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Abstract. Changes in vegetation and fuels were evaluated from measurements taken
before and after fuel reduction treatments (prescribed “re, mechanical treatments, and the
combination of the two) at 12 Fire and Fire Surrogate (FFS) sites located in forests with a
surface “re regime across the conterminous United States. To test the relative effectiveness of
fuel reduction treatments and their effect on ecological parameters we used an information-

stands with fewer and larger diameter trees, less surface fuel mass, and greater herbaceous
species richness, the combined treatment gave the most desirable results. However, because
mechanical plus burning treatments also favored alien species invasion at some sites,
monitoring and control need to be part of the prescription when using this treatment.
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INTRODUCTION

Many North American forests that historically
experienced frequent low-intensity surface “res have
undergone extensive alterations over the past century

due to changes in land management. Prominent among
them are the loss of Native American burning, increas-
ingly effective “re suppression, timber harvesting, and
livestock grazing (Parsons and DeBenedetti 1979, Agee
1993). These and other factors have led to greatly
increased forest tree density, a higher proportion of
saplings and sub-canopy trees, altered community
compositions that favor more shade-tolerant and “re-
intolerant tree species, fewer and smaller canopy gaps,
elevated surface fuel loads, and/or altered habitats for
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The implementation of prescribed “re and mechanical
treatments were different at each site, but the minimum
goal in designing all treatments was to achieve stand and
fuel conditions such that, if subjected to a head “re
under 80th percentile weather conditions, at least 80% of
the basal area of the dominant and codominant trees
would survive. Stricter requirements of “re hazard
reduction (i.e., . 80% survival under 80th percentile
weather conditions) were used where they were common
practice at the local site. For mechanical treatments,
each site used a biomass and/or saw-log removal system
that was locally applicable to that site. Burning was
conducted in the fall or spring based on common local
practices, and in both seasons at the southern Sierra
Nevada site. The combined treatment (MB) required
waiting a full season for fuels to cure before burning at
western U.S. sites (Blue Mountains, Northern Rocky

Mountains, Northeastern Cascades, Southern Cascades
and Southwestern Plateau; Central Sierra Nevada
waited 12 months after harvest and “ve months after
mastication). The methods used at each site are
summarized in Table 1. Although the application of
prescribed “re was fairly uniform among the 12 sites,
prescriptions for mechanical treatments varied consid-
erably (Table 1). In particular, trees smaller than 25 cm
at the Central Sierra site were masticated to further
break down the surface fuels, and the saw palmetto
understory at the Florida Coastal Plain site was
masticated, leaving the sparse overstory untouched. All
other sites used machines to alter the overstory.

Twelve distinct response variables were considered for
this paper, with sites having different subsets of data
available for use in among-site analyses (see Appendix
A). The tree survival data were generally collected within

TABLE 1. Fire and Fire Surrogate Study site descriptions, treatment methods, plot type, and data collection years used for this
analysis.

Site name and location Mechanical methods Burn methods

Northeastern Cascades, Okanogan-Wenatchee
National Forest, central WA (Harrod et al.
2007)

2001„fell, limb, and buck with
chainsaws; yard with helicopter;
residue on site

2004„spring under-burn using
combination of backing and
strip head-fires

Blue Mountains, Wallowa-Whitman National
Forest, northeastern OR (Youngblood et al.
2006)

1998„fell, limb, and buck with tracked
single-grip harvesters; yard with
forwarders; residue left on site

2000„fall under-burn,
strip head-fire

Northern Rocky Mountains, University of
Montana, Lubrecht Experimental Forest,
western MT (Metlen and Fiedler 2006)

2001„fell, limb, and buck with tracked
single-grip harvesters; yard with
forwarders; residue left on site

2002„spring under-burn,
strip head-fire

Southern Cascades, Klamath National Forest,
northeastern CA (Ritchie 2005)

