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Abstract

Most administrators and ecologists agree that reducing the levels of hazardous fuels on forests is essential to restore healthy

watersheds and protect adjacent human communities. The current debate over the appropriateness, technique, and timing of treat-

ments utilized to restore vegetation structure and composition is currently on-going at local, state, and national levels. To provide

information for these forums, the efficacy of seven traditional silvicultural systems and two types of reserves used in the Sierra

Nevada mixed conifer forests is evaluated in terms of vegetation structure, fuel bed characteristics, modeled fire behavior, and

potential wildfire related mortality. The systems include old-growth reserve, young-growth reserve, thinning from below, individual

tree selection, overstory removal, and four types of plantations. These are the most commonly used silvicultural systems and reserves

on federal, state, and private lands in the western United States. Each silvicultural system or reserve had three replicates and varied

in size from 15 to 25 ha; a systematic design of plots was used to collect tree and fuel information. The majority of the traditional

silvicultural systems examined in this work (all plantation treatments, overstory removal, individual tree selection) did not effectively

reduce potential fire behavior and effects, especially wildfire induced tree mortality at high and extreme fire weather conditions.

Overall, thinning from below, and old-growth and young-growth reserves were more effective at reducing predicted tree mortality.

� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Public concern over wildfire prevention has eclipsed

other forest values (Williams and DellaSala, 2004) and

this trend will probably continue for the next few dec-

ades. The impacts from wildfires can be separated into

two categories, the direct impacts of the fires (including

possible salvage harvests) and the impacts of the treat-
ments used to ‘‘fix’’ the problem that will influence far

more area than the wildfires themselves.
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It is estimated that over 15 million hectares of forests

in the western US have moderate or high fire hazards

and many of these areas will be treated in the next several

decades (NWCG, 2001). No other management activity

is scheduled to influence more forest area in the US in

the next 20 years, particularly in the western US where

annual wildfire areas have increased in the last 60 years

(Stephens, 2005).Much of the recent Healthy Forest Res-
toration Act (HFRA, 2003) is based on the assumption

that there are alternatives to fire in affecting forest struc-

ture and health (Kauffman, 2004), but quantitative infor-

mation on the consequences of fire and fire ‘‘surrogate’’

treatments is very limited and is the focus of this study.
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Conservation biologists have recognized the need to

manage matrix lands along with reserves for the

conservation of forest biodiversity (Lindenmayer and

Franklin, 2002). The creation and maintenance of

appropriate biological legacies is a critical element of

any management strategy that attempts to conserve bio-
diversity (Franklin et al., 2002; Lindenmayer and

McCarthy, 2002). Many traditional silviculture systems

such as clear-cutting, seed tree, and shelterwood have lit-

tle in common with most natural disturbance regimes

except for creating a light environment suitable for

shade intolerant tree species (Franklin et al., 2002).

Mixed conifer forests are widespread in California,

occurring in mid-elevations of the Klamath, Cascade,
North Coast, Sierra Nevada, Transverse, and Peninsular

Mountains (Minnich et al., 1995). Sierra Nevada mixed

conifer forests are diverse and are the primary habitat

for more vertebrate species than any other Sierra

Nevada forest type (North et al., 2002). Conservation

of the ecosystems of the Sierra Nevada is critical and

has been the subject one of the largest ecosystem assess-

ments in the US (SNEP, 1996) and continues to be ad-
dressed in on-going US Forest Service land

management planning for this region (USDA, 2004).

Alternative views toward restoring fire-excluded for-

est have been characterized as a debate between ‘‘pro-

cess restorationists’’ – who argue that restoration of

key ecological processes, especially fire, will eventually

restore natural ecological conditions, and ‘‘structural

restorationists’’ – who argue that forest structure and
fuels must be restored before reintroduction of fire

(Agee and Huff, 1986; Stephenson, 1999; Covington

et al., 2001). One critical element of any restoration

strategy is how proposed treatments affect fuel structure

and potential wildfire behavior (Stephens, 1998), partic-

ularly in the western US forests that once experienced

frequent, low-moderate intensity fire regimes. Though

there have been qualitative and comparative studies on
the effectiveness of various fuel treatments, replicated,

empirical research on fuel reduction techniques are rare

(van Wagtendonk, 1996; Stephens, 1998; Miller and Ur-

ban, 2000; Fulé et al., 2001; Keyes and O�Hara, 2002;

Pollet and Omi, 2002; Brown et al., 2004; Graham

et al., 2004; Stephens and Moghaddas, 2005).

