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aBstract

In many parts of California, past timber harvesting, livestock grazing practices, and fire 
exclusion have changed the fire regime from low to mixed severity to a high severity re-
gime with an increase in active crown fire.  Land managers responded by implementing 
hazardous fuel treatment projects to reduce the risk of such uncharacteristic stand-replac-
ing crown fires.  Various fuel treatments have been implemented using either mechanical 
methods or prescribed fire in forested ecosystems across 14 national forests in California, 
USA.  Mechanical treatments significantly altered forest structure (tree density, 75th per-
centile quadratic mean diameter, canopy cover, canopy base height, and canopy bulk den-
sity) and generally increased surface fuel loads as compared to pre-treatment conditions.  
Prescribed fire significantly reduced ground and surface fuel loads and increased canopy 
base height, but did not appreciably alter other forest structure metrics.  The changes in 
forest and fuel structures from prescribed fire reduced predicted fire behavior metrics (fire 
type, flame length, fireline intensity, and rate of spread); mechanical methods showed 
mixed effects on resulting fire behavior metrics.  Modeled fire type, in addition to predict-
ed flame length, fireline intensity, and rate of spread, is an essential metric for managers 
when choosing where to implement fuel treatments and for assessing the effectiveness of 
completed treatments.  Under 90th percentile windspeed, out of the five forest treatment 
combinations, three exhibited some passive crown fire before treatment and only one ex-
hibited passive crown fire after treatment.  Using gusting windspeed, four of the five com-
binations maintain the potential for crown fire (passive or conditional) after treatment.  If 
reducing the potential for uncharacteristic crown fire is the main priority for fuel treat-
ments, it might be beneficial to prioritize areas with elevated risk and to combine both 
mechanical methods and prescribed fire in order to achieve desired fire behavior under 
more extreme conditions.
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introduction

Fire has been a part of California’s ecosys-
tems for thousands of years (Sugihara et al. 
2006).  Throughout California and the western 
United States, fire exclusion, timber harvest-
ing, and livestock grazing over the past century 
have altered forest structure.  Today, forests 
are characterized by smaller trees and higher 
fuel loads than in the past (Agee and Skinner 
2005).  The transformation of fuel conditions 
coupled with a changing climate (Westerling 
et al. 2006, Millar et al. 2007, Miller et al. 
2009) has altered the historical fire regime in 
coniferous forests of California (e.g. Beaty and 
Taylor 2001, Stephens and Collins 2004, Fry 
and Stephens 2006, Moody et al. 2006, Vail-
lant 2008).  Land managers are concerned 
about the increase in stand-replacing crown 
fires in ecosystems that historically burned 
with low or mixed severity (Covington 2000, 
Miller et al. 2009).

In response, the National Fire Plan (USDA-
USDI 2000), the 10-Year Comprehensive 
Strategy (WGA 2001), and the Healthy Forests 
Restoration Act (HFRA 2003) were enacted to 
address the problem of elevated fuel loading 
and facilitate the reduction of wildland fire 
risk.  All three documents include clauses to 
reduce the risk of catastrophic wildland fires 
that threaten people, communities, and natural 
resources.  Risk reduction can occur in areas 
such as the wildland urban interface, threat-
ened or endangered species habitat, municipal 
water supplies, and other values at risk.  Pro-
posed fuel reduction treatments include, but 
are not limited to, prescribed fire, mechanical 
treatments, and livestock grazing.  The three 
documents give priority to treatments where 
the risk of negative impacts from wildland fire 
is the greatest.

The current extent and frequency of stand-
replacing crown fire is historically uncharac-
teristic in the Sierra Nevada (Miller et al. 
2009).  Fuel treatments break the continuity of 
surface, ladder, and crown fuels, reducing the 

risk of crown fire (Van Wagner 1977, Agee et 
al. 2000, Scott and Reinhardt 2001, Agee and 
Skinner 2005).  The most common types of 
hazardous fuel reduction treatments include 
mechanical methods (i.e., thinning and masti-
cation), prescribed burning, and a combination 
of the two.  Mechanical treatments are most 
effective at altering forest structure by reduc-
ing tree density and canopy bulk density, and 
by increasing canopy base height (Keyes and 
O’Hara 2002; Pollet and Omi 2002; Stephens 
and Moghaddas 2005a, b; Agee and Lolley 
2006; Huggett et al. 2008; Stephens et al. 
2009).  This alteration in forest structure breaks 
the horizontal and vertical connection between 
surface and crown fuels.  However, depending 
on the type of mechanical treatment employed, 
surface fuel loads may be at an elevated level 
post-treatment (Kalabokidis and Omi 1998, 
Stephens 1998, Raymond and Peterson 2005, 
Stephens and Moghaddas 2005a).  Prescribed 
fire reduces surface and ladder fuels (Knapp et 
al. 2005, Keifer et al. 2006) but does not often 
alter canopy fuels (Stephens and Moghaddas 
2005a, Agee and Lolley 2006, Vaillant et al. 
2009, Stephens et al. 2009).  The combination 
of mechanical treatments followed by pre-
scribed burning has proven to be the most ef-
fective at reducing potential fire behavior and 
effects (van Wagtendonk 1996, Peterson et al. 
2003, Stephens and Moghaddas 2005a, Ritchie 
et al. 2007, Stephens et al. 2009).