2001„fell with feller-buncher; yard
whole trees with rubber-tired or
tracked skidders

2001„mechanical plus burn, fall
under-burn, strip head-fire;
2002„burn only

Central Sierra Nevada, University of California,
Blodgett Forest Experimental Station, central
CA (Stephens and Moghaddas 2005a)

2002„fell, limb, and buck trees . 25 cm
dbh with chainsaws; lop and scatter
tops and limbs; yard with skidders;
post-harvest masticate 90% of trees
, 25 cm dbh

2002„fall under-burn using a
combination of backing and
strip head-fires

Southern Sierra Nevada, Sequoia National
Park, south-central CA (Knapp et al. 2005)

none 2002, 2003„fall and spring under-
burn, using strip head-fires

Southwestern Plateau, Kaibab and Coconino
National Forests, northern AZ (Converse et
al. 2006)

2003„fell, limb, and buck trees . 13 cm
dbh with chainsaws; fell and lop trees
, 13 cm to waste with chainsaws

2003„fall under-burns conducted
as both backing and strip
head-fires

Central Appalachian Plateau, Mead
Corporation, Ohio State Lands, southern
OH (Waldrop et al. 2008)

2001„fell, limb, buck trees . 15 cm dbh
with chainsaws

2001„spring under-burns
conducted as strip head-fires

Southern Appalachian Mountains, Green River
Wildlife Conservation Lands, western NC
(Waldrop et al. 2008)

late 2001…early 2002„chainsaw felling
all tree stems. 1.8 m height and
, 10.2 cm diameter at breast height
(dbh) as well as all shrubs, regardless
of size

2003, 2006„winter ground fires
were ignited by hand and by
helicopter using the strip
head-fire and spot fire
techniques

Southeastern Piedmont Univ. Clemson Exp.
Forest, western SC (Phillips and Waldrop
2008)

late 2000…early 2001„fell with
feller-buncher, yard whole trees
with rubber-tire skidders, slash
distributed across the site

2001, 2004„burn only, winter
ground fires ignited by hand
using the strip head-fire
technique; 2002, 2005„
mechanical plus burn

Gulf Coastal Plain Auburn Univ. Solon Dixon
Exp. Forest, southern AL (Outcalt 2005)

2002„fell with feller-buncher;
chainsaw limb, tree yarded with
rubber-tired skidders

2002„spring under-burn, strip
head-fire

Florida Coastal Plain Myakka River State Park,
west-central FL (Outcalt and Foltz 2004)

2002„chop with marden aerator pulled
by four-wheel drive rubber-tired
tractor

2000, 2001„spring under-burn,
strip head-fire

Notes: Vegetation data were collected from subplots within experimental units (; 10 subplots per experimental unit).
Abbreviations are: WA, Washington; OR, Oregon; MT, Montana; CA, California; AZ, Arizona; OH, Ohio; NC, North Carolina;
SC, South Carolina; AL, Alabama; FL, Florida.
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203 50 m (0.1 ha) modi“ed Whittaker plots (Keeley and
Fotheringham 2005), 10 of which were established per
experimental unit; with two sites (Central Sierra Nevada
and Blue Mountains) using a systematic grid of 0.04 ha
circular plots (Table 1). Within plots, all trees . 10 cm
dbh were labeled with a uniquely numbered tag.
Saplings were considered to be the smaller diameter
trees (. 1.37 m tall but , 10 cm dbh) and these were not
permanently tagged. Species, status (alive, standing
dead, dead and down) and dbh were recorded for all
trees and saplings. Total height and height to the base of
live crown were measured for each tree. Cover was
estimated for grasses, forbs, and shrubs, at multiple
subplots in each plot. Mass of woody surface fuel was
estimated both prior and following treatment using
either Brown•s planar intercept method (Brown 1974),
with transects established in reference to the network of
grid-points within each experimental unit, or a destruc-
tive sampling method. Although surface fuels are often

