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Forest thinning and prescribed fires are practices used by managers to address concerns over ecosystem
degradation and severe wildland fire potential in dry forests. There is some debate, however, about
treatment effectiveness in meeting management objectives as well as their ecological consequences. The
purpose of this study was to assess changes to forest stand structure following thinning and prescribed
fire treatments, alone and combined, in the eastern Cascade Mountains of Washington State. Treatments
were applied to 12 management units, with each treatment combination replicated three times
(including untreated controls). Thinning modified forest structure by reducing overall tree density by
>60% and canopy bulk density by 50%, and increased canopy base height by ~4 m, thereby reducing
susceptibility to crown fire. The prescribed fire treatment, conversely, did not appreciably reduce tree
density or canopy fuel loading, but was effective at increasing the density of standing dead trees,
particularly when combined with thinning (37 snags/ha increase). Prescribed fire effects were more
pronounced when used in combination with thinning. Thinning was more reliable for altering stand
structure, but spring burning was lower in intensity and coverage than desired and may have led to
results that downplay the efficacy of fire to meet forest restoration goals.
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1. Introduction

Fire exclusion, livestock grazing, and logging practices have
combined to alter forest structure in dry coniferous forests over the
past century, generally increasing stand density and basal area,
altering forest tree species composition, and increasing densities of
smaller trees that can serve as ladder fuels (Hessburg et al., 2005;
Peterson et al., 2005). This, in turn, has increased forest
susceptibility to severe wildfire (Dahms and Geils, 1997; Peterson
et al., 2005), and risks of widespread insect and disease outbreaks
(Hessburg et al., 2005). Changes in stand structure, particularly size
structure and snag densities, also have important implications for
wildlife populations (Lehmkuhl et al., 2006a; Gaines et al., 2007;
Lyons et al., 2008), soils (DeLuca and Sala, 2006), and understory
vegetation (Covington et al., 1997; Smith and Arno, 1999).

To increase forest resiliency to fire and insect disturbances,
forest managers are increasingly using thinning and prescribed fire
to modify overstory structure and reduce surface and canopy fuels
in dry coniferous forests (Peterson et al., 2005). Recent multisite
comparisons have broadly described fuel reduction treatments
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effects (Schwilk et al., 2009; Stephens et al., 2009), but region
specific data is still lacking and our study adds to and expands the
range of forest types studied. Such information will be important
for managers to make knowledgeable decisions when developing
stand and landscape level strategies (Collins et al., 2007). The
purpose of this study was to assess the effects of thinning and
prescribed fire treatments, applied singly and in combination, on
several components of overstory stand structure in dry mixed-
conifer forests of north-central Washington State, USA.

Mechanical thinning can alter stand structure, disrupt vertical
continuity of canopy fuels, and increase soil resource availability
by removing small to moderate sized trees (Agee and Skinner,
2005; Peterson et al., 2005). Mechanical thinning allows managers
to control the species composition, size structure, and vigor of
residual trees following treatment. Thinning can also provide
economic benefits if merchantable trees are removed. However,
high treatment costs, concerns about slash increasing surface fuels,
aesthetics (e.g., stumps), lack of road access, and soil erosion
potential often limit the utility and acceptability of thinning as a
fuel reduction or forest restoration treatment (Pollet and Omi,
2002; Mclver and Ottmar, 2007). Therefore, reliance on thinning
alone to alter forest structure and increase resilience to dis-
turbance is not possible in all forests.

Prescribed fire treatments can reduce surface fuels, kill tree
seedlings and saplings, reduce tree density, raise canopy base
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height, and favor fire-resistant tree species (Agee and Skinner,
2005; Peterson et al., 2005; Stephens and Moghaddas, 2005a).
Prescribed fire treatments also help restore fire as an ecological
process, which may provide secondary benefits such as seed
germination (Harrod and Halpern, 2005a), reduced competition
(Harrod and Halpern, 2005b), and increased species richness
(Dodson et al., 2008). However, prescribed fire effects can be highly
variable, depending on fuels, stand structure, and fire weather. In
some cases, early season, prescribed fire alone has been insufficient
for modifying overstory structure and achieving restoration
objectives (Thomas and Agee, 1986; Knapp et al., 2005; Young-
blood et al., 2006). Prescribed fires can also cause undesirable tree
mortality, either through direct fire effects or secondary effects,
such as increased bark beetle activity (McHugh et al., 2003). For
example, Harrington and Sackett (1990) reported that a single
prescribed fire caused 35% mortality in old-growth ponderosa
pines in northern Arizona.

Finally, thinning and prescribed fire treatments may comple-
ment each other when applied in combination by modifying
different components of forest structure and fuels. Thinning may
be most effective for removing larger trees that are fire resistant
but marketable, while prescribed fire may be a more efficient
method for killing small trees and creating snags for wildlife
habitat. Thinning may also increase the effectiveness of prescribed
fire by increasing surface fuels in areas where fuels are lacking.
However, the additional costs associated with combining treat-
ments may be hard to justify if management objectives can be met
with a single treatment.