Ideally, the effectiveness of a fuel treat-
ment to lessen potential fire behavior (i.e., re-
duced flame height) can be observed during or 
after a fire passes through the treatment.  Fuel 
treatments have proven to be effective at re-
ducing fire intensity, severity, and extent (Agee 
et al. 2000, Pollet and Omi 2002, Martinson 
and Omi 2003, Finney et al. 2005, Ritchie et 
al. 2007), and in aiding in suppression efforts 
during wildfires (Moghaddas and Craggs 
2007).  Observational evidence has also shown 
fires to burn into and through known treat-
ments under extreme conditions (Pollet and 
Omi 2002).  In the absence of this opportunity, 
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and in necessity for fuel treatment planning, 
most researchers evaluate or predict fuel treat-
ment effectiveness with fire behavior model-
ing.  Fire behavior modeling can be done as a 
theoretical practice or with pre- and post-treat-
ment fuel measures.  Theoretical modeling can 
be completed to better understand the influ-
ence of potential fuel treatments on fire behav-
ior metrics (van Wagtendonk 1996, Stephens 
1998, Schmidt et al. 2008, Vaillant 2008).  Fire 
behavior modeling that utilizes pre- and post-
treatment fuel measurements allows managers 
to assess the effectiveness of completed fuel 
treatments to alter potential fire behavior (Ste-
phens and Moghaddas 2005a, b; Roccaforte et 
al. 2008; Schmidt et al. 2008; Vaillant et al. 
2009).

In 2000, the Pacific Southwest Region of 
the Forest Service initiated a region-wide fuel 
hazard reduction treatment monitoring project.  
The monitoring project was designed to quan-
tify the effectiveness and effects of fuel treat-
ments on major vegetation types across Cali-
fornia.  Monitoring plots were established in 
17 out of the 18 national forests in coniferous 
forest and chaparral ecosystems.  Treatment 
types included prescribed fire, mechanical 
treatments, a combination of the two, and wild-
fire.  To date, most of plots that received treat-
ment are in coniferous forests and were treated 
with mechanical methods or prescribed fire.  
The objective of this study was to determine 
how prescribed fire and mechanical treatments 
affect fuel loads, forest structure, and potential 
fire behavior for three forest types in Califor-
nia.  Information from this study can be used 
to assist in the development of forest manage-
ment plans that use prescribed fire and me-
chanical methods to reduce fire hazard.

mEthods

Study Sites

Personnel on each national forest in Cali-
fornia were asked to provide at least one can-

didate project that would be treated the follow-
ing year.  Although it would have been ideal to 
randomly select study sites (treatment units), 
preference was given to those sites most likely 
to be treated.  Plot locations were randomly se-
lected within each study site.

From 2001 through 2006, 255 permanent 
monitoring plots were established in conifer-
ous forests.  Plots were assigned subjectively 
to three forest types based on dominant tree 
species, similarities in fuel characteristics, and 
expected fire behavior.  The forest types in-
clude short-needle dominated conifer stands, 
long-needle dominated conifer stands, and red 
fir (Abies magnifica) stands.  The red fir group 
was not included in the short-needle conifer 
group because of differences in fuel character-
istics, including smaller needles, less produc-
tive environments, and higher surface fuel 
compaction due to snow.  The long-needle 
group is dominated by ponderosa pine (Pinus 
ponderosa), Jeffrey pine (Pinus jeffreyi), or 
Coulter pine (Pinus coulteri).  Other tree spe-
cies present include white fir (Abies concolor), 
black oak (Quercus kelloggii), incense-cedar 
(Calocedrus decurrens), Douglas-fir (Pseu-
dotsuga menziesii), and sugar pine (Pinus lam-
bertiana).  The short-needle group is dominat-
ed by Douglas-fir, white fir or a combination 
of both.  Other tree species present include 
ponderosa pine, sugar pine, incense-cedar and 
black oak.  The red fir group is dominated by 
red fir but may also contain white fir.

Given the geographic extent encompassed 
by this monitoring project, study sites occurred 
on a wide variety of elevations, slopes and as-
pects.  Elevation ranged from 200 m to 2595 
m (average 1467 m) with slopes from 0 % to 
80 % (average 22 %) on all aspects.

Treatments

All fuel reduction treatments were con-
ducted by the individual national forests and 
included prescribed fire and mechanical meth-
ods.  Treatments were implemented across en-
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tire study sites (treatment units), not strictly 
within individual plot areas.  Both the short-
needle and long-needle forest types received 
either prescribed fire or mechanical treatments, 
while the red fir group was only treated with 
mechanical methods.  Mechanical methods in-
cluded hand cutting and piling of fuels, which 
were sometimes burned; thinning; thinning 
followed by chipping; mastication; and whole 
tree biomass removal.  Due to a lack of suffi-
cient replicates in any of the given methods, 
all mechanical treatments were combined into 
one category.

Study sites, and therefore plots, were di-
vided into forest and treatment type combina-
tions for comparison.  The resulting five for-
est-treatment types are: short-needle mechani-
cal treatment (SN-MT), long-needle mechani-
cal treatment (LN-MT), red fir mechanical 
treatment (RF-MT), short-needle prescribed 
fire (SN-PF) and long-needle prescribed fire 
(LN-PF) (Figure 1, Table 1).

