field-based values for custom fuel model creation, which is now
available in FFE-FVS. In the future, the Fuel Characteristic Classification System (Ottmar et al. 2007) will link to FFE-FVS and
provide more opportunities for custom fuel modeling using fieldbased fuels inventory data (Johnson 2012).
The objective of this study was to test an alternative to the traditional method of assigning fuel models used by FFE-FVS. Surface
fuel loads, derived from field-based data and collected before and
after prescribed fire, were directly used to assign a stylized fuel model
or create a custom fuel model to evaluate the effectiveness of prescribed fire treatments. It was hypothesized that there would be no
difference between surface flame lengths and fire type when either

derosa Lawson & C. Lawson), white fir (Abies concolor (Gord. &
Glend.), incense cedar (Calocedrus decurrens [Torr.] Florin), and
California black oak (Quercus kelloggii Newberry). Detailed information about the study and site descriptions can be found in Vaillant et al. (2009a).
Field Sampling

Figure 1.
Forests.
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custom or stylized fuel models were used to simulate potential wildfire behavior.

Methods

Surface fuels include dead and downed woody fuels as well as live
and dead shrub and herbaceous fuels. Counts of downed woody
fuels were inventoried using the line intercept method (Van Wagner
1968, Brown 1974), along two to four 15.24-m transects. Litter and
fuelbed depth were recorded at 10 equidistant points along the same
transect. Fuelbed depth is the vertical distance from the bottom of
the litter layer to the highest intersected dead and downed fuel
particle along a vertical plane extending the length of the fuel transect (Brown 1974). Live and dead shrub species, range (dm), and
height (cm) were sampled along a 50-m transect. Five 1-m ⫻ 1-m
quadrats along one to two 50-m transects were used to collect herbaceous and grass species, cover class, and status. Six cover classes
were ocularly estimated to quantify herb and grass cover by species:
0 –5%; 6 –25%; 26 –50%; 51–75%; 76 –95%; and 96 –100%, separated by live and dead status (Daubenmire 1959).
Canopy fuels were composed of overstory trees (ⱖ15 cm dbh
measured at 1.4 m), poles (ⱖ2.5 cm and less than 15 cm dbh), and
seedlings (⬍2.5 cm dbh). Fixed area nested plots sized 0.1, 0.025,
and 0.005 ha were used to sample overstory trees, poles, and seedlings, respectively. With few exceptions, height (m), height to live
crown base (m), dbh (cm), and species were recorded for all live
overstory trees and poles. Seedlings were tallied by species, vigor,
and height class. Both surface and canopy fuel monitoring protocols
were based on the National Park Service monitoring handbook (US
Department of the Interior, National Park Service 2003). Detailed
descriptions of the field sampling are available in Fites-Kaufman et
al. (2007).

Background

Surface and canopy fuels data used in this analysis were acquired
from a subset of the USDA Forest Service Pacific Southwest Fuel
Treatment Effectiveness and Effects Study (Vaillant et al. 2009a) in
which 39 unique plots were monitored for 8 years posttreatment. A
total of 142 plots representing pretreatment (n ⫽ 39), 1 year posttreatment (n ⫽ 37), 2 years posttreatment (n ⫽ 36), 5 years posttreatment (n ⫽ 8), and 8 years posttreatment (n ⫽ 22) were sampled
from 16 projects to summarize surface and canopy fuels before and
after prescribed fire treatments (Figure 1). All posttreatment data
were sampled from the original 39 plots. Not all plots have data for
all posttreatment intervals because not enough time had passed since
treatment; the plot was subsequently retreated or burned in a wildfire, or the interval fell within a 2-year period (2007–2008) during
which no sampling occurred because of a lack of funding. Consequently, only 8 plots from 5 of the original 16 projects were sampled
for remeasurements 5 years posttreatment.
Three to six plots were established on a specific fuel treatment
project, belonging to any of 10 national forests in California
(Klamath, Lassen, Los Padres, Mendocino, Plumas, Shasta-Trinity,
Modoc, Sierra, Stanislaus, and Tahoe National Forests). The plots
are represented by four different FVS variants: Inland California
and Southern Cascades (CA), South Central Oregon and Northeast
California (SO), Klamath Mountains/North Coast (NC), and
Western Sierra Nevada (WS). Dominant overstory tree species included Jeffrey pine (Pinus jeffreyi Balf.), ponderosa pine (Pinus pon-

FFE-FVS

The FFE-FVS was used to create custom fuel models and assign
stylized fuel models to each plot to model potential fire behavior.
The FVS is a stand-level distance-independent forest growth and
treatment simulator (Dixon 2002, Crookston and Dixon 2005).
The FFE is one of the many extensions available to FVS and simulates fuel dynamics and potential fire behavior, leveraging existing
fire behavior models (Rothermel 1972, Van Wagner 1977, Alexander 1988, Scott and Reinhardt 2001). The FFE-FVS requires plot
(i.e., location, elevation, slope, and initial fuel loads by size class) and
individual tree data to initiate a simulation. All live overstory trees,
poles, and seedlings require a dbh, height, and crown ratio (calculated from tree height and height to live crown base measurements)
to compute their biomass. Seedlings were assigned a crown ratio and
dbh value based on height, because these values were not collected in
the field. The crown ratio and dbh values assigned were 100% and
0.25 cm for seedlings ⬍1.52 m, 75% and 1.27 cm for seedlings 1.52
to 3.05 m, and 50% and 2.29 cm for seedlings ⬎3.05 m. Overstory
trees and poles with missing height values were assigned values by
FVS using the NOHTDREG keywords (Van Dyck 2006).
Plot-level canopy bulk density (CBD) and canopy base height
(CBH) were estimated in nonuniform stands (Sando and Wick
1972) for overstory trees, poles, and seedlings greater than 0.3 m.
CBD is the mass of available fuel per unit canopy volume and a bulk
property of a stand used to determine the threshold for active crown
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Table 1.