The objective of this study was to assess the effects of thinning
and prescribed fire treatments, applied alone and in combination, on
stand structural characteristics in dry mixed-conifer forests of the
interior Pacific Northwest region. Treatments were applied alone
and in combination using a factorial experimental design. Structural
characteristics of interest included overstory tree density and basal
area, snag density and basal area, tree and snag species composition
and size structure, canopy base height, and canopy bulk density. For
all response variables, we asked whether thinning and prescribed
fire treatments alone significantly altered stand structure and
whether the effects of thinning and prescribed fire together
exceeded that of the individual treatments. This study was part of
the U.S. Fire and Fire Surrogates (FFS) research network, which seeks
to evaluate prescribed fire and fire-surrogate treatment effects on
stand-replacing wildfire risk as well as on a broad array of ecosystem
properties and processes in fire-prone forest types throughout the
continental United States (Youngblood et al., 2005).

2. Methods
2.1. Study area

The Mission Creek study area is located on the Okanogan-
Wenatchee National Forest in the eastern Cascade Mountains of
central Washington State (USA; Fig. 1). Forests within the study
area are dominated by ponderosa pine (Pinus ponderosa) and
Douglas-fir (Pseudotsuga menziesii), with some grand fir (Abies
grandis) and western larch (Larix occidentalis) occurring on more
mesic sites. Common understory species include Carex geyeri,
Calamagrostis rubescens, Symphoricarpos albus, Spiraea betulifolia
and Rosa spp. (Rosa gymnocarpa, R. nutkana and R. woodsii). Soils
are stony, sandy loams, and slopes vary from about 15 to 65%
(Table 1).

The study area was extensively grazed around the turn of the
century to about 1940; extensive logging occurred during the late
1920s and early 1930s (USDA, 1995). Fire suppression became
effective in the 1930s and has continued to the present day (USDA,
1995). As a result of these anthropogenic influences, much of the
area is now covered by dense stands of 80-140 year old trees
(Harrod et al., 1999).

The climate features warm, dry summers (with occasional
thunderstorms) and cool, wet winters. Representative weather
records for the Mission Creek watershed are from the town of Plain,
32 km north of the study area. Plain receives about 68 cm of
precipitation annually, with about 12 cm (18%) falling between
April and September, and much of the winter precipitation falling
as snow. Monthly mean temperatures range from —3 °C in January
to 18°C in July (Western Regional Climate Center, Plain,
www.wrcc.dri.edu).

2.2. Treatments

In 1999, we chose 12 management units (about 10 ha each) for
study from the Mission Creek watershed and several smaller
adjacent watersheds (selection of sites is described in detail in
Dodson et al., 2008). We assigned each unit to one of four
combinations of thinning and prescribed fire treatments: (1) no
treatment (control), (2) prescribed fire alone (burn-only), (3)
thinning alone (thin-only), or (4) thinning followed by prescribed
fire (thin-burn). Each treatment combination was replicated on
three units. We assigned thinning treatments randomly to 6 of the
12 units. We assigned prescribed fire treatments using a more
constrained random process due to concerns about prescribed fire
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Table 1
Treatment unit descriptions for the Mission Creek study site.

Treatment Unit Topography Tree density Tree basal area Quadratic mean
. diameter (cm)
Elevation, Slope, Total PSME PIPO Total PSME PIPO
mean (m) mean (%) (trees/ha) (%) (%) (m?/ha) (%) (%)
Control Crow 3 747 38 450 43 57 323 50 50 30.7
Control Sand 19 780 43 480 89 11 33.8 92 8 31.0
Control Sand 2 683 58 675 97 3 333 92 8 27.1
Burn-only Pendleton 841 16 323 4 96 22.6 8 92 30.4
Burn-only Poison 768 40 430 50 49 29.9 69 31 30.6
Burn-only Spromberg 848 57 546 73 27 42.3 71 29 31.6
Thin-only Crow 1 738 21 478 3 97 28.9 9 91 28.1
Thin-only Ruby 975 43 447 72 26 38.2 65 35 33.8
Thin-only Slawson 838 35 753 90 10 35.0 92 8 24.7
Thin-burn Camas 1097 43 495 52 19 33.6 68 20 29.7
Thin-burn Crow 6 718 26 482 4 96 29.0 8 92 27.7
Thin-burn Tripp 765 67 785 98 2 353 91 9 243

management in some units, and later switched prescribed fire
treatment assignments among two pairs of units after weather and
fuel conditions postponed treatment in two units (see below).

We designed the thinning treatment to (1) reduce stand basal
area to 10-14 m?/ha, (2) reduce stand densities to levels that
minimize risks from high severity wildfire, (3) retain most large
trees, and (4) preserve or promote structural heterogeneity within
management units. Leave trees were aggregated spatially, con-
sistent with historical reconstructions of similar forest stands in
the area (Harrod et al., 1999). These treatments are similar to those
applied to non-study thinning units. Harvest crews yarded
merchantable trees by helicopter, leaving tops and branches on-
site. Snags were felled due to safety concerns for workers who
could be injured by snags falling because of rotor turbulence. Hand
crews later cut smaller non-merchantable trees and then lopped
and scattered slash from both the commercial thinning and hand-
felling. Thinning treatments were started in fall of 2002 and
completed by spring 2003.