Field Data Collection

Different monitoring protocols were used 
depending on the establishment year of the 

study site (Table 2).  Variations of the protocol 
were modified versions of the National Park 
Service’s fire monitoring protocol (NPS 2003).  
Starting in 2003, the number of plots per site 
increased, and quantity of data decreased in 
order to better capture the inherent variation in 
understory plant composition and surface fu-
els.  The number of plots increased from three 
per site to six per site, with three each of de-
tailed plots and rapid plots.  The detailed plots 
included collection of tree data, whereas the 
rapid plots did not.  In addition, the number of 
shrub transects, fuel transects, and canopy 
cover readings were reduced in 2003 (Table 2).  
All post-treatment plots were re-read accord-
ing to the initial protocol one year after treat-
ment.

Tree data were collected on all plots estab-
lished before 2003, and only on detailed plots 
starting in 2003.  Overstory, pole-size, and 
seedling tree information were gathered within 
circular fixed area nested plots sized 0.1 ha, 
0.025 ha, and 0.005 ha, respectively.  Oversto-
ry trees included those greater than 15 cm di-
ameter at breast height (dbh), pole-sized trees 
were ≥2.5 cm and ≤15 cm dbh, and seedlings 
were <2.5 cm dbh.  For all live overstory and 
pole-sized trees, species, dbh, height to live 
crown base, total height, and canopy position 
(dominant, co-dominant, intermediate, or sup-
pressed) were recorded.  For snags, species, 
dbh, and total height were measured.

The number of canopy cover, shrub, and 
herbaceous plant and grass transects was re-
duced from two to one starting in 2003.  A 

Figure 1.  Location of study sites by forest-treat-
ment combination in California. Only the national 
forests labeled are included in the study.

Mechanical 
treatment Prescribed fire

Forest type # plots # sites # plots # sites
Short-needle 11 3 12 5
Long-needle 18 5 30 11
Red fir 11 2

Table 1.  Number of plots and sites by forest and 
treatment type in California.
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canopy sight tube (Gill et al. 2000) was used 
to measure overstory canopy cover (50 points) 
along each 50 m transect.  Shrub data were 
collected along the same transect and included 
species, vigor (live or dead), range along the 
transect, and average height.  Herbaceous 
plants and grasses were quantified in five one-
by-one meter quadrats located every 10 m 
along each transect.  Within each quadrat, spe-
cies, cover class (ocular estimate in 10 class-
es), and vigor (live or dead) for each rooted 
herbaceous plant and grass was recorded.

Surface and ground fuels were assessed us-
ing the planar-intercept method (VanWagner 
1968, Brown 1974) starting along the canopy 
cover, shrub, and herbaceous plant and grass 
transect and extending outward.  Plots estab-
lished before 2003 had four 15.24 m fuel tran-
sects per plot.  Starting in 2003, only two tran-
sects were established per plot.  One-hour 
(≤0.64 cm diameter) and 10 h (>0.64 cm to 
≤2.54 cm diameter) time lag fuels were tallied 
along the first 1.83 m of each transect.  One-
hundred-hour (>2.54 cm to ≤7.62 cm diame-
ter) time lag fuels were tallied for the first 3.66 
m of each transect.  Finally, species, diameter, 
and condition (rotten or sound) for all 1000 h 
(>7.62 cm diameter) time lag fuels were re-
corded along the entire transect.  Litter and 
duff depths were measured at 10 locations 
along each transect.  Maximum fuel bed depth 
was measured for 10 equidistant intervals 
along each transect.

Using different protocols to collect data 
might have some impact on individual plot av-

erages and variance for forest and fuel charac-
teristics.  However, because of the type of 
analysis used (grouping by functional forest 
type and treatment), we felt that this did not al-
ter the results for this study. 

Modeled Fire Behavior

Predicted fire behavior was simulated us-
ing NEXUS (ver. 2.0, Scott 1999) for each 
plot.  NEXUS is a stand-level fire behavior 
model that predicts fire type (surface, passive 
crown, conditional crown, or active crown 
fire), crowning and torching indices, rate of 
spread, flame length, and fireline intensity.  
Canopy and surface fuel characteristics (cano-
py base height, canopy bulk density, canopy 
fuel loading, fuel model, and live and dead fuel 
moistures), wind data (speed, direction, and 
reduction factor), and slope are required to run 
NEXUS.

Pre- and post-treatment canopy character-
istics for each plot were entered into NEXUS.  
Pre- and post-treatment fuel models were as-
signed to plots based on the calculated surface 
fuel loads, vegetation type, and the presumed 
carrier of fire (Anderson 1982, Scott and Bur-
gan 2005).  Fuel model selection was per-
formed by highly trained wildland firefighting 
personnel and qualified research scientists us-
ing photographs, understory plant abundance 
and composition, and fuel loading data collect-
ed in the field (Table 3).  Although this method 
is subjective, short of using custom fuel mod-
els, there is no better way to assign standard 

Pre-2003 2003-2006 (detailed) 2003-2006 (rapid)
Tree data1 yes yes no
Canopy cover transects/points 2/100 1/50 0/0
Shrub transects 2 1 1
Herbaceous plant transects/quadrats 2/10 1/5 1/5
Fuel transects 4 2 2

Table 2.  Details of forest structure and fuel composition data collection for the different protocols used.