Fuel moisture and wind speed from five candidate fires.

Date of fire
start

Fire name

Fire size
(ha)

Paper
Rogge
Knight
Ruby
Mountain

21,427
8,478
2,481
1,400
1,250

Fuel moisture
1-hr

10-hr

100-hr

1,000-hr

Live H

Live W

10-min average wind (km/hr)

. . . . . . . . . . . . . . . . . . . . . .(%) . . . . . . . . . . . . . . . . . . . . . .
Aug. 31, 1987
Aug. 14, 1996
July 26, 2009
Sept. 7, 1992
July 20, 2003
Average

3
3
4
5
6
4

4
3
5
5
6
5

5
6
5
8
6
6

8
17
6
9
7
9

NA
30
30
30
30
30

70
131
70
70
70
82

13
8
11
10
10
10

Fuel moisture averages from the above and wind speed derived from five candidate fires were used in a potential fire simulation in FFE-FVS for one project. Average wind
speed was adjusted (Crosby and Chandler 2004) for two wind scenarios: probable maximum 1-minute speed; and probable maximum momentary gust speed. NA, not
applicable; Live H, live herbaceous; Live W, live woody.

fire behavior (Van Wagner 1977, Alexander 1988, Scott and Reinhardt 2001). In FFE-FVS, CBD is derived from the maximum
4.5 m (15 ft) deep running mean of CBD for layers 0.3 m (1 ft) thick
(Beukema et al. 1997, Scott and Reinhardt 2001). CBH is the
lowest height above which at least 0.011 kg/m3 (0.0007 lb/ft3) of
CBD is present (Scott and Reinhardt 2001) and is a necessary value
to predict the transition of surface to passive crown fire behavior
(Van Wagner 1977).
We used Sierra Nevada coefficients (Van Wagtendonk et al.
1996, 1998) to convert counts of downed woody fuel particles and
litter depth to biomass estimates. The FFE-FVS does not use fieldbased values of live herbaceous or live woody fuel loading to develop
custom fuel models or to select a stylized fuel model. Instead, these
values are calculated based on the geographic location (variant),
overstory species, and canopy cover of the stand. Live woody load
computed in FFE-FVS included shrub fuels plus the foliage and half
of the fine branchwood of all seedlings ⬍0.3 m. Seedlings taller than
0.3 m were represented as part of the canopy fuel estimates and were
not included in live woody fuel loading.
The FFE-FVS performs potential fire behavior calculations before litter fall and random crown breakage but after decay is simulated. To perform fire behavior calculations on inventory year data,
it was necessary to hold these processes stable so that our original
surface fuel values were used in the fire behavior calculations. We
used DUFFPROD and FUELDCAY keywords to eliminate change
to the initial inventory.
Modeled Loads to Custom and Stylized Fuel Models

The FIRECALC keyword within FFE-FVS was used to initiate a
new logic to either create custom fuel models from field-based values
of dead fuel loading and modeled live fuel loads or assign a stylized
fuel model using the same information. For custom fuel models,
default values were applied by FFE-FVS for the SAV ratio, bulk
Table 2.

density, and heat content. Default bulk densities were 1.6 kg/m2
(0.1 lb/ft3) for live fuels and 12.0 kg/m2 (0.75 lb/ft3) for dead fuels.
Initial values used for the SAV ratio (cm2/cm3) by size class were
65.62 (1 hour), 3.58 (10 hours), 0.98 (100 hours), 59.06 (live
herbaceous), and 49.21 (live woody). Initial default values for the
SAV ratio in combination with oven-dry fuel load per size class were
used to create a characteristic SAV ratio for dead and live fuels
(Burgan and Rothermel 1984). Default heat content was 18,593
kJ/kg (8000 BTU/lb). For all stylized and custom fuel models, the
standard value for total mineral content was 5.55%, the effective
mineral content was 1%, and the oven-dry fuel particle density was
513 kg/m3 (32 lb/ft3) (Rothermel 1972, Scott and Burgan 2005).
Stylized fuel models were assigned using a two-step process that
limited the number of fuel models available based on climate type,
major fire-carrying fuel type, and the fuel model set (13, 40, or 53
stylized fuel models). Next, a departure index (DI) was used to
determine how similar the selected fuel models were in step 1 to the
modeled loads based on the characteristic SAV ratio, fine fuel load,
and bulk density (Rebain 2010). The STATFUEL keyword was
used to select only one fuel model as opposed to two or more.
Modeling Potential Weather and Fire in FFE-FVS