The null hypothesis investigated is that there will be

no difference in vegetation structure, fuel load, fire
behavior, and predicted tree mortality between the seven

silvicultural systems and two reserves when subjected to

wildfire at different environmental conditions. Informa-

tion from this study can be used to assist in the selection

forest treatments that increase the probability of con-

serving the forests of the Sierra Nevada. There are other

important conservation consequences of silvicultural

systems and reserves but this study concentrates on
one of their most critical structural aspects: their re-

sponse to simulated wildfires.
2. Methods

2.1. Study site

This study was done in Sierra Nevada mixed conifer

forests in the north-central Sierra Nevada at the
University of California Blodgett Forest Research

Station (Blodgett Forest). Blodgett Forest is approxi-

mately 20 km east of Georgetown, California (latitude

38�54 04500N, longitude 120�39 02700W), between 1100

and 1410 m above sea level, and encompasses an area

of 1780 ha. Tree species in this area include sugar pine

(Pinus lambertiana Dougl.), ponderosa pine (Pinus pon-

derosa Dough. Ex Laws.), white fir (Abies concolor

Gord. & Glend.), incense-cedar (Calocedrus decurrens

[Torr.] Floren.), Douglas-fir (Pseudotsuga menziesii

(Mirb.) Franco), California black oak (Quercus kelloggii

Newb.), tan oak (Lithocarpus densiflorus Hook. & Arn.),

and madrone (Arbutus menziezii Pursh.).

Climate at Blodgett Forest is Mediterranean with a

summer drought period that extends into the fall. Win-

ter and spring receive the majority of precipitation that
averages 160 cm (Stephens and Collins, 2004). Average

temperatures in January range between 0 and 8 �C.
Summer months are mild with average August tempera-

tures between 10 and 29 �C with infrequent summer pre-

cipitation from thunderstorms. Slopes across Blodgett

Forest average less than 30%.

Surface fire was common in the mixed conifer forests

at Blodgett Forest before the policy of fire suppression
began early in the 20th century. Composite fire return

intervals at the 3–5 ha spatial scale varied from 6 to

14 years (fire interval range 4–28 years) (Stephens and

Collins, 2004). Fires were very rare after 1910 and this

agrees with other research that has documented the im-

pacts of fire suppression in the northern Sierra Nevada.

Blodgett Forest has been repeatedly harvested during

the last 100 years, reflecting a management history com-
mon to most forests in the Sierra Nevada (Laudenslayer

and Darr, 1990; Stephens, 2000) and elsewhere in the

western US (Graham et al., 2004).

Fuel loads, potential fire behavior, and modeled for-

est mortality after wildfire were analyzed for seven tra-

ditional silvicultural systems and two types of reserves

that received treatments from 1978 to 2002. Each silvi-

cultural system or reserve had three replicates (27 total
experimental units) and each varied in size from 15 to

25 ha. Criteria for selection of treatment units in-

cluded: (a) areas were selected that only experienced

a single entry from a given silvicultural system, includ-

ing reserves, (b) pre and post-treatment fuel and vege-

tation data was available (collected 1–3 years before

and after each treatment was installed), and (c) no sec-

ondary silvicultural treatments (i.e., prescribed burning,
pile burning) were utilized before post-harvest

measurement.
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This study used data over a 25-year period because

this amount of time was necessary to produce the rela-

tively high number of treatments and replicates. Treat-

ments were installed throughout the 25-year period

(none of the treatments were installed in one short per-

iod) and descriptions of the management systems inves-
tigated are given below. The same Blodgett Forest

manager and equipment operator were used throughout

the 25-year period (1978–2002) and this improved oper-

ational consistency. All silvicultural treatments and re-

serves experienced fire suppression for the last 90 years.
2.2. Un-even aged silvicultural treatments: (dominant and

co-dominant trees 80–100 years old)

(1) Individual tree selection. Lop and scatter limb

wood and tree tops from the harvested trees to

an average depth of less than 75 cm. The goal is
to develop an uneven sized (possibly uneven aged)

forest structure with multiple canopy layers.