1 Tree data include circular nested plots for overstory (0.1 ha), pole-sized (0.025 ha), and seedlings (0.005 ha).
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fuel models.  Custom fuel models have their 
pitfalls as well; they often need to be modified 
to accurately predict potential fire behavior.  
Such validation requires burning under pre-
scribed fire and wildland fire conditions, which 
is often infeasible (Agee and Lolley 2006).

Initial dead fuel moisture values were set 
to 3 %, 4 %, and 5 % for 1 h, 10 h, and 100 h 
fuel moistures, respectively; and were then 
conditioned for each plot based on topography 
(slope, aspect, and elevation), shading (cloud 
and canopy cover), weather (temperature and 
relative humidity) and wind, similar to meth-
ods employed in FlamMap (Finney 2006).  Ten 
years of hourly weather data were collected 
from National Weather Service weather sta-
tions within 25 km of each study site for a 
three-day period in August to calculate 90th 
percentile wind and weather (NOAA 2007).  
These data were used to condition dead fuel 
moistures to create more realistic fuel condi-
tions for fire behavior modeling, resulting in 
different dead fuel moisture conditions for 
each plot.  Live fuel moistures were set to 30 % 
for herbaceous fuels, 60 % for woody fuels, 
and 100 % for foliar fuels for all simulations to 
create dry, late season conditions.

The 90th percentile windspeed was calcu-
lated using 10 years of data from 96 airports 
across California for August (WRCC 2007).  
Next, a wind gustiness table was used to ac-
count for possible wind gust speeds not cap-
tured with windspeed averages (Crosby and 
Chandler 1966).  Simulations were run using 
both the 90th percentile windspeed (18 km h-1) 
and the gust speed (30 km h-1).  Finally, a wind 
adjustment factor (a function of canopy cover, 
stand height, and crown ratio) was applied to 
each plot to more accurately model mid-level 
windspeed with varying changes of stand 
structure (Albini and Baughman 1979).  Wind 
adjustment factors ranged between 0.13 and 
0.38, depending on the above-mentioned met-
rics creating different mid-level windspeeds 
for each plot.

Data Analysis

Canopy base height, canopy bulk density, 
and canopy fuel loading were calculated using 
Canopy Fuels Inventory Processor (CFIP) 
(Larry Wilson; Larkspur, California; unpub-
lished report).  The CFIP is a vegetation simu-
lation program largely based on the algorithms 
used in the Forest Vegetation Simulator 

Forest-treatment1 Pre- and post- treatment fuel models

SN-MT 
Pre, TU1, TU2, TL1, TL2, TL3, TL6
Post, TU1, TU2, TL1, TL2, SB1, SB2

LN-MT 
Pre, GS2, TU1, TU3, TU5, TL3, TL4, TL5, TL8
Post, 2, GS2, TU1, TL4, TL5, TL8, SB1

RF-MT 
Pre, TU1, TL1, TL3, TL5
Post, TU1, TL1, TL3, TL5

SN-PF 
Pre, TU1, TU5, TL3, TL4, TL5
Post, TU1, TL1, TL3, TL5

LN-PF 
Pre, SH1, SH2, TU1, TU3, TU5, TL1, TL3, TL4, TL5, TL8
Post, GS1, SH2, TU1, TU2, TU5, TL1, TL3, TL4, TL5, TL8

Table 3.  Lists of pre- and post-treatment fuel models used for each of the five forest-treatment combina-
tions.  Fuel model codes are consistent with Anderson (1982) or Burgan and Scott (2005).  2, timber (grass 
and understory); GS, grass-shrub; SB, slash-blowdown; SH, shrub; TL, timber-litter; TU, timber-under-
story.

1 SN-MT, short needle mechanical treatment; LN-MT, long needle mechanical treatment; SN-PF, short needle pre-
scribed fire; LN-PF, long needle, prescribed fire.
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(Crookston and Stage 1991) and the Fire and 
Fuels Extension (Reinhardt and Crookston 
2003).  The processor incorporates a post-treat-
ment reduction in canopy bulk density and 
canopy base height for hardwoods and select 
conifers in California.  To represent changes in 
canopy bulk density and canopy base height 
post-treatment, the fraction of crown length re-
moved was multiplied by the average crown 
mass (Noonan-Wright et al. 2006).  This re-
duced crown mass value was then applied to 
the vertical distribution for calculations of can-
opy base height and canopy bulk density for 
each plot.  Otherwise, for hardwoods such as 
black oak, and conifers such as red fir and 
white fir, measured changes in individual tree 
crown base height would have resulted in 
higher values of crown bulk density, post-treat-
ment.  Surface and ground fuel loads were cal-
culated using Brown et al. (1984) with coeffi-
cients specific to California tree species (van 
Wagtendonk et al. 1996).