Wind and fuel moisture data were acquired from the most representative remote automated weather stations (RAWS) that had at
least 10 years of data and resided in an elevation similar to that
recommended by fire managers (Figure 1). Given the proximity of
some projects to each other, only 12 total RAWS stations were used
to acquire data for 16 different projects. Weather files from each
RAWS were acquired from the National Interagency Fire Management Integrated Database via the Kansas City Fire Access Software
(KCFAST) (USDA Forest Service 2010) and were imported into
FireFamily Plus (version 4.1.0.0 Beta; Bradshaw and Termenstein
2009). Fire occurrence data from 1960 to 2011 were also acquired

Average and range of fuel moisture and wind speed used for potential fire simulations in FFE-FVS.
Fuel moisture (percent)
10-hr

Time period

1-hr

. . . . . . . . . . . . . . . . . . . . . . . . . .(%) . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . .(km/hr) . . . . . . . . . . . .

P00
P01
P02
P05
P08

4 (3–6)
4 (3–6)
4 (3–6)
3 (3–4)
4 (3–6)

18 (10–27)
19 (10–27)
18 (10–27)
18 (14–27)
18 (10–27)

4 (3–7)
4 (3–7)
5 (3–7)
4 (3–5)
4 (4–7)

100-hr

Wind

6 (5–9)
6 (5–9)
6 (5–9)
6 (5–7)
6 (5–8)

Live H
34 (30–51)
34 (30–51)
34 (30–51)
30 (30–30)
35 (30–51)

Live W
71 (60–87)
70 (60–87)
71 (60–87)
69 (60–82)
70 (60–87)

1-min speed

Momentary gust speed
35 (24–47)
35 (24–47)
35 (24–47)
34 (29–47)
35 (24–47)

Data are means (ranges). Values are summarized by time since prescribed fire treatment and include pretreatment (P00), 1 year posttreatment (P01), 2 years posttreatment
(P02), 5 years posttreatment (P05), and 8 years posttreatment (P08).
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In FFE-FVS, the POTFMOIS and POTFWIND keywords were
used to assign the dead and live fuel moistures and two wind speed
scenarios (as described above). Outputs were used to evaluate potential fire behavior pre- and posttreatment for stylized and custom
fuel models (Table 2). Six-meter wind speed was the same for all
time periods, but eye-level winds could vary because of changes in
canopy cover posttreatment. Fuel moisture also remained constant
for all the simulations and did not vary from changes in canopy
cover, slope, aspect, or elevation. Foliar moisture was set to 100% as
per FFE-FVS.
Data Analysis

Figure 2. Predicted surface flame lengths (m) modeled with (A) the
maximum 1-minute speed and (B) the maximum momentary gust
speed between custom and stylized fuel models by time. Values are
summarized by time since prescribed fire treatment and include
pretreatment (P00), 1 year posttreatment (P01), 2 years posttreatment (P02), 5 years posttreatment (P05), and 8 years posttreatment
(P08). Box and whisker plots display the 25th and 75th percentiles,
with whiskers displaying the highest and lowest values. Both the
50th percentile (median line) and mean (diamond) are shown.
Asterisks next to time since treatment represent significantly different results (P < 0.05).

from KCFAST and were used to identify the five largest fires that
occurred adjacent to the projects. For each fire, daily fuel moisture
and wind speed observations were acquired from the first day and
were averaged to obtain representative 1-, 10-, and 100-hour live
herbaceous and live woody fuel moisture values and 10-minute
wind speed (Table 1). Because RAWS wind speed values represent
10-minute averages composed of lulls and gusts, we applied a wind
gust estimation from Crosby and Chandler (2004) to better represent peak winds that could affect fire growth and intensity (Stratton
2006, Stephens et al. 2009). Maximum 1-minute speed ranged from
10 to 27 km/hour and maximum momentary gust speed ranged
from 24 to 47 km/hour (Table 2). Adjustments made to the
10-minute average wind speeds (Crosby and Chandler 2004) resulted in the average increase of 7 km/hour for the maximum
1-minute speed and 23 km/hour for the maximum momentary gust
speed. A calculated wind adjustment factor based on overstory canopy cover was used to adjust 6.1-m wind speeds to eye level (Rebain
2010).

We used generalized linear mixed models to analyze differences
in surface flame length predictions created with custom versus stylized fuel models (PROC GLIMMIX, SAS version 9.3, 2010; SAS
Institute, Inc., Cary, NC). We tested these differences separately for
each time period (pretreatment and 1, 2, 5, and 8 years posttreatment) and also for each wind scenario (maximum 1-minute speed
and the maximum momentary gust speed). Generalized linear
mixed models are used to fit statistical models to data with correlations and for nonnormal responses (McCulloch and Searle 2001).
We included project as the random factor, because plots were not
truly independent. Surface flame lengths represent surface fire behavior independent of the predicted fire type; for example, if crown
fire was predicted for a particular plot, only surface fire flame lengths
would be reported.
Plots were tallied by predicted fire type defined as either surface
or crown for each wind scenario and time period. Crown fire includes passive, active, and conditional crown fire. Passive crown fire
occurs when surface fire intensity increases and causes the crown to
burn, but the spread rate is too low to sustain active crowning.
Passive crown fire is more likely when canopy base heights are low
and canopy bulk density is too low to sustain active crowning (Van
Wagner 1977). Active crown fire occurs when a surface fire is able to
transition and sustain itself in the canopy (Van Wagner 1977).
Conditional crown fire or conditional surface fire can sustain active
crowning but cannot initiate to the crown. The fire must spread into
the stand as an already-initiated crown fire (Scott and Reinhardt
2001).
The DI was computed to quantify the difference between custom
and stylized fuel models for each plot separately. The DI is weighted
by the characteristic SAV ratio, fuelbed bulk density, and fine fuel
loads (Rebain 2010) (Equation 1)