de“ned to include living understory vegetation, we do
not have mass estimates or particle size distributions for
all species in this study. We evaluate effects on under-
story vegetation separately from that on dead woody
fuels and forest ”oor mass. For the Brown•s method, the
number of intersecting downed woody stems in different
time-lag size classes (1-hour fuel, 0…6 mm; 10-hour fuel,
. 6…25 mm; 100-hour fuel,. 25…76 mm; and 1000-hourþ
fuel, . 76 mm) were recorded along each transect. For
the 1000-hourþ fuel size category, the diameter and
decay class (sound or rotten) of each log were recorded.
At 11 of 12 sites, data were taken for all vegetation and
fuels variables prior to treatment and one year posttreat-
ment (at Southern Cascades, no pretreatment data were
taken, and the “rst full set of posttreatment data were
taken at year two). Most sites also collected a “nal set of
data between two and four years after treatment (Table
1; Appendix A).

Although treatments and measurements were con-
ducted in different calendar years at different sites, we
used year of treatment as a point of reference to place
measurements into a common temporal scale. Re-
sponse variables were expressed as the difference
between pre- and posttreatment experimental unit
means. Multiple measurements within an experimental
unit were averaged to provide values for each replicate
plot. Differences pre- to posttreatment were used to
control some of the spatial variation among experimen-
tal units within sites. An alternative method for dealing
with this variation would be to use pretreatment values
as covariates in the models. Our exploration of a subset
of the results shows that both methods gave similar
results. We have presented results based on pretreatment
vs. posttreatment differences, rather than percentage
change, because the former method preserves the
original measurement units. Data for some response
variables were not collected at all sites, and these sites
were therefore dropped from those analyses (Appendix
A). To allow graphical presentation and meet assump-
tions of linear models, some data were log-transformed.
Because pre- to posttreatment differences could be
negative, when posttreatment … pretreatment values
were log10-transformed, we have presented the changes
as positive or negative according to the sign of the
original difference. In other words, for a post … pre
difference, Dx, the transformed differences¼ sign(Dx)
log10jD xj. Zero difference before transformation was set
as zero.

Data on tree size structure were analyzed in two ways:
(1) using the actual dbh of every tree within the
vegetation plots at each site and (2) by grouping trees
into site-speci“c size classes. To compare treatment
effects on various size classes of trees across the
network, each site categorized its trees (. 10 cm dbh)
into four relative size classes (Appendix B). In this way,
we could compare treatment effects on large vs. small
trees across the network despite the large differences in
average tree size across sites.

TABLE 1. Extended.

Data collection years

Subplot size and type Pretreat First Final

0.1 ha, Whittaker 2000 2004 NA

0.04 ha, circular 1998 2001 2004

0.1 ha, Whittaker 2001 2002 2005

0.1 ha, Whittaker NA 2004 NA

0.04 ha, circular 2001 2003 NA

0.1 ha, Whittaker 2001 2002 2004

0.1 ha, Whittaker 2000 2004 NA

0.1 ha, Whittaker 2000 2002 2004

0.1 ha, Whittaker 2001, 2002 2004 2006

0.1 ha, Whittaker 2000, 2001 2002 2003

0.1 ha, Whittaker 2001 2002 2003

0.1 ha, Whittaker 2000, 2001 2001 2003
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To test the relative importance of the treatment
factors on our response variables, we used an informa-
tion-theoretic approach. In addition to treating each
treatment as a completely separate effect, we created
three additional two-level factors from treatment
combinations: MECH (presence/absence of mechanical
treatment), BURN (presence/absence of burning), and
FUEL (presence/absence of any treatment other than
control). Using these additional factors we produced five
models to test: four one-factor models and one two-
factor model. In addition, each model included study
site as a random nesting effect. Each tested model
corresponds to alternative hypotheses listed in the
introduction. The tested models are listed below with
Y representing the response variable (change in value
pre treatment to post treatment).