Pairwise comparisons of mean responses 
or transformed mean responses were per-
formed assuming an analysis of variance 
(ANOVA) model for repeated measures from 
the family of Mixed General Linear Models 
(McCulloch and Searle 2001) to assess the ef-
fect of treatment through time (pre- and post-
treatment) on different forest types (short-nee-
dle, long-needle, and red fir) using SAS (SAS 
Institutes Inc., North Carolina, USA).  Plots 
were used as replicates with study site includ-
ed as a blocking factor to account for potential 
error associated with pseudoreplication.  To 
maintain ANOVA assumptions, the data were 
tested for normality with the Kolmogorov-
Smirnov test and the Levene’s test (Zar 1999).  
If variables were found to be significantly non-
normal, data were normalized and unbiased 
estimators were used in the statistical analysis.  
The comparisons’ significance was assessed 
using the Bonferroni correction (Zar 1999).  
Fire modeled outputs were not statistically an-
alyzed due to the number of assumptions asso-

ciated with fire behavior modeling (Stephens 
and Moghaddas 2005b, Vaillant et al. 2009).  
Rather, proportion of fire type and the average 
pre- and post-treatment flame length, fireline 
intensity, and rate of spread are presented for 
each forest-treatment combination.

rEsults

Forest Stand Characteristics

Of the 255 established plots, 82 plots re-
ceived treatment at 26 sites on 14 national for-
ests in California.  Only those plots receiving 
treatment were used for this study (Table 1, 
Figure 1).  The study included 2563 trees 
greater than 2.5 cm dbh and 242 fuel transects.

Mechanical treatments had a greater impact 
on forest stand characteristics than prescribed 
fire (Table 4).  Canopy base height and 75th per-
centile quadratic mean diameter significantly 
increased (p < 0.01) and tree density, canopy 
cover, and canopy bulk density significantly 
decreased (p < 0.01) for SN-MT, LN-MT, and 
RF-MT due to treatment.  Prescribed fire did 
not alter stand characteristics as significantly as 
mechanical treatments.  Canopy base height 
significantly increased (p < 0.01) for both SN-
PF and LN-PF.  For the short-needle forest 
type, prescribed fire significantly (p < 0.05) de-
creased canopy bulk density and increased 75th 
percentile quadratic mean diameter.

Surface and Ground Fuel Loads

Prescribed fire altered surface and ground 
fuel loads more than mechanical treatment 
(Table 5).  For SN-PF, prescribed fire signifi-
cantly reduced (p < 0.01) duff, litter, 1 h, 10 h 
and 1000 h fuel loads, and fuel bed depth.  The 
LN-PF combination significantly reduced duff, 
litter, 10 h fuel loads, and fuel bed depth.  Me-
chanical treatments did not significantly alter 
fuel loads for the red fir forest type and in-
creased loads for the short-needle and long-
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needle forest types.  Both 10 h (p < 0.05) and 
1000 h (p < 0.01) fuel loads significantly in-
creased for SN-MT, and 10 h and 100 h fuel 
loads significantly (p < 0.01) increased for LN-
MT after treatment.

Modeled Fire Behavior

Pre-treatment modeled fire type for all fuel 
treatment combinations was either surface or 
passive crown fire with 90th percentile wind-
speed (Figure 2a) and surface, passive crown, 

Forest- 
treatment1 Status

Tree density
(ha-1)

Canopy 
cover (%)

Canopy base 
height (m)

Canopy bulk 
density (kg m-3)

Quadratic mean 
diameter2 (cm)

SN-MT
n = 6

Pre 1201 (183)a 71 (11)a 1.2 (1.8)a 0.104 (0.006)a 17.8 (7.6)a

Post 578 (141)a 54 (11)a 3.4 (3.0)a 0.066 (0.014)a 25.4 (7.6)a

LN-MT
n = 14

Pre 427 (126)a 60 (7)a 4.0 (1.2)a 0.054 (0.005)a 38.1 (5.1)a

Post 183 (96)a 34 (8)a 7.6 (2.1)a 0.039 (0.007)a 45.7 (5.1)a

RF-MT
n = 6

Pre 893 (198)a 38 (13)a 1.2 (2.1)a 0.178 (0.0035)a 33.0 (7.6)a

Post 561 (151)a 28 (12)a 4.3 (3.4)a 0.122 (0.036)a 43.2 (7.6)a

SN-PF
n = 10

Pre 462 (141) 74 (7) 4.3 (1.2)a 0.063 (0.009)b 35.6 (5.1)b

Post 351 (106) 74 (10) 7.3 (2.4)a 0.049 (0.009)b 38.1 (5.1)b

LN-PF
n = 27

Pre 408 (86) 49 (5) 3.7 (0.3)a 0.084 (0.008) 35.6 (2.5)
Post 356 (69) 46 (6) 6.1 (1.5)a 0.074 (0.007) 38.1 (2.5)

Table 4.  Pre- and post- treatment average (standard error) stand characteristics for the five forest-treatment 
combinations.  Due to changes in sampling procedure, not all plots had tree data collected.  Sample size 
(number of plots) for each forest-treatment combination is noted in the table.