冉

冊

SAVcustom ⫺ SAVfm
DT ⫽ 0.25 䡠
405.2

2

冉

冊

SDcustom ⫺ SDfm
⫹ 0.25
0.3992

⫹ 0.50 䡠

冉

冊

FFLcustom ⫺ FFLfm
3.051

2

2

(1)

where SAVcustom is the surface area/volume ratio (ft2/ft3) of the
modeled loads, SAVfm is the surface area/volume ratio (ft2/ft3) of the
stylized fuel model, 405.2 is the standard deviation of the SAV ratio
of the 53 stylized fuel models, BDcustom is the bulk density (lb/ft3) of
the modeled loads, BDfm is the bulk density (lb/ft3) of the stylized
fuel model, 0.3992 is the standard deviation of the BD of the 53
stylized fuel models, FFLcustom is the fine fuel load (tons/acre), including fine dead, live herbaceous, and live woody fuels from the
modeled loads, FFLfm is the fine fuel loads (tons/acre) including fine
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Figure 3. Predicted fire type (surface or crown) modeled with (A)
the maximum 1-minute speed and (B) the maximum momentary
gust speed with custom (C) and stylized (S) fuel models by time
since treatment: pretreatment (P00), 1-year posttreatment (P01), 2
years posttreatment (P02), 5 years posttreatment (P05), and 8
years posttreatment (P08). Crown fire includes passive, active, and
conditional crown fire types. The numbers in the bars represent the
number of plots with either predicted surface or crown fire.

dead, live herbaceous, and live woody fuels associated with the stylized fuel model, and 3.051 is the standard deviation of the fine fuel
load of the 53 stylized fuel models.
DI values for each selected stylized fuel model were summarized
by time period to evaluate the similarities of the fine fuels, SAV ratio,
and bulk density between stylized and custom fuel models. Mean
and range of the DI by time period regardless of the selected stylized
fuel model were also summarized.

Results
Fire behavior predicted from both custom and stylized fuel models followed fairly similar trends through time. Both methods produced a decrease in average surface fire flame lengths and less crown
fire 1 year after prescribed fire followed by a general increase in fire
behavior beginning 2 years after prescribed fire (Figures 2 and 3).
Seven of the 10 surface flame length comparisons were not significant (P ⬍ 0.05) (Table 3). Surface flame lengths simulated with
custom fuel models were significantly higher (P ⬍ 0.05) than those
for stylized fuel models for only pretreatment plots when modeled
with maximum 1-minute speed (Table 3; Figure 2A). Surface flame
lengths between custom and stylized fuel models were significantly
236
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different (P ⬍ 0.05) for pretreatment and 2 years posttreatment
plots when modeled with maximum momentary gust speed (Table
3; Figure 2B). The largest difference for average surface flame length
between custom and stylized fuel models was 0.6 m, which occurred
for the pretreatment time period modeled with the maximum momentary gust speed. Despite similarities of fire behavior outputs,
surface flame lengths produced from custom fuel models followed
the fluctuations and variability of fine fuel loading more closely than
stylized fuel models (Figures 2 and 4).
Fire type did not differ by more than 20% for either method
when modeled with each wind scenario (Figure 3). Custom fuel
models generally produced more crown fire than stylized fuel models, especially for pretreatment and 8-year posttreatment time periods when average surface flame lengths were also highest. Custom
fuel models resulted in 20% (eight plots) more crown fire for pretreatment data modeled with the maximum 1-minute speed compared with fire type predicted from stylized fuel models (Figure 3A).
Predicted fire type as a result of maximum momentary gust speed
did not differ between custom and stylized fuel models by more than
one plot, except the 8-year posttreatment time period for which
custom fuel models resulted in 18% (4 plots) more predicted crown
fire than stylized fuel models (Figure 3B).
The pretreatment plots had the highest average DI, suggesting a
greater difference between fuel model methods than any of the
posttreatment plot averages (Table 4). Stylized fuel model TL9 was
selected more than any other stylized fuel model (11 plots) for the
pretreatment time period and had the highest average DI of 2.44.
Most of the differences between custom and stylized fuel models can
be attributed to higher litter and 1-hour fuel loading for custom fuel
models. The difference between stylized fuel model TL9 and the
custom fuel models can be attributed to these differences in fine fuel
loading. At least 30% of the 1- and 2-year posttreatment plots were
represented with stylized fuel models that had some portion of live
fuel loading (Table 4). In contrast, measured values of live fuel
loading are lowest for these same time periods (Figure 5). Five- and
8-year posttreatment time periods have less than 14% of the stylized
fuel models with a live fuel component, yet measured values of live
fuels increase for these time periods (Table 4; Figure 5).