(2) Thin from below. Lop and scatter limb wood and

tree tops from the harvested trees to an average

depth of less than 75 cm. The goal is to produce

an open understory structure with many large

overstory trees.

(3) Over story removal. Lop and scatter limb wood
and tree tops from the harvested trees to an aver-

age depth of less than 75 cm. The goal is to pro-

duce stands dominate by small trees or to

generate wood volume.

2.3. Even aged management treatments (dominant and

co-dominant trees 1–20 years old)

All of these treatments were produced by clear-cut-

ting followed by tractor piling and burning of harvest

residues. After harvesting and burning of piled residues,

1-year-old seedlings were planted in a systematic grid

pattern with a spacing of 3.5 m. Some logging residues

and duff were left on the soil surface to reduce soil ero-

sion. Four different plantation types were analyzed in
this work:

(4) Plantations less than 5 years old.

(5) Plantations 15–19 years old that have been pre-

commercially thinned once at 11–13 years of age

using a chainsaw (approximately half of the trees

removed, all thinned trees left on site, lop and scat-

ter limbs to an average depth of less than 75 cm.).
Manual spot-application of herbicides to individ-

ual shrubs was used to maintain shrub cover below

15%; this is a common practice in industrial lands

designed to enhance the growth of the planted

seedlings.
(6) Plantations 15–19 years old that have been pre-

commercially thinned once at age 15 or 16 using

a rotary masticator (a rotary masticator is a self-

propelled machine that has a long hydraulically

controlled arm with a spinning disc that is used

to shred trees into pieces approximately 30 cm
long and 5 cm wide. All shredded material was left

on site). Manual spot-application of herbicides to

individual shrubs was used to maintain shrub

cover below 15%. Mastication is becoming one

of the most common fuel treatments in federal

and privately owned plantations.

(7) Plantations 15–19 years old that have received no

additional treatments since they were established
using similar methods as in 4, 5, and 6 above.

2.4. Reserves: (dominant and co-dominant trees 100–

300+ years old)

(8) Old-growth reserves. Reserve stands with a signif-

icant component of residual old-growth trees.

Dominant and co-dominant trees are 100–350

years old (Stephens and Collins, 2004).

(9) Young-growth reserves. These stands were har-

vested in the early 1900s. After the initial harvest
and burning of residual woody materials, they

have not been manipulated. Natural regeneration

from the remaining seed trees regenerated these

stands. Dominant and co-dominant trees are 80–

100 years old.

2.5. Fuels and vegetation data

Vegetation and fuels data were extracted from the

Blodgett Forest Research Station Interactive Database

(Center for Forestry, 2004). Vegetation data was ac-

quired from161 permanent 0.04 ha circular inventory

plots installed across the 27 treatment units (three repli-

cates of nine different treatments, minimum of five

inventory plots for each treatment unit). Individual
plots were placed on a systematic 120 m grid with a ran-

dom starting point. Plot centers are permanently

marked with a pipe; three witness trees next to plot cen-

ter are also tagged to facilitate plot relocation after

treatments.

Tree species, DBH, total height, height to live crown

base, and crown position (dominant, co-dominant,

intermediate, suppressed) was recorded for all trees
greater than 10.5 cm DBH. Similar information was also

recorded for all trees greater than 1.4 m tall in a 0.004 ha

nested subplot located in each 0.04 ha circular inventory

plot. Canopy cover was recorded at 25 points (5 · 5

grid) on each 0.04-ha plot using a GRS site-tube

densitometer (Gill et al., 2000). Shrub cover was
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measured in all plantations using seven 10-m line tran-

sects initiated from plot center. Ocular estimates of

shrub cover were taken on plot centers of all other treat-

ment types.