Prescribed fire treatments were initiated in spring of 2004. Fire
crews ignited prescribed fires on four units by hand and from
helicopters from late April to early May, which is the same time
period and ignition technique used in non-study units. Vegetation
was actively growing at that time, so live fuel moisture was
relatively high, fire severity was low, and coverage was patchy.
Within burned units, fires charred only 23-51% of the soil surface,
and fires failed to meet most surface fuel reduction objectives
(Agee and Lolley, 2006). Unfavorable fuel and weather conditions
also caused two of the six scheduled fires to be postponed until
spring of 2006, when they were conducted with the same methods,
but under more normal spring prescribed burning conditions.
These burns blackened 50-65% of the soil surface and scorched 80%
of the overstory trees as compared to 30% in 2004.

Fire behavior varied somewhat among units and among burn
years. Fire weather during prescribed fires was moderate with air
temperatures of 13-23 °C, relative humidity of 29-42%, and wind
speeds of 0-16 km hr~!. Fuel moisture levels for fine woody fuels
(<2.5 cm diameter) were similar (9-13%) for all fires. However,
fuel moisture levels for larger woody fuels (2.5-7.5 cm diameter)
were lower in 2006 (7%) than in 2004 (10-12%). Live vegetation
moisture was also higher in 2004. Flame lengths ranged from 0.2 to
1.0m in 2004 and 0.1-1.7 m in 2006. Burns were variable in
intensity and generally patchy (Agee and Lolley, 2006).

2.3. Sampling procedures

We conducted preliminary reconnaissance of the treatment
units to identify areas of continuous forest vegetation and to

exclude areas dominated by non-forest vegetation from sampling.
Within the forested areas of each unit, we randomly established six
permanent sampling plots (20m x 50 m) in 2000. Following
completion of the prescribed fire treatments, however, crews
noted that two permanent plots in burned units escaped fire
because errors in fire-line construction prevented the plots from
being burned. We therefore omitted data from these two plots for
subsequent analyses (leaving two units with five plots each).

Within each sample plot, we tagged and surveyed all live and
standing dead trees (>7.5 cm diameter at breast height), recording
status (tree or snag), species, diameter at breast height (dbh), tree
height, and height to crown base (vertical distance from tree base
to where the lowest live limb connected at the tree bole). The study
design called for sampling vegetation 1 year before and after
treatment implementation. In practice, however, we sampled pre-
treatment vegetation 1-2 years before thinning treatments began
(2000-2001) and sampled post-treatment vegetation about 5
months after prescribed fire treatments were completed in 2004
and 2006. With the delays in applying the prescribed fire
treatments, the total time between pre- and post-treatment
sampling ranged between 3 and 5 years.

2.4. Data analysis

Our data analysis consisted of three basic steps. First, we tested
for statistically significant differences in pre-treatment stand
structural attributes among units assigned to different treatment
combinations. We also used analysis of variance to examine the
amount of variability in stand structural attributes within and
between units prior to treatment (described in detail in Harrod
et al., 2009). Second, we examined the influence of treatments,
stem size and species on tree and snag dynamics, including losses
due to thinning, tree mortality, and snag creation and loss. Finally,
we assessed the net effects of treatments on stand structural
attributes.

For each plot, sampling period, and structural component (trees
or snags), we calculated three stand-level structural attributes,
including stem density (stems per hectare), basal area (m?/ha), and
stem quadratic mean diameter (cm). We also calculated tree and
snag densities by species and size class to better describe pre-
treatment conditions and treatment effects on overstory species
composition and size structure. We used three species categories:
Douglas-fir, ponderosa pine, and grand fir/western larch (minor
species combined into one category). We used four diameter size
classes for analyzing size structure and size-related treatment
responses: saplings (7.5-9.9 cm), small (10.0-24.9 cm), medium
(25.0-39.9 cm), and large (>40 cm) trees and snags.
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We also estimated two attributes of overstory canopy structure
that can influence wildfire behavior: canopy base height and canopy
bulk density. Canopy base height is the vertical distance from the
ground to the lowest point in the canopy where bulk density is high
enough to propagate fire into the canopy (0.011 kg m~—3; Scott and
Reinhardt, 2001). Canopy bulk density is the crown mass per unit
volume in a forest stand and is an estimate of available fuel in the
canopy. We modeled these attributes based on tree data from the
pre- and post-treatment tree surveys for each sample plot using the
Crown Mass® software in the Fuels Management Analyst 3® (FMA)
package (Fire Program Solutions, 2005).

Prior to analysis, we adopted a Type I error rate of 10% (o = 0.10)
rather than the traditional value of 5% for determining statistical
significance of treatment effects due to concerns about low
statistical power (high Type II error rates) caused by low levels of
replication. We also felt that most managers would be inclined to
accept a 10% chance of treatment failure (no true treatment effect)
if the estimated treatment effect sizes were sufficiently high.
Residuals for all models were evaluated (visually, with scatterplots
etc.) to ensure compliance with model assumptions and no data
transformations were needed for any analysis.