Discussion
The FFE-FVS fuel modeling method provides an opportunity
for managers to create custom fuel models or assign stylized fuel
models from measured values obtained from inventory data. Fire
behavior predicted from uncalibrated custom fuel models needs to
be analyzed carefully (Varner and Keyes 2009, Cruz and Alexander
2010). These custom fuel models have not been calibrated and may
not represent realistic fire behavior. However, custom fuel models
showed fairly similar trends of fire behavior through time compared
with those for stylized fuel models and appeared to better reflect the
increase of fine fuels that would intuitively result in an increase of
fire behavior. The similarity of the fire behavior in addition to the
lack of statistically significant results for average surface flame
lengths suggests that either custom or stylized fuel models represented the relative change of fire behavior as a result of prescribed fire
in similar ways. Analyzing fire behavior created from custom fuel
models is most useful to compare relative values of predicted fire
behavior as a result of some type of management activity like a fuel
treatment through time. There is both an art and science that is
necessary to develop custom fuel models and the utility of the output is dependent on the understanding of the assumptions and

Table 3. Results from the generalized linear mixed model estimating differences between average surface flame lengths generated from
custom and stylized fuel models by time with the maximum 1-minute speed and maximum momentary gust speed.
Custom
Scenario

Time period

n

P00
P01
P02
P05
P08
P00
P01
P02
P05
P08

39
37
36
8
22
39
37
36
8
22

Mean

Range

Stylized
SE

Mean

Range

SE

P value

. . . . . . . . . . . . . . . . . . . . . . .(m) . . . . . . . . . . . . . . . . . . . . . . .
Maximum 1-min average speed

Maximum momentary gust speed

1.1
0.5
0.6
1.2
1.0
2.4
1.2
1.4
2.1
2.2

0.2–3.2
0.1–1.2
0.1–1.4
0.4–1.9
0.3–2.0
0.6–6.1
0.2–2.2
0.4–2.2
0.9–3.2
0.8–4.5

0.1
0.1
0.1
0.2
0.1
0.2
0.1
0.1
0.3
0.2

0.8
0.4
0.7
1.4
0.8
1.8
1.4
1.7
2.4
1.8

0.1–1.7
0.1–1.3
0.1–1.5
0.5–2.7
0.1–2.1
0.7–2.8
0.3–3.0
0.5–2.9
1.1–3.8
0.7–3.9

0.1
0.1
0.1
0.3
0.1
0.1
0.1
0.1
0.4
0.2

0.0020*
0.6911
0.0973
0.2144
0.0625
0.0022*
0.0848
0.0062*
0.2748
0.1274

Average, range, and SE values are summarized by time since the prescribed fire treatment and include pretreatment (P00), 1 year posttreatment (P01), 2 years posttreatment
(P02), 5 years posttreatment (P05), and 8 years posttreatment (P08).
* P values are significant (P ⬍ 0.05).

Figure 4. Comparison of fine fuel loading (Mg/ha) between custom and stylized fuel models by time since treatment: pretreatment
(P00), 1 year posttreatment (P01), 2 years posttreatment (P02), 5
years posttreatment (P05), and 8 years posttreatment (P08). Fine
fuel loading includes litter and 1-hour dead fuels, live herbaceous,
and live woody fuels. Box and whisker plots display the 25th and
75th percentiles, with whiskers displaying the highest and lowest
values. Both the 50th percentile (median line) and mean (diamond)
are shown.

limitations of the fire models that will be used to predict fire
behavior.
One limitation of using FFE-FVS to assign custom fuel models is
that modeled loads for live herbaceous and woody fuel are used
instead of field-based values. The FFE-FVS-derived live fuel loads
remained fairly constant regardless of the time since treatment (Figure 5) because the actual prescribed fire treatments did not change
overstory canopy cover enough to affect the calculation of live fuel
loading. Field-based fine fuels decreased posttreatment and began to
increase by 2 years posttreatment (Figure 4). Consequently, the shift
in the ratio of live to dead fuels resulted in the 1-year posttreatment
plots being represented by the highest percentage of stylized fuel
models with live fuels (Table 4). In contrast, the actual field-based
values for live fuel loads remained low 1 year posttreatment (Figure
5), suggesting that the lack of understory vegetation modeling in
FFE-FVS could lead to erroneous stylized fuel model selections.
Efforts are underway to include live fuel dynamics in FFE-FVS, so
that better estimates can be used for future fire behavior modeling