1) Y ¼ SITE: Response depends only on the random
site effect and there are no consistent treatment effects
(null model).

2) Y ¼ FUEL þ (SITE): Response depends upon
presence or absence of fuel treatment: two levels (control
vs. all other treatments). Model implies that burning and
mechanical treatment effects are not distinguishable
from one another.

3) Y ¼ BURN þ (SITE): Response depends upon
presence or absence of burning. Model implies that
mechanical treatments had little effect.

4) Y ¼ MECH þ (SITE): Response depends upon the
presence of mechanical treatment. Model implies that
burning had little effect.

5) Y ¼ BURN þ MECH þ (SITE). Burning and
mechanical treatments having separate, additive effects.
This is the two-factor model and implies that effects
were of different magnitude and potentially of different
sign.

All analyses were carried out with the R software
package (R Development Core Team 2005). The models
were fitted using the linear modeling (‘‘lmer’’) function
of the R Matrix package by Douglas Bates. This
procedure allowed us to use likelihood based informa-
tion theoretic methods to evaluate this set of competing
models. We used Akaike’s information criterion ad-
justed for small sample size (AICc) to evaluate models
(Burnham and Anderson 2002). Models were fitted with
maximum likelihood procedures, but fitting with re-
stricted maximum likelihood procedures produced
nearly identical results and did not change model
rankings. For each response variable, the model was
selected from the five competing models based on
relative AIC weights. By explicitly testing the null model
(model 1) and the model which groups all fuel treat-
ments together (model 2) we can distinguish these two
patterns from one another as well as from the case where
a lack of consistent pattern across sites results in little
ability to distinguish competing models.

In an effort to condense the considerable amount of
information represented in this paper, patterns of
change are presented for clusters of variables represent-

ing each stratum of the ecosystem analyzed (i.e.,
overstory plants, understory plants, and fuels).
Although all vegetation may act as fuel, here we include
downed woody fuels and forest floor mass as surface fuel
variables and height to live tree crown as a measure of
ladder fuels. We used box plots to exhibit among-
treatment patterns, directional change tables to show
among-site patterns, and a summary table showing the
best AICc model fit for each response variable.

RESULTS

Fuel treatments had a substantial effect on all
ecological variables presented in this paper. The null
model with among-site variation as the only factor had
the least or close to the least explanatory power of nearly
all models tested. Results from the first year posttreat-
ment are presented first, followed by results from
posttreatment years two through four. Analyses of
change in fuel variables are only given for the first
posttreatment measurement, because most sites did not
collect fuels data twice after treatment, and change
between the first and second posttreatment remeasure-
ment at sites that did was relatively minor.

First posttreatment measure

Trees and saplings.—Not surprisingly, density of trees
in all size classes was generally lower in fuel treatment
units than in the controls (Fig. 2A). The model with the
strongest support included separate and additive effects
for burning and mechanical treatments (Table 2).
Mechanical treatments (M and MB) had greater effects
on tree density than burning alone, particularly for the
medium and large tree size classes (Fig. 2A). Only the
Southern Sierra site experienced a sharp decline in tree
density with B. The M and MB significantly reduced tree
densities at most sites except Florida Coastal Plain
(Table 3), where mechanical treatments were not used to
influence the overstory.

Burning was much more effective at reducing the
numbers of saplings than at reducing the number of
larger trees (Fig. 2B). For this sapling size class (see
Appendix B), the burning and mechanical treatments
had effects of similar magnitude and the model with
strongest support did not distinguish among fuel treat-
ments (Table 2): all fuel treatments reduced sapling
numbers similarly. Of the 10 sites that compared
mechanical and burning treatments in the first year
posttreatment, only two (Blue Mountains, Southwest
Plateau) showed no change in sapling density with either
B or M treatments (Table 3), but both of these sites
reported lower sapling density after the combined
treatment.