We analyzed treatment effects on stand structural attributes
using a multilevel regression modeling approach (Snijders and
Bosker, 1999; Raudenbush and Bryk, 2002) using the SAS statistical
software (Littell et al, 2006). We included post-treatment
structural attributes (e.g., stand density, canopy base height)
estimated for each sample plot (n=70) as model response
variables. We included pre-treatment structural attribute values
for each plot as a plot-level predictor variable (covariate) after
preliminary analysis suggested that thinning effects were often
proportional to pre-treatment conditions rather than constant
(e.g., 50% of trees removed during thinning). Thinning and burning
treatments were included in the analysis as independent
categorical predictor variables (treatment applied or not) at the
unit level. We included the unit identifier as a random variable to
account for possible correlations of responses within units. For
each response variable, we fit a full model with thinning and
burning treatment effects, the pre-treatment covariate, and all
possible interactions (including cross-level interactions). Non-
significant (P > 0.1) terms were eliminated from the model using a
backward elimination process, starting with interaction and
random terms. Thinning, burning and their interaction were not
removed regardless of their significance level to ensure a statistical
test of the treatment effects using the complete experimental
design. The multilevel model varied the degrees of freedom used in
statistical inference so that the pre-treatment covariate and its
interactions were tested for significance at the plot level (n = 70),
while thinning and burning treatments were tested for significance
at the unit level (n=12).

To better understand net treatment effects on overstory tree
and snag structural attributes, we used multilevel logistic
regression methods to assess treatment effects on individual trees
and snags, including probabilities of (1) trees and snags being cut
during thinning, (2) trees dying and becoming snags, and (3) snags
falling and becoming logs. We assigned each tagged tree and snag a
pre-treatment status (tree or snag) and a post-treatment status
(tree, snag, cut stump, or downed log). We then used the pre- and
post-treatment status categories to create binary response
variables (live tree cut or not, snag cut or not, standing live tree
became snag or not, and snag fall or not) and to extract data subsets
for assessing treatment effects on tree and snag transition
probabilities. We modeled transition probabilities (e.g., tree to
snag, tree to stump, snag to log) as a function of tree-level
predictors, including species and size class, and the unit-level
treatment variables, thinned (yes or no) and burned (yes or no),
and their interactions. We included the unit identifier as a random

variable to account for possible correlations of responses within
units. We performed the multilevel logistic regression using the
SAS statistical software (PROC GLIMMIX, Littell et al., 2006).

3. Results
3.1. Pre-treatment stand structure

Stand structure and composition varied considerably within
and between treatment units prior to treatment application. Pre-
treatment tree density (in forested areas of treatment units)
averaged 529 stems/ha (stems > 10 cm dbh) overall (Fig. 2A), with
unit means ranging from 323 to 785 stems/ha (Table 1) and plot
estimates ranging from 190 to 1210 stems/ha. Stand basal area
averaged 32.8 m?/ha overall (Fig. 2B), with unit means ranging
from 22.6 to 42.3 m?/ha (Table 1) and plot estimates ranging from
21.1 to 45.6 m?/ha. The quadratic mean tree diameter (calculated
at the plot level) averaged 29.1 cm overall (Fig. 2C), with unit
means ranging from 24.3 to 33.8 cm (Table 1) and plot estimates
ranging from 14.3 to 51.3 cm. Douglas-fir and ponderosa pine were
the two dominant tree species, together comprising 71-100% of
tree stems and 88-100% of stand basal area at the unit level
(Table 1). The relative importance of the two dominant species
varied substantially among units, with Douglas-fir comprising 3-
98% of tree stems and 8-92% of live tree basal area, with similar
variability for ponderosa pine (Table 1). Despite (or perhaps
because of) considerable variability in pre-treatment stand
attributes, analysis of variance tests found no significant pre-
treatment differences in tree density, basal area, or mean tree
diameter among groups of units assigned to receive different
thinning and prescribed burning treatments (Harrod et al., 2009).

Tree canopy attributes related to potential fire behavior also
varied among units prior to treatment, but were not significantly
different among treatment groups. Canopy base height averaged
4.1 m overall, with unit means ranging from 2.7 to 5.5 m and plot
estimates ranging from 1.5 to 8.5 m. Canopy bulk density averaged
0.067 kg/m> overall, with unit means ranging from 0.055 to
0.084 kg/m?> and plot estimates ranging from 0.025 to 0.084 kg/m>.

Standing dead trees (snags) made up a smaller but important
component of overstory stand structure. Pre-treatment snag
density averaged 38 stems/ha across all units, with unit means
ranging from 8 to 63 stems/ha (Fig. 2D). Snag basal area averaged
1.54 m?/ha, with unit means ranging from 0.24 to 2.76 m?/ha.
Unlike most structural attributes, snag basal varied significantly
among treatment groups, with the highest pre-treatment snag
basal area found on units assigned to the thin-only treatment and
the lowest found on units assigned to the thin-burn treatment
combination. Differences in snag density among treatment groups
were not statistically significant, however.