1 SN, short-needle; LN, long-needle; RF, red fir; MT, mechanical treatment; PF, prescribed fire
2 75th percentile quadratic mean diameter
a denotes a significant difference (p < 0.01) and b denotes a significant difference (p < 0.05) before and after treatment 

for the given forest-treatment combination for the specific metric 

Forest- 
treatment Status

Duff Litter 1 h 10 h 100 h 1000 h Fuel bed 
depth 

····· cm ························································ t ha−1 ···················································

SN-MT
n = 11

Pre 58.3 (22.4) 39.7 (4.0) 1.1 (0.2) 2.5 (1.6)b 3.4 (2.2) 33.6 (40.4)a 18.3 (9.1)
Post 56.0 (13.5) 67.3 (2.2) 1.6 (0.3) 4.7 (1.3)b 6.5 (2.2) 47.1 (0.2)a 18.3 (2.7)

LN-MT
n = 18

Pre 121.1 (15.7) 185.2 (2.7) 0.2 (0.2) 2.9 (1.1)a 3.6 (1.6)a 42.6 (29.1) 15.2 (6.1)
Post 103.1 (11.2) 141.2 (17.9) 0.7 (0.2) 7.4 (1.1)a 10.3 (1.8)a 17.9 (0.2) 21.3 (2.1)

RF-MT
n = 11

Pre 87.4 (26.9) 26.2 (4.7) 1.3 (0.4) 5.6 (2.0) 4.7 (2.5) 42.6 (49.3) 15.2 (9.1)
Post 89.7 (15.7) 25.1 (2.5) 1.8 (0.4) 6.5 (1.3) 5.4 (2.5) 24.7 (0.4) 12.2 (2.7)

SN-PF
n = 12

Pre 130.0 (13.5)a 116.3 (2.5)a 1.3 (0.2)a 9.0 (1.1)a 9.6(1.3) 98.6 (26.9)a 18.3 (6.1)a

Post 44.8 (11.2)a 9.6 (2.0)a 0.2 (0.2)a 2.5 (1.1)a 4.9(2.0) 4.5 (0.2)a 9.1 (2.4)a

LN-PF
n = 30

Pre 94.2 (9.0)a 133.2 (1.8)a 0.7 (0.1) 3.6 (0.7)b 3.8 (0.9) 29.1 (17.9) 24.4 (3.0)a

Post 40.4 (9.0)a 14.6 (1.3)a 0.2 (0.2) 1.8 (0.7)b 3.4 (1.3) 15.7 (0.2) 6.1 (1.5)a

Table 5.  Pre- and post- treatment average (standard error) surface and ground fuel loads for the five forest-
treatment combinations.  Number of plots for each forest-treatment combination is noted in the table.  SN, 
short-needle; LN, long-needle; RF, red fir; MT, mechanical treatment; PF, prescribed fire.

a denotes a significant difference (p < 0.01) 
b denotes a significant difference (p < 0.05) before and after treatment for the given forest-treatment combination for 

the specific metric
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conditional crown, or active crown fire with 
the gust windspeed (Figure 2b).  Post-treat-
ment modeled fire type is less intense than pre-
treatment for most forest-treatment combina-
tions under both wind scenarios.  The excep-
tion is for the SN-MT and RF-MT groups un-
der the 90th percentile windspeed where they 
remained unchanged as surface fire (Figure 
2a).

Flame length (FL), fireline intensity (FI), 
and rate of spread (ROS) were higher for the 
gust windspeed when compared to 90th percen-
tile windspeed pre- and post-treatment for all 
forest types (Figure 3).  Flame length typically 
decreased post-treatment, except for the short-
needle and red fir forest types with mechanical 
treatment for 90th percentile windspeed where 
there was an increase and no change, respec-
tively (Figure 3a).  Fireline intensity also tend-

ed to decrease post-treatment (Figure 3b).  Ex-
ceptions were seen with increasing FI for SN-
MT under 90th percentile windspeed.  Rate of 
spread decreased post-treatment with pre-
scribed fire treatment (Figure 3c).  Mechanical 
treatment had varied effects on ROS for the 
two windspeed scenarios; ROS remained un-
changed pre- and post-treatment for LN-MT 
and RF-MT under gust and 90th percentile 
windspeeds, respectively (Figure 3c).

Figure 2.  Pre- and post-treatment modeled fire 
type (surface, passive crown, conditional crown 
and active crown) for the a) 90th percentile and b) 
gust wind scenarios for the five forest-treatment 
combinations.

0
1 0
2 0
3 0
4 0
5 0
6 0
7 0
8 0
9 0

1 0 0

P re P o s t P re P o s t P re P o s t P re P o s t P re P o s t

Pe
rce

nt 
 of

  p
lot

s

a . 9 0 th  p e rce n tile  w in d sp ee d (1 8  km  h -1) Active Condit iona l
Pass ive Surface

S h o rt n e e d le       L o n g  n e e d le        R e d  fir   S h o rt n e e d le      L o n g  n e e d le
M e ch a n ical tre a tm en ts                              P re sc rib e d  fire

0
1 0
2 0
3 0
4 0
5 0
6 0
7 0
8 0
9 0

1 0 0

P re P ost P re P ost P re P ost P re P ost P re P ost

Pe
rce

nt 
 of

  p
lot

s

b . G u s t w in d sp e e d  (3 0  km  h -1) Active Condit iona l
Pass ive Surface

S h o rt n e e d le       L o n g  n e e d le        R e d  fir    S h o rt n e e d le      L o n g  n e e d le
M e ch a n ical tre a tm e nts                                 P re sc rib e d fire