Basal area followed a pattern similar to tree density,
with mechanical treatments causing a greater reduction
in basal area than did burning alone (Fig. 2C), but with
MB having the greatest overall effect (Table 2). This
result is not surprising, because at most sites some
medium and large trees, which contribute dispropor-
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tionately to basal area, were targeted for removal. The
M treatment resulted in lower basal area at seven of 10
sites for which posttreatment data were available (Table
3), with three sites in the southeast United States
(Southern Appalachian Mountains, Southeast Pied-
mont, Florida Coastal Plain) showing no change. At
the Southeast Piedmont site, basal area was reduced by
MB, but surprisingly at the Florida Coastal Plain site,
where no overstory trees were removed, this treatment
slightly increased basal area.

Density of snags (standing dead saplings and trees)
generally followed a different trajectory for mechanical
and burning treatments (Fig. 2D). Snag density in-
creased with burning, especially for B, while it either
declined or was unchanged at most sites after M. Model
results thus showed additive effects of opposite sign for

burning and mechanical treatments (Table 2). MB had
variable effects among sites (Table 3).

Understory vegetation.—There were few trends in the
effect of fuel treatments on tree seedling density (Table
4). There was a tendency towards slightly higher seedling
density after all fuel treatments, with the model
including fuel treatment as the effect having the greatest
support (Fig. 3A). However, there was little ability to
distinguish among models due to very high variability in
seedling density among sites (Tables 2 and 4).

There was no treatment effect on total understory
cover in the first posttreatment year (data not shown).
All three active fuel treatments led to small decreases in
percent shrub cover at most sites (Fig. 3B; Table 4). The
model allowing separate effects of burning and mechan-
ical treatments showed the strongest support, but was

FIG. 2. Overstory changes from pretreatment to the first year posttreatment for (A) tree density (no./ha, log-transformed); (B)
sapling density (no./ha, log-transformed); (C) basal area (m2/ha); and (D) snag density (no./ha, log-transformed). Treatment
abbreviations are: C, control; B, burn; M, mechanical; and MB, mechanical þ burn. Plots show the median (solid circle), the second
to third quartiles (box), and the minimum and maximum values (whiskers) excluding outliers which are shown as individual points
(open circles). Outliers were defined as �3 3 IQR (interquartile range) above the third quartile or below the first quartile.
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TABLE 4. Trend for seedling density, shrub cover, native herbaceous species richness, and alien species richness between
pretreatment and first year posttreatment means for 12 FFS sites, for control (C), burn (B), mechanical (M), and mechanical þ
burn (MB) treatments.

Site

Seedling density
(no./ha)

Shrub cover
(%)

Native herbaceous
species richness

Alien herbaceous
species richness

C B M MB C B M MB C B M MB C B M MB

Northeast Cascades NA NA NA NA 0 0 0 # NA NA NA NA NA NA NA NA
Blue Mountains " " " 0 " 0 " 0 NA NA NA NA NA NA NA NA
Northern Rockies 0 0 0 # # # # # " 0 " 0 0 0 0 0
Southern Cascades NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
Central Sierra 0 # 0 # 0 0 0 # NA NA NA NA NA NA NA NA
Southern Sierra " " NA NA 0 # NA NA 0 0 NA NA 0 0 NA NA
Southwest Plateau NA NA NA NA 0 0 0 0 0 0 0 0 0 0 " "
Central Appalachian Plateau 0 " 0 " 0 # # # 0 0 0 " NA NA NA NA
Southern Appalachian Mountains 0 " 0 " 0 # 0 # 0 " 0 0 NA NA NA NA
Southeast Piedmont 0 0 0 " 0 0 # 0 0 " 0 " 0 0 0 0
Gulf Coastal Plain 0 0 0 0 0 # # # 0 0 0 0 0 0 " 0
Florida Coast Plain 0 0 " # # # # # " " 0 " 0 0 0 0

Notes: Key to symbols: ", increase; #, decrease; 0, no change for indicated variable, with trend indicated by nonoverlapping
standard errors. NA indicates that data were not available.