Prior to treatment, tree and snag densities varied among species
and size classes. Most trees were in small (10-25 cm dbh) and
medium (25-40 cm dbh) size classes, with Douglas-firs being
somewhat more abundant than ponderosa pines (Fig. 3A). Large
trees (>40 cm dbh) contributed an average of 57 trees/ha, with
Douglas-fir densities about twice that of ponderosa pine overall.
Snag densities were highest in the sapling and small tree size
classes (<25 cm dbh), with ponderosa pine snags more abundant
than Douglas-fir snags. Medium and large snags (>25 cm dbh)
contributed less than 7 snags/ha, with ponderosa pine snags more
than twice as abundant as Douglas-fir snags (Fig. 3B).

3.2. Treatment effects on tree and snag dynamics
The thinning treatments removed an overall average of 57% of

live trees in thinned units. Thinning intensity varied by size class,
with the highest proportions of stems cut in the small and
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medium-size classes (Fig. 4A). Thinning proportions were similar
for Douglas-fir, ponderosa pine, and other species, except in the
sapling size class where a greater proportion of ponderosa pines
were retained (Fig. 4A).
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[ Grand fir, western larch

The thinning treatments also removed large numbers of snags.
About 70% of snags were cut down during thinning operations.
Proportions of snags cut declined with increasing snag diameter,
from 78% in the sapling size class to 50% in the large size class
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Fig. 4. Proportional reductions in stem densities caused by thinning based on
multilevel logistic regression modeling. For trees (A), proportions of stems cut on
thinned units are presented by species and size class. Thinning effects on snag
densities (B) are presented by size class only. Error bars indicate standard errors of
the estimates.
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(Fig. 4B). Proportions of snags cut did not vary significantly among
species, but variability among units was high.

Burning treatments further reduced snag populations by
increasing the proportion that fell. Logistic regression models of
snag fall showed that burning treatments (burn-only and thin-
burn) significantly increased the odds of snag fall over those in
control and thin-only units (Fig. 5). Ponderosa pine snags were
significantly more likely to fall than were Douglas-fir snags (Fig. 5).

Thinning and burning treatments also generated new snags by
killing trees. Logistic regression modeling of mortality in trees not
cut during thinning operations showed that treatments (thinning
and burning), tree size, and species all significantly influenced tree
mortality. Tree mortality was very low (<1%) in units assigned to
the control treatment. Thinning and burning treatments signifi-
cantly increased tree mortality (snag creation), with observed
overall percentages of 5% for the burn-only treatment, 7% for the

Table 2
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Fig. 6. Tree mortality from logistic regression modeling, by size class and treatment
combination, for trees not cut during thinning operations. Error bars indicate
standard errors of the estimates.

thin-only treatment, and 18% for the thin-burn treatment.
Mortality was higher overall for ponderosa pine (7%) than for
Douglas-fir (3%), and higher for trees in the sapling (17%) and small
(8%) size classes than in the medium (2%) and large (1%) size
classes. Overall, mortality was highest for small trees in burned
units (Fig. 6), but burning (with or without prior thinning) also
killed 10-11% of large ponderosa pine trees (Fig. 6 and Table 2),
thereby creating new large snags.

3.3. Treatment effects on stand structure

Multilevel modeling showed that thinning and burning
treatments significantly influenced different components of
overstory stand structure and that treatment effects (especially
thinning effects) were often proportional to pre-treatment
structural conditions. Thinning treatments significantly altered

Mortality percentages during treatment period for ponderosa pine and Douglas-fir trees not cut during thinning operations. Percentages are given as sample sizes (N) by
treatment combination, tree diameter class, and species. Diameter size classes are large (>40.0 cm), medium (25.0-39.9 cm), small (10.0-24.9 cm), and sapling (7.5-9.9 cm).

Species Size class Control Burn-only Thin-only Thin-burn
Mortality (%) N Mortality (%) N Mortality (%) N Mortality (%) N
Ponderosa pine Large 0.0 24 114 35 3.1 32 10.5 19
Medium 0.0 66 0.6 157 10.2 59 2.2 46
Small 0.9 107 14.5 173 18.4 49 51.6 31
Sapling 5.6 18 40.9 44 16.7 6 78.6 14
Douglas-fir Large 0.0 92 14 69 0.0 46 4.4 45
Medium 0.4 250 1.7 115 9.1 99 23 86
Small 0.7 423 3.0 132 105 153 19.7 183
Sapling 2.2 92 16.7 30 10.6 47 44.7 47
Table 3

Model results for treatment and covariate effects on overstory structural attributes. Significant predictor variables are indicated by bold text. Type column indicates whether
the model included different slopes for the pre-treatment condition effect based on thinning treatment alone (T) or the combination of thinning and burning treatments
(T x B). Main treatment effects were evaluated at the mean of the pre-treatment condition.