Figure 3.  Pre- and post-treatment modeled a) flame 
length, b) fireline intensity, and c) rate of spread for 
the 90th percentile and gust wind scenarios for the 
five forest-treatment combinations.  
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discussion

Fire behavior modeling that utilizes pre- 
and post-treatment fuel measurements allows 
managers to assess the effectiveness of com-
pleted fuel treatments to reduce undesirable 
fire behavior.  Specifically, modeled fire type 
can be used to assess the effectiveness of com-
pleted fuel treatments to alter predicted fire be-
havior based on changes to surface, ladder, and 
crown fuels.  Mechanical treatments signifi-
cantly reduced tree density, canopy cover, and 
canopy bulk density and increased canopy base 
height and 75th percentile quadratic mean di-
ameter for all three forest types, which is con-
sistent with past studies (Pollet and Omi 2002, 
Stephens and Moghaddas 2005a, Harrod et al. 
2007).  These changes in stand metrics corre-
late to reductions in both ladder and canopy 
fuels.  Levels of surface fuel loads are depen-
dant on the type of mechanical treatment uti-
lized and are often higher than pre-treatment 
conditions (Stephens 1998, Raymond and Pe-
terson 2005, Stephens and Moghaddas 2005b, 
Stephens et al. 2009).  General trends in this 
study suggest that mechanical treatments will 
result in a decrease of ladder and canopy fuels, 
and an increase in larger diameter surface fuels.

Mechanical treatments had mixed effects 
on fire type.  With 90th percentile windspeed, 
two of the three forest types were predicted to 
have surface fire pre- and post-treatment, and 
the third experienced a reduction in potential 
passive crown fire as a result of treatment.  
With gusty winds, all three forest types were 
predicted to experience some passive or condi-
tional crown fire pre-treatment, and two of the 
three sites maintained some crown fire post-
treatment, although the proportion was re-
duced.  The mixed results found in this study 
are likely due to the relatively low number of 
replicates and the variety of mechanical treat-
ments implemented.  Some of the mechanical 
treatments targeted overstory fuels (i.e., whole 
tree removal and thinning) and others ladder 

and surface fuels (i.e., hand cutting and piling, 
thinning followed by chipping, and mastica-
tion).  For example, RF-MT had the highest 
post-treatment canopy bulk density out of all 
five forest-treatment combinations, resulting in 
the highest proportion of post-treatment condi-
tional crown fire.  The LN-MT treatments had 
elevated levels of 1 h, 10 h and 100 h fuels 
post-treatment, resulting in the only post-treat-
ment forest-combination to retain some pas-
sive crown fire.  The variety of treatments 
completed and the fact that no fuel treatment 
will uniformly alter forest and fuel structure 
due to the inherent variability in natural eco-
systems explains part of the resulting modeled 
fire type.

Prescribed fire significantly reduced ground 
and surface fuel loads without large changes to 
overstory canopy fuels, which is consistent 
with many studies in forested ecosystems in 
California (i.e., van Wagtendonk 1996, Knapp 
et al. 2005, Stephens and Moghaddas 2005a, 
Keifer et al. 2006, Vaillant et al. 2009).  The 
increase in canopy base height and decrease in 
small diameter trees found in many of the pre-
scribed fire treated plots of this study represent 
a reduction of ladder fuels.  This reduction of 
ladder and surface fuels is important because it 
decreased or eliminated post-treatment poten-
tial for crown fire behavior, resulting in lower 
potential tree mortality and fire severity.  Fur-
ther treatment targeting overstory canopy fuels 
would likely reduce or eliminate modeled con-
ditional crown fire under gusting winds.

Predicted flame length and fireline intensi-
ty are also used to assess the effectiveness of a 
fuel treatment.  Guidelines exist for fire sup-
pression capabilities based on FL and FI (Ro-
thermel 1983) and are categorized as low (FL 
≤ 1.2 m, FI ≤ 346 kW m-1), moderate (FL > 1.2 
m to 2.4 m, FI > 346 kW m-1 to 1730 kW m-1), 
high (FL > 2.4 m to 3.4 m, FI > 1730 kW m-1 

to 3459 kW m-1) and extreme (FL > 3.4 m, FI 
> 3459 kW m-1).  Each category of fire behav-
ior relates to a greater difficulty in controlling 
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a wildland fire.  Low and moderate fire behav-
ior are typically surface fire, and high and ex-
treme fire behavior are characteristic of crown 
fire with spotting fires (Rothermel 1983).  Ide-
ally, post-treatment predicted FL and FI would 
be characterized as low.  Under 90th percentile 
windspeeds, all sites exhibit low FL and FI 
post-treatment.  With gust windspeed, only one 
forest-treatment combination (SN-MT) is ex-
pected to have low fire behavior; the remain-
ing four are predicted to have moderate to high 
fire behavior post-treatment.  This elevated fire 
behavior often reduces the ability of fire sup-
pression resources to extinguish a fire.