FIG. 3. Understory changes from pretreatment to the first year posttreatment for (A) seedling density (no./ha, log-
transformed); (B) shrub cover (%); (C) native herbaceous species richness (no./m2); and (D) alien species richness (no./m2).
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face fuel woody biomass than eastern sites and burning
consumed this woody biomass. In fact, B did not result
in decreases in woody fuel mass at any of the eastern
sites, yet was the most influential treatment at all of the
western sites (Table 5). Model results thus showed
additive effects of opposite sign for burning and
mechanical treatments (Table 2).

Final posttreatment measure

Final year of measurement was 2–4 years after
treatment and varied by site and by response variable
(Table 1; Appendix A). For overstory variables, the
means for some variables changed between the first and
final posttreatment remeasure, but the relative ranking
of the different models did not. For understory

variables, there were several changes in the pattern
observed between subsequent assessments.
Trees and saplings.—Tree density continued to decline

in B and MB two to four years posttreatment, with little
additional mortality in M (Table 7) and with burning and
mechanical treatments having cumulative effects of similar
magnitude by the final measurement year (Table 6). Tree
density at the Southeast Piedmont sites declined with all
treatments, including C, due to a southern pine beetle
(Dendroctonus frontalis) outbreak in thisand adjacent areas
(Boyle 2002). Due to additional mortality of small trees in
burning treatments (Fig. 5A), tree density changes became
more similar among treatments by the final year posttreat-
ment despite burning leading to lower initial mortality than
did mechanical treatments. Changes in quadratic mean
diameter also become more similar across all treatments by

FIG. 4. Changes from pretreatment to the first year posttreatment for (A) height to live crown (m) and (B) woody surface fuel
mass (Mg/ha, log-transformed).

TABLE 5. Trend in height to live crown, total fuel mass (sum of forest floor mass and woody fuel mass), forest floor fuel mass, and
woody fuel mass between pretreatment and first year posttreatment means for 12 FFS sites, for control (C), burn (B), mechanical
(M), and mechanical þ burn (MB) treatments.

Site

Height to live
crown (m)

Total surface fuel
mass (Mg/ha)

Forest floor
mass (Mg/ha)

Woody fuel
mass (Mg/ha)

C B M MB C B M MB C B M MB C B M MB

Northeast Cascades 0 " 0 " 0 # " 0 0 # " 0 0 # " 0
Blue Mountains # 0 # 0 NA # 0 # NA 0 0 0 NA # " #
Northern Rockies 0 0 0 " NA # " # NA # 0 # NA # " 0
Southern Cascades� NA NA NA NA NA # 0 # NA # 0 # NA # " #
Central Sierra # 0 0 " 0 # 0 # # # # # 0 # 0 #
Southern Sierra 0 " NA NA 0 # NA NA 0 # NA NA 0 # NA NA
Southwest Plateau 0 0 0 " NA # 0 # NA # 0 # NA # " 0
Central Appalachian Plateau 0 0 0 0 0 0 " 0 0 # 0 0 0 0 " "
Southern Appalachian Mountains NA 0 NA 0 NA # NA 0 NA 0 NA 0 0 0 0 0
SE Piedmont 0 0 0 0 0 # 0 0 0 # 0 0 0 0 0 0
Gulf Coastal Plain 0 0 0 " 0 0 0 # 0 # # # # 0 " 0
Florida Coast Plain 0 0 0 " 0 0 0 0 0 0 0 0 0 0 0 0

Notes: Key to symbols: ", increase; #, decrease; 0, no trend change for indicated variable, with trend indicated by nonoverlapping
standard errors. NA indicates that data were not available.

� Change estimate for active treatments at Southern Cascades site substitutes control for pretreatment.
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