(Stephanie Rebain, Forest Management Service Center, pers.
comm., Nov. 15, 2012).
Although the process to develop custom fuel models is becoming
more efficient, there is still some debate on how fuel parameters that
compose custom fuel models are quantified and calibrated (Cruz
and Alexander 2010). The FFE-FVS provides the option to include
biomass estimates of seedlings less than 1.8 m in height as part of the
surface or canopy fuels, using variant-specific, small tree equations
primarily from Brown (1978) to estimate biomass. We chose to
represent seedlings less than 1.8 m and greater than 0.3 m as part of
the canopy fuels because seedlings have similar morphology and are
measured and calculated like trees rather than shrubs. There are
limitations with this method. When many seedlings are present,
their contribution to plot-level canopy biomass estimations can result in low values of canopy base height because of the method used
to calculate this metric (Sando and Wick 1972). Fire type in these
cases is usually predicted to be crown fire, which may be unrealistic,
because a large enough gap between the seedlings and overstory
canopy would preclude the transition from surface to crown fire.
Fuel moisture and wind values used in the simulation were based
on data from the first day of historical large fire events. The first day
of the fire may not be the largest day of fire growth; however, these
fires escaped initial firefighting attack efforts. Consequently, the fuel
moisture and wind speed should represent the kind of conditions to
test the effectiveness of a fuel treatment for mitigating unwanted fire
behavior. Many fuel treatment effectiveness studies have used some
level of percentile fuel moisture and wind for their fire simulation
(Stephens and Moghaddas 2005, Schmidt et al. 2008, Stephens et
al. 2009). We originally tried this approach and found that the
simultaneous occurrence of 90th percentile fuel moisture with 90th
percentile wind historically happened less than 0.8% of the time,
suggesting that this was not a realistic portrayal of conditions that
should be used to evaluate fuel treatment effectiveness. However,
dead and live fuel moisture values are subject to all the limitations in
the National Fire Danger Rating System. The ranges of dead fuel
moistures were generally low, from 3 to 9% for 1- to 100-hour size
classes. Likewise, the ranges of live fuel moistures were also very low,
from 30 to 51% for the live herbaceous and 60 to 87% for the live
woody fuel moisture. The low live fuel moisture values used in the
fire simulation represent mostly fully cured fuels, which will contribute to greater fire spread and intensity especially for stylized fuel
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Table 4. DI comparison between custom and stylized fuel models,
for which a higher DI signifies the stylized and custom fuel models
are more different.
Stylized fuel
model
composition

DI
Time
period

Fuel
model

P00
5 Brush
122 GS2
142 SH2
186 TL6
189 TL9
202 SB2
203 SB3
P01
5 Brush
10 Timber
121 GS1
122 GS2
141 SH1
142 SH2
185 TL5
186 TL6
202 SB2
P02
5 Brush
10 Timber
122 GS1
142 SH2
161 TU1
186 TL6
202 SB2
203 SB3
P05
186 TL6
189 TL9
202 SB2
203 SB3
P08
142 SH2
164 TU4
186 TL6
189 TL9
203 SB3

n

Mean

Range

39
1
1
10
3
11
7
6
37
2
1
1
5
3
9
3
8
5
36
1
2
1
6
2
7
14
3
8
1
1
2
4
22
2
1
6
7
6

0.83
0.26
0.22
0.32
0.16
2.44
0.03
0.22
0.17
0.15
0.17
0.18
0.41
0.17
0.25
0.12
0.03
0.03
0.1
0.2
0.06
0.39
0.19
0.27
0.05
0.03
0.14
0.24
0.14
1.25
0.06
0.13
0.33
0.33
0.16
0.34
0.54
0.23

0.00–6.79
0.26–0.26
0.22–0.22
0.02–0.52
0.02–0.41
0.44–6.79
0.00–0.11
0.14–0.35
0.01–0.46
0.10–0.19
0.17–0.17
0.18–0.18
0.26–0.46
0.03–0.28
0.01–0.44
0.11–0.12
0.01–0.07
0.01–0.10
0.01–0.52
0.20–0.20
0.02–0.10
0.39–0.39
0.01–0.37
0.03–0.52
0.01–0.23
0.01–0.07
0.12–0.16
0.04–1.17
0.14–0.14
1.25–1.25
0.04–0.07
0.07–0.23
0.00–0.98
0.19–0.48
0.16–0.16
0.11–0.80
0.33–1.06
0.14–0.32

Live/
dead

Dead

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

the accumulation of fine fuels after the treatment. However, both
custom and stylized fuel models resulted in similar enough predicted
fire behavior to suggest that both are adequate options to evaluate
fuel treatment effectiveness.

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

Values are summarized by time since prescribed fire treatment and include pretreatment (P00), 1 year posttreatment (P01), 2 years posttreatment (P02), 5 years
posttreatment (P05), and 8 years posttreatment (P08). Stylized fuel models, composed of either a combination of live and dead surface fuels compared with only
dead surface fuels are distinguished, which can affect predicted fire behavior.
Bold values signify the summary for each time period.

models with higher live fuel loading (Scott and Burgan 2005, Jolly
2007).