Response variable Thinning? Burning? Thin x Burn inter- Pre-treatment®
action®
F p F p F P Type F p

Tree density 137.37 <0.0001 0.77 0.41 0.00 0.96 T 239.87 <0.0001
Tree basal area 68.58 <0.0001 0.38 0.55 0.13 0.73 T 122.53 <0.0001
Tree quadratic mean diameter 40.35 0.0002 0.28 0.61 0.09 0.77 TxB 93.39 <0.0001
Tree canopy base height 42.81 0.0002 3.16 0.11 0.50 0.50 T 11.66 <0.0001
Tree canopy bulk density 52.35 <0.0001 0.01 0.94 0.30 0.60 T 79.80 <0.0001
Snag density 1.48 0.26 10.22 0.01 7.26 0.03 TxB 13.87 <0.0001
Snag basal area 1.55 0.25 6.66 0.03 5.11 0.05 TxB 23.60 <0.0001

2 There were eight denominator degrees of freedom for testing main treatment effects (thin, burn, and thin x burn) and 58 for the pre-treatment covariate. Numerator
degrees of freedom were one for all tests.
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tree density, tree basal area, mean tree diameter, canopy base
height, and canopy bulk density, while burning significantly
modified the density and basal area of snags (Table 3). Pre-
treatment structure was a significant covariate in all models, with
the slope of the covariate varying either with thinning (thinned or
not) or across all four treatment combinations (Table 3).
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Fig. 7. Thinning and prescribed fire treatment effects on stand-level structural
attributes, including tree density (A), tree basal area (B), tree quadratic mean
diameter (C), canopy base height (D), canopy bulk density (E), snag density (F), and
snag basal area (G). Vertical bars indicate least-square means predictions for post-
treatment values for stands with the pre-treatment mean value. Pre-treatment
means for each attribute are indicated by the horizontal dashed reference lines.

Thinning significantly reduced tree density and basal area,
while increasing mean tree diameter. Thinning reduced tree
density by an average of 325 trees/ha (60%), relative to controls,
based on a reference pre-treatment mean of 530 trees/ha (Table 3
and Fig. 7A). Thinning also reduced tree basal area by almost 50%,
with post-treatment basal area averaging 17.4 m?/ha on thinned
units compared to 33.6 m?/ha on units not thinned (Fig. 7B).
Because thinning preferentially targeted smaller trees, it signifi-
cantly increased post-treatment mean tree diameters (quadratic
mean) from 29.9 cm on units not thinned to 35.8 cm on thinned
units (Fig. 7C).

Thinning was also the most effective treatment for increasing
canopy base height and reducing canopy bulk density. Thinning
increased canopy base height significantly by an average of 3.7 m
relative to controls, while burning increased canopy base height by
an average of only 0.7 (burn-only) to 1.6 m (thin-burn), which was
not statistically significant (Table 3 and Fig. 7D). Thinning reduced
canopy bulk density by about 50%, but burning had little effect
(Table 3 and Fig. 7E).

Thinning and burning effects on snag density and basal area
were more complex, with a significant interactive effect. The thin-
burn treatment significantly increased snag density and basal area
relative to controls, adding an average of 37 snags/ha and 1.5 m?/
ha respectively (Fig. 7F and G). The burn-only treatment produced
smaller increases in snag density and basal area, while the thin-
only treatment reduced snag abundance.

4. Discussion

Overstory stand structure influences a wide range of ecosystem
properties and processes in dry coniferous forests, including fire
behavior (Graham et al., 2004), tree growth and bark beetle activity
(Larsson et al.,, 1983; Fettig et al.,, 2007), wildlife abundance
(Raphael and White, 1984; Lehmkuhl et al., 2006a,b), and
understory vegetation biomass and composition (Scholes and
Archer, 1997; Moore et al., 2006; Collins et al., 2007). Although
these properties and processes may depend on different aspects of
overstory stand structure, treatments designed to modify structure
to achieve benefits in one area are likely to impact other areas as
well. We therefore discuss the outcomes of this study with respect
to three potential management objectives to show the tradeoffs
involved in selecting fuels and dry forest restoration treatments.

4.1. Restoration of historical stand structure

Decades of fire exclusion have produced significant structural
and compositional changes in dry coniferous forests of western
North America (Covington and Moore, 1994; Harrod et al., 1998,
1999), and restoration of historical structural conditions (and
associated ecosystem processes) is often cited as one objective to
be met by the application of thinning and prescribed fire
treatments (Covington et al.,, 1997; Harrod et al, 1999). Not
surprisingly, we found that thinning was clearly the most effective
treatment for modifying stand structural attributes such as tree
density, stand basal area, and mean tree diameter, a result that is
consistent with most other sites in the Fire and Fire Surrogates
(FFS) network (Schwilk et al., 2009). Thinning, with or without
subsequent prescribed fire, reduced mean tree densities by 60%
and mean stand basal area by almost 50% at our site. The resulting
mean stand basal area (17.4 m?/ha) was higher than the target
value (10-14 m?/ha), but this was partly because we restricted our
sampling to forested areas within the treatment units. Inclusion of
non-forest vegetation and rock outcrop areas in our sampling
domain would have reduced basal area estimates for most units.

Despite the large thinning effects, post-treatment tree density
was still about four times greater than historical stands, due largely
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to higher numbers of relatively young trees, and mean tree
diameters were also much lower than historical stands (Harrod
et al,, 1999). Although heavier thinning prescriptions could have
further reduced tree density and increased mean tree diameter,
historical structural conditions cannot be met on these sites
without replacing the large, older trees that have been removed
through selective logging and other disturbances. This emphasizes
the point that thinning and prescribed fire treatments modify
stand structure only through selective removal (mortality) of
existing trees. Growing large-diameter trees where none currently
exist ultimately requires time and protection from high severity
disturbances.