Although rate of spread does not have dis-
tinct categories as do flame length and fire line 
intensity, it can also be used to assess treat-
ment effectiveness.  Lower ROS coupled with 
lower FL and FI can result in smaller fire ex-
tent and affords fire suppression resources 
more opportunity to control a fire.  Prescribed 
fire reduced ROS under both wind scenarios.  
The decrease of FL, FI, and ROS due to pre-
scribed fire is not surprising given the reduc-
tion in surface fuels, which is similar to find-
ings in past research (van Wagtendonk 1996, 
Knapp et al. 2005, Stephens and Moghaddas 
2005a, Keifer et al. 2006, Vaillant et al. 2009).  
As with fire type, mechanical treatments had 
varied effects on ROS under both windspeeds.  
This mixed effect is likely due to the variety of 
mechanical treatments, their associated impact 
on surface and canopy fuels, and the assump-
tions used to characterize these changes when 
applying fire behavior models.  Consequently, 
when evaluating the effectiveness of mechani-
cal treatments, it is important to take into con-
sideration the treatment prescription, the treat-
ment objective, and the resultant impact on 
surface and canopy fuels.

When devising fuel treatments, land man-
agers should consider the effect of the treat-
ment on many factors, including potential 
wildfire behavior, fuels, vegetation, wildlife, 
aquatic systems, water, air, soils, cultural re-

sources, and economics (Peterson and Johnson 
2007).  The decision between using mechani-
cal methods and prescribed fire is not often 
straightforward.  While prescription burning 
restores fire to the landscape and reduces sur-
face fuel loads, issues such as smoke manage-
ment, risk of fire escape, and difficulty of burn 
implementation can limit the ability to use pre-
scribed fire (Stephens and Moghaddas 2005b, 
Stephens and Ruth 2005).  Mechanical treat-
ments have increased precision and do not cre-
ate hazards associated with prescribed fire such 
as smoke and risk of escape (Stephens and 
Moghaddas 2005b, Huggett et al. 2008).  How-
ever, mechanical treatments can cause soil dis-
turbance (Neary et al. 1999), disruption to nu-
trient cycling (Jurgensen et al. 1997), and pos-
sible damage to trees left after treatment.  Two 
of the many reasons mechanical treatments 
were chosen over prescribed fire for this study 
were proximity to homes and the need to alter 
forest and fuel structure before reintroducing 
fire to the treatment area.

This study showed that both prescribed fire 
and mechanical treatments were successful in 
reducing potential fire behavior with 90th per-
centile and gust windspeeds, which met the 
overriding clause in the National Fire Plan 
(USDA-USDI 2000), 10-Year Comprehensive 
Strategy (WGA 2001), and Healthy Forests 
Restoration Act (HFRA 2003).  However, with 
a faster windspeed, four of the five forest-treat-
ment combinations would benefit from more 
extensive or further treatment based on mod-
eled fire type, FL, and FI.  It must be stated 
that the fuel treatments were designed to with-
stand 90th percentile fire weather conditions, 
not the gust windspeeds modeled in this study.  
The fact that the treatments generally did not 
perform as well under the elevated windspeed 
raises the question of how managers might 
need to design fuel treatments to withstand the 
more extreme fire weather conditions project-
ed for the future climate in California (Brown 
et al. 2004, Fried et al. 2008, Lenihan et al. 
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2008).  Are the 90th percentile fire weather con-
ditions of today going to be the 80th or 85th per-
centile of the near future?  Do managers today 
need to start planning for tomorrow and imple-
ment treatments to withstand current 95th or 
97.5th percentile conditions?

An additional goal of the National Fire 
Plan, the 10-Year Comprehensive Strategy, 
and the Healthy Forests Restoration Act was to 
target areas where the risk of negative impacts 
from wildland fire is the greatest.  With 90th 
percentile windspeed, all forest-treatment com-
binations had low FL pre-treatment, and SN-
MT and RF-MT had 100 % predicted surface 
fire.  With gusting winds, all five forest-treat-
ment combinations did have some plots with 
predicted crown fire pre-treatment, but SN-MT 
and LN-MT were only predicted to exhibit 
moderate pre-treatment fire behavior.  With 
limited resources for implementing fuel treat-
ments, it might be worth concentrating efforts 
in areas where fire behavior is predicted to be 
high or extreme as is the case with RF-MT, 
SN-PF, and LN-PF with gusting winds.

Another concern with fuel treatments is 
their effectiveness to maintain reduced poten-

tial fire behavior over time.  The question of 
how frequent fuel treatments need to be re-
treated and with what methods is still relative-
ly unknown (Agee et al. 2000, Graham et al. 
2004, Finney et al. 2005, Huggett et al. 2008, 
Schmidt et al. 2008).  Keifer et al. (2006) have 
shown that the majority of fuel accumulation 
occurs in the first 10 years after prescribed 
burning in the central and southern Sierra Ne-
vada; however, the post-treatment fuel com-
plex is different than the pre-treatment condi-
tions.  The alteration in fuel complex is likely 
due to the high proportion (>60 %) of trees 
killed from the treatment falling and contribut-
ing to the woody surface fuel loads (Keifer et 
al. 2006).  The study by Keifer et al. (2006) is 
unique in the rich history of prescribed fire 
management, but their study did not include 
mechanical treatments.  Our study presents an 
opportunity to continue long term monitoring 
of forest and fuel changes over time.  This in-
formation could be used to better understand 
the longevity of fuel treatment effectiveness 
for three coniferous forest types and two treat-
ment options for California.
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