Conclusion
We generally found good agreement between custom and stylized fuel models with the methods presented in this analysis. Users
that apply their own SAV ratios or calculated values for bulk density
may find that their results will have greater variability than results
shown here. Live fuel loads differed between those generated from
FFE-FVS and field-based values. Users that have stands with a considerable portion of live fuel loading should apply the fuel model
logic in FFE-FVS with caution, understanding the limitations. Custom fuel models were better able than stylized fuel models to represent fine fuel loading associated with prescribed fire treatments and
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Figure 5. Comparison of live fuel loading (Mg/ha) between FFEFVS modeled live fuel loads and field-based values by time since
treatment: pretreatment (P00), 1 year posttreatment (P01), 2 years
posttreatment (P02), 5 years posttreatment (P05), and 8 years
posttreatment (P08). Box and whisker plots display the 25th and
75th percentiles, with whiskers displaying the highest and lowest
values. Both the 50th percentile (median line) and mean (diamond)
are shown.
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FULÉ, P.Z., A.E.M. WALTZ, W.W. COVINGTON, AND T.A. HEINLEIN.
2001. Measuring forest restoration effectiveness in reducing hazardous
fuels. J. For. 99(11):24 –29.
HARRINGTON, M.G., E. NOONAN-WRIGHT, AND M. DOHERTY. 2007.
Testing the modeled effectiveness of an operational fuel reduction treatment in a small western Montana interface landscape using two spatial
scales. P. 301–314 in The fire environment—Innovations, management,
and policy; conference proceedings, 26 –30 March 2008, Destin, FL, Butler, B.W., and W. Cook (comps.). USDA For. Serv., RMRS-P-46CD,
Fort Collins, CO.
JOHNSON, M. 2012. Developing a post-processor to link the Forest Vegetation
Simulator (FVS) and the Fuel Characteristic Classification System (FCCS).
Joint Fire Science Project 12-1-02-35. Available online at www.fs.
fed.us/pnw/fera/fccs/integration/fvs.shtml; last accessed Apr. 11, 2013.
JOHNSON, M., M.C. KENNEDY, AND D.L. PETERSON. 2011. Simulating
fuel treatment effects in dry forests of the western United States: Testing
the principles of a fire-safe forest. Can. J. For. Res. 44:1018 –1030.
JOLLY, W.M. 2007. Sensitivity of a surface fire spread model and associated
fire behavior fuel models to changes in live fuel moisture. Int. J. Wildl.
Fire 16(4):503–509.
LUTES, D.C., R.E. KEANE, J.F. CARATTI, C.H. KEY, N.C. BENSON, S.
SUTHERLAND, AND L.J. GANGI. 2006. FIREMON: The fire effects monitoring and inventory system [CD]. USDA For. Serv., Gen. Tech. Rep.
RMRS-GTR-164-CD, Fort Collins, CO. CD1.
LUTES, D.C., N.C. BENSON, M. KEIFER, J.F. CARATTI, AND S.A. STREETMAN. 2009. FFI: A software tool for ecological monitoring. Int. J. Wildl.
Fire 18:310 –314.
MCCULLOCH, C.E., AND S.R. SEARLE. 2001. Generalized, linear, and mixed
models. John Wiley and Sons, Inc., New York. 325 p.
MCHUGH, C.W. 2006. Considerations in the use of models available for
fuel treatment analysis. P. 81–105 in Fuels management—How to measure success: Conference proceedings, Portland, OR, Andrews, P.L., and
B.W. Butler (eds.). Rocky Mountain Research Station, Fort Collins,
CO.
OMI, P., AND E. MARTINSON. 2009. Effectiveness of fuel treatments for mitigating wildfire severity: A manager-focused review and synthesis. JFSP
Final Rep. 08-2-1-09, Joint Fire Science Program, Boise, ID. 18 p.
OTTMAR, R.D., D.V. SANDBERG, C.L. RICCARDI, AND S.J.
PRICHARD. 2007. An overview of the fuel characteristic classification
system—Quantifying, classifying, and creating fuel beds for resource
planning. Can. J. For. Res. 37(12):2383–2393.
REBAIN, S.A. (COMP.). 2010. The fire and fuels extension to the forest vegetation simulator: Updated model documentation. USDA For. Serv.,