In using prescribed fire to modify stand structure, it is difficult
to select weather and fuel conditions that will produce significant
tree mortality, even among smaller trees, without risking loss of
containment. Burning season can also influence prescribed fire
effectiveness, primarily because of differences in the moisture
content of duff and large fuels. In California, fall prescribed fires
have shown the potential to significantly alter overstory structure
(Stephens and Moghaddas, 2005a; Kobziar et al., 2006). Knapp and
Keeley (2006) found no significant difference in mean bole scorch
heights between spring and fall prescribed fires, suggesting that
spring fires can produce effects comparable to those of fall fires.
However, the higher fuel moisture levels typically found during
spring prescribed fires can reduce the amount of surface area
burned and increase spatial heterogeneity in fire effects (e.g.,
Knapp and Keeley, 2006) similar to those found historically
(Harrod et al., 1999; Hessburg and Agee, 2003).

In this study, high fuel moistures during the spring prescribed
fires on four units in 2004 produced low-severity fires that burned
only 23-51% of the forest floor area (Agee and Lolley, 2006) and
limited crown scorching to only 30% of trees. The spring fires on
two units in 2006, in contrast, were more intense, because green-
up had not begun yet, and produced crown scorching on about 80%
of trees. On average, burns in 2006 raised ladder fuels about 1 m
more than burns in 2004, but other overstory attributes measured
were varied similarly across all units, regardless of year. The 2006
burns demonstrate that spring prescribed fires are capable of
burning at reasonably high intensities and may be useful for
meeting some management objectives, particularly in concert with
thinning or as part of a regimen of repeated fires (Allen et al., 2002).
The variability in some overstory effects in our study point to the
importance of burning under environmental conditions and fuel
moisture conditions that will meet management objectives,
regardless of season of burn.

4.2. Modification of canopy fuels and potential fire behavior

The primary purpose of the Fire and Fire Surrogates program
was to evaluate the effectiveness of prescribed fire and common
alternative treatments for modifying surface and canopy fuels to
reduce the likelihood of crown fire behavior during wildfires
(Youngblood et al., 2005). Crown fire behavior depends on surface
fuels, ladder fuels (which allow surface fires to move into the
overstory canopy), canopy fuels (which determine the ability of
crown fires to spread) (Scott and Reinhardt, 2001; Graham et al.,
2004; Peterson et al., 2005), and environmental conditions (Van
Wagner, 1977).

Our results suggest that thinning followed by prescribed fire is
best for reducing fire hazard because of the complementary effects
of thinning and prescribed fire on canopy and surface fuels (see
Agee and Lolley, 2006). In this study, thinning raised canopy base
height and lowered canopy bulk density, thereby reducing the
probability of crown fire to propagate and sustain itself in the
canopy. Previous studies have similarly documented the efficacy of
thinning treatments for reducing canopy fuels and the severity of

modeled (Fulé et al., 2002) and actual wildfires (Pollet and Omi,
2002). Prescribed fire alone was less effective than thinning for
modifying canopy fuels, but burning did greatly reduce saplings
and small trees (ladder fuels), particularly following thinning. Still,
significant modifications to canopy structure required thinning
before burning.

A common problem with thinning alone, however, is that it can
increase surface fuels and therefore produce higher surface fire
intensities, especially when slash is left on site (Stephens, 1998;
Raymond and Peterson, 2005; Stephens and Moghaddas, 2005a;
Schmidt et al., 2008; Youngblood et al., 2008). At Mission Creek,
thinning alone increased surface fuel loadings across all time lag
fuel classes (Agee and Lolley, 2006), thereby increasing potential
flame lengths and the likelihood of torching. In addition to
increasing fire intensity, high surface fuel loading may allow fires
to burn or smolder for extended periods and increase tree
mortality through basal heating (Swezy and Agee, 1991). Applying
prescribed fire following thinning can further reduce fuels and fire
hazard by consuming surface fuels (Agee and Lolley, 2006;
Stephens and Moghaddas, 2005a), killing tree seedlings and
saplings that can become ladder fuels, and further raising canopy
base height.

If prescribed fire is not a viable treatment option, the benefits of
thinning alone may still outweigh the potential hazards from
increased surface fuels, at least during less than severe fire weather
conditions. Reduction of post-thinning slash is important for
significantly reducing fire hazard within fuel treatment areas
(Stephens, 1998), but thinning can be effective at moderating fire
behavior as compared to untreated areas (Stephens and Moghad-
das, 2005a; Schmidt et al., 2008). Because thinning raised the mean
canopy base height to 8.1 m on our Mission Creek sites, models
indicate that a flame length of 3.4 m would be required to
propagate fire into the canopy (Van Wagner, 1977; Scott, 2003).
Such flame lengths would be expected only during high intensity
wildfires burning under extreme drought and fire weather
conditions. Wildfires burning in slash may hinder fire suppression
activities (Stephens and Moghaddas, 2005a) so it is important to
consider the tradeoffs, particularly near developed areas, before
large amounts of slash are left on site.