Surface and ground fuel loads were measured using

two transects from each permanent plot using the line-
intercept method (Brown, 1974). One-hour (0–0.64 cm

in diameter) and 10-h (0.64–2.54 cm in diameter) fuels

were sampled from 0 to 2 m, 100-h (2.54–7.62 cm in

diameter) fuels from 0 to 3 m, and 1000-h (>7.62 cm

in diameter) and larger fuels from 0 to 11.3 m on each

transect. Duff and litter depth (cm) was measured at

0.3 and 0.9 m on each transect. Fuel height (cm) was

measured at 0.3, 0.6, and 0.9 m along each transect.
Surface and ground fuel loads were calculated using

appropriate equations developed for Sierra Nevada for-

ests (van Wagtendonk et al., 1996; van Wagtendonk

et al., 1998). Coefficients required to calculate all surface

and ground fuel loads were arithmetically weighted by

the basal area fraction (percent of total plot basal area

by species) to produce accurate and precise estimates

of fuel loads (Stephens, 2001).

2.6. Fire modeling

Fire behavior was modeled under three fire weather

conditions: upper 80th, 90th, and 97.5th percentile. Per-

centile weather was computed using Fire Family Plus

(Main et al., 1990). Forty-one years (1961–2002) of

weather data from the Bald Mountain Remote Access
Weather Station (RAWS) (NFAM, 2004), located 4

km west of Blodgett Forest, were analyzed to determine

percentile fire weather conditions (Table 1). 80th, 90th,

and 97.5th percentile fire weather represent moderate,

high, and extreme fire weather, respectively.

Fuels Management Analyst (FMA) was used to

model fire behavior, crowning index (wind speed needed

to produce an active crown fire), torching index (wind
speed needed to produce a passive crown fire), scorch

height, and tree mortality (Carlton, 2004). FMA incor-

porates established published methodologies for com-

puting crown bulk density, fire behavior, crown

scorch, and mortality. FMA uses information from field
Table 1

Upper 80th, 90th, and 97.5th percentile fire weather from 1961 to 2002 for

Weather parameter 80th percentile conditi

Probable maximum 1-min wind speed (km h�1) 20

Wind direction North to northeast

Dry bulb temperature (C) 29

Relative humidity (%) 25

1-h fuel moisture (%) 3.9

10-h fuel moisture (%) 5.2

100-h fuel moisture (%) 7.7

Herbaceous fuel moisture (%) 62.1

Foliar fuel moisture (%) 100
measurements (tree species, DBH, tree crown ratio, tree

crown position, tree height, percent canopy cover,

surface and ground fuel loads), topography, and fire

weather data to model fire behavior and effects at the

stand scale. Table 2 summarizes the methodologies used

for these computations.

2.7. Data analysis

Analysis of variance (ANOVA) was used to deter-

mine if significant differences (p < 0.05) existed in vege-

tation (trees ha�1, basal area ha�1, height to live

crown base, canopy cover, crown bulk density) and fuels

(fuel depth, litter and duff load, 1, 10, 100, 1000-h sound
and rotten time-lag fuel loads, total fuel load) for each

silvicultural system and reserve (n = 3). If significant dif-

ferences were detected, a Tukey-Kramer HSD test was

performed to determine which specific silvicultural sys-

tem or reserve was different from another (Zar, 1999).

The Jump Statistical Software package (Sall et al.,

2001) was used in all analyses.
3. Results

3.1. Vegetation structure

The inventory plots in the 27 treatment units included

3534 live trees. Forty-two line transects were used to

measure shrub cover in the plantations. Ocular estimates
of shrub cover in all non-plantation treatments, includ-

ing reserves, were all below 5%.

Average basal area ha�1 was significantly higher in

thin from below, old-growth reserve, young-growth re-

serve, and individual tree selection treatments when

compared to all plantation treatments (Table 3). Aver-

age basal area in the overstory removal treatment was

similar to un-thinned, masticated, and pre-commercially
thinned plantations. Average tree density (trees ha�1)

was not significantly different between all treatments

(Table 3).

Average height to live crown base was significantly

higher in thin from below, old-growth reserve, and
Blodgett Forest, California

ons 90th percentile conditions 97.5th percentile conditions

27 31

North to northeast North to northeast

32 33
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young-growth reserve when compared with all planta-

tion treatments (Table 3). Average tree height was