Internal Rep. 395 p. (Revised Mar. 20, 2012.) Available online at
www.fs.fed.us/fmsc/ftp/fvs/docs/gtr/FFEguide.pdf; last accessed Apr.
11, 2013.
REINHARDT, E., AND N.L. CROOKSTON. 2003. The fire and fuels extension
to the Forest Vegetation Simulator. USDA For. Serv., Gen. Tech. Rep.
RMRS-GTR-116, Fort Collins, CO. 209 p.
REINHARDT, E., D. LUTES, AND J. SCOTT. 2006. FuelCalc: A method for
estimating fuel characteristics. P. 273–282. in Fuels management—How
to measure success: Conference proceedings, Portland, OR, Andrews, P.L.,
and B.W. Butler (eds.). Rocky Mountain Research Station, Fort Collins, CO.
ROTHERMEL, R.C. 1972. A mathematical model for predicting fire spread in
wildland fuels. USDA For. Serv., Res. Pap. INT-115, Ogden, UT. 40 p.
SANDO, R.W., AND C.H. WICK. 1972. A method of evaluating crown fuels in
forest stands. USDA For. Serv., Res. Pap. NC-84, St. Paul, MN. 10 p.
SCHMIDT, D.A., A.H. TAYLOR, AND C.N. SKINNER. 2008. The influence
of fuels treatment and landscape arrangement on simulated fire behavior, Southern Cascade range, California. For. Ecol. Manage. 255:
3170 –3184.
SCOTT, J. 2006. Comparison of crown fire modeling systems used in three fire
management applications. USDA For. Serv., Res. Pap. RMRS-RP-58,
Fort Collins, CO. 25 p.
SCOTT, J.H., AND R.E. BURGAN. 2005. Standard fire behavior fuel models: A
comprehensive set for use with Rothermel’s surface fire spread model. USDA
For. Serv., Gen. Tech. Rep. RMRS-GTR-153, Fort Collins, CO. 72 p.
SCOTT, J.H., AND E.D. REINHARDT. 2001. Assessing crown fire potential by
linking models of surface and crown fire behavior. USDA For. Serv., Res.
Pap. RMRS-RP-29, Fort Collins, CO. 59 p.
SELI, R.C., A.A. AGER, N.C. CROOKSTON, M.A. FINNEY, B. BAHRO, J.K.
AGEE, AND C.W. MCHUGH. 2008. Incorporating landscape fuel treatment modeling into the Forest Vegetation Simulator. P. 27–39 in Third
Forest Vegetation Simulator Conference, Havis, R., and N.L. Crookson
(comps.). USDA For. Serv., RMRS-P-54, Rocky Mountain Research
Station, Fort Collins, CO.
STEPHENS, S.L., AND J.J. MOGHADDAS. 2005. Experimental fuel treatment
impacts on forest structure, potential fire behavior, and predicted tree
mortality in a California mixed conifer forest. For. Ecol. Manage.
215:21–36.
STEPHENS, S.L., J.J. MOGHADDAS, C. EDMINSTER, C.E. FIEDLER, S.
HAASE, M. HARRINGTON, J.E. KEELEY, ET AL. 2009. Fire treatment
effects on vegetation structure, fuels, and potential fire severity in western US forests. Ecol. Appl. 19:305–320.
STEPHENS, S.L., AND L.W. RUTH. 2005. Federal forest fire policy in the
United States. Ecol. Appl. 15(2):532–542.
STRATTON, R.D. 2006. Guidance on spatial wildland fire analysis: Models,
tools, and techniques. USDA For. Serv., Gen. Tech. Rep. RMRSGTR-183, Fort Collins, CO. 15 p.
USDA FOREST SERVICE. 2010. KCFast (Kansas City Fire Access Software).
Available online at fam.nwcg.gov/fam-web/kcfast/mnmenu.htm; last
accessed May 6, 2013.
USDA FOREST SERVICE. 2013. Field sampled vegetation (common stand
exam). Available online at www.fs.fed.us/nrm/fsveg/index.shtml; last
accessed May 6, 2013.
US DEPARTMENT OF THE INTERIOR, NATIONAL PARK SERVICE. 2003. Fire
monitoring handbook. Fire Management Program Center, National Interagency Fire Center. 274 p. Available online at www.nps.
gov/fire/wildland-fire/resources/documents/fire-effects-monitoringhandbook.pdf; last accessed Apr. 11, 2013.
US DEPARTMENT OF THE INTERIOR, US DEPARTMENT OF AGRICULTURE.
2000. Managing the impact of wildfires on communities and the environment: A report to the President in response to the wildfires of 2000. Available
online at clinton4.nara.gov/CEQ/firereport.pdf; last accessed Apr. 11,
2013.
Forest Science • April 2014

239

US DEPARTMENT OF THE INTERIOR, US DEPARTMENT OF AGRICULTURE,
REPRESENTATIVES OF THE GOVERNORS. 2002. A collaborative approach
for reducing wildland fire risks to communities and the environment,
10-year comprehensive strategy, implementation plan. Available online at
www.fire.org/niftt/released/implem_plan.pdf; last accessed Apr. 11,
2013.
US GENERAL ACCOUNTING OFFICE. 2004. Forest Service and BLM need
better information and a systematic approach for assessing the risks of environmental effects. US General Accounting Office, Rep. GAO-04 –705,
Washington, DC. 88 p.
VAILLANT, N.M., J. FITES-KAUFMAN, A.L. REINER, E.K. NOONANWRIGHT, AND S.N. DAILEY. 2009a. Effect of fuel treatments on fuels
and potential fire behavior in California national forests. Fire Ecol.
5(2):14 –29.
VAILLANT, N.M., J. FITES-KAUFMAN, AND S.L. STEPHENS. 2009b. Effectiveness of prescribed fire as a fuel treatment in Californian coniferous
forests. Int. J. Wildl. Fire 18:165–175.
VAN DYCK, M.G. 2006. Keywords reference guide for the forest vegetation

240

Forest Science • April 2014

simulator. USDA For. Serv., Internal Rep., Management Service Center, Fort Collins, CO. 96 p.
VAN WAGNER, C.E. 1968. The line intersect method in forest fuel sampling. For. Sci. 14:20 –26.
VAN WAGNER, C.E. 1977. Conditions for the start and spread of crown
fire. Can. J. For. Res. 7:23–34.
VAN WAGTENDONK, J.W. 1996. Use of a deterministic fire growth model
to test fuel treatments. P. 1155–1166 in Sierra Nevada ecosystem project,
final report to Congress, vol. 2. Pacific Southwest Research Station, Albany, CA.
VAN WAGTENDONK, J.W., J.M. BENEDICT, AND W.M. SYDORIAK. 1996.
Physical properties of woody fuel particles of Sierra Nevada conifers. Int.
J. Wildl. Fire 6(3):117–123.
VAN WAGTENDONK, J.W., J.M. BENEDICT, AND W.M. SYDORIAK. 1998.
Fuel bed characteristics of Sierra Nevada conifers. West. J. Appl. For.
13(3):73– 84.
VARNER, J.M., AND C.R. KEYES. 2009. Fuels treatments and fire models: Errors
and corrections. Fire Manage. Today 69(3):47–50.