4.3. Maintaining or improving wildlife habitat

Although wildlife habitat objectives are rarely the primary
reason for modifying overstory stand structure, treatment effects
on habitat suitability may still be an important consideration in
selecting treatment options, particularly if treatments are to be
applied over large areas or in areas containing species of particular
interest. Treatment effects on coarse wood are of particular
interest as snags and downed woody debris provide habitat for
many wildlife species, particularly birds (Gaines et al., 2007; Lyons
et al., 2008) and small mammals (Lehmkuhl et al., 2006a,b). While
we did not examine treatment effects on downed woody debris, we
did find that thinning and prescribed fire affected snag structure
and dynamics in different ways.

Thinning resulted in significant losses of pre-treatment snags,
with at least 50% of pre-treatment snags being cut across all size
classes. Log removal in this study was accomplished by helicopter,
so snags were felled primarily due to safety concerns for workers
who could be injured by snags falling because of rotor turbulence.
Sometimes snags are also removed to improve operational
capability or are accidentally knocked over when live trees are
felled (Susan Rinke, Timber Sale Administrator, Wenatchee River
Ranger District, pers. comm.). Although there was some tree
mortality in thin-only units, it was confined mostly to small and
medium-size trees and was not sufficient to offset the losses of pre-
treatment snags.
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Prescribed burning also resulted in the loss of some snags, but
those losses were generally offset or exceeded by new snag
generation. Stephens and Moghaddas (2005b) also found that
prescribed fire alone and combined with thinning resulted in
greater numbers of new snags as compared to thinning alone or no
treatment. Despite the patchy nature of the spring prescribed fires,
the burn-only treatment killed enough trees to offset lost snags,
including a small number of large trees. Tree mortality was even
higher when prescribed fire followed thinning, presumably due to
higher surface fuel loadings and surface fire intensities.

Prescribed fire treatments were generally more favorable for
maintaining snag density and basal area, but a couple of caveats are
in order. First, many of the trees killed by prescribed fire were
small, with diameters less than 20 cm at breast height (1.35 m).
Cavity-nesting birds typically select large-diameter trees (>25 cm
dbh) for nesting and foraging (Raphael and White, 1984; Ganey
and Vojta, 2004; Lyons et al., 2008) so many of the newly created
snags will have limited value to birds and other cavity-nesting
species (Lyons et al., 2008). Secondly, newly created larger snags
may not provide suitable nesting habitat until tree boles decay
sufficiently, which can take years to decades (Bull et al., 1997). In
replacing large, older snags with large, fresh snags, the treatments
may be replacing current habitat with potential future habitat. This
could be a problem if large areas of a landscape are treated over a
short period of time.

4.4, Management implications

Results from our study suggest that thinning followed by
burning is the best treatment for modifying stand structural
attributes to restore historical structures and enhance forest
resiliency to fire. In contrast, spring prescribed fires alone are not
effective for reducing overstory tree density, basal area, and
canopy fuel loads, at least not with the low fire intensities realized
in this study. However, through their complementary effects,
prescribed fire and thinning together can be used to manipulate
overstory stand structure and potentially achieve a broader range
of management objectives than either treatment alone. Thinning
followed by prescribed fire is particularly useful for modifying
fuels and fire hazards, due to the combined effects on surface and
canopy fuels.

Prescribed fire effectiveness for modifying overstory trees will
be limited unless prescriptions can be designed to produce hotter
fires while maintaining safety and control. For example, Young-
blood et al. (2006) found a similar null effect on large (>25 cm)
overstory trees as observed in our study and suggested that more
aggressive burning may have achieved more tree mortality. This
can be accomplished by burning when fuels are drier and fire
weather is more favorable, but such conditions may be difficult to
realize, given the availability of such conditions, and planning and
staffing limitations. As a result, it may be required to plan
subsequent burns to consume additional fuels and cause addi-
tional tree mortality. Subsequent burns may also be the least
expensive option compared to other treatments.

Finally, thinning and burning treatment applications should be
prioritized with consideration of the landscape context. The highest
priority areas for applying fuel treatments will likely be areas that
historically supported low-severity fire regimes (Brown et al., 2004,
Hessburg and Agee, 2003). Within the low-severity fireregime areas,
fuel treatments might be strategically placed to limit movement of
uncharacteristically severe wildfires across the landscape (Finney,
2001; Finney et al., 2007). In some cases, benefits of modifications in
potential fire behavior (e.g., reduced risk of stand-replacing wildfire)
will have to be balanced against negative treatment impacts on
critical wildlife habitat or other resources (Lehmkuhl et al., 2007).
Our findings suggest that thinning and burning treatments can meet

avariety of management objectives at the stand scale, but managers
will need to develop ecologically sound strategies for effective and
efficient placement of treatments on modern landscapes. In
addition, managers should consider the need for multiple treat-
ments over time in order to restore historical structure, reduce fire
risk, and then maintain structure and fuels within desired limits
(Youngblood et al., 2008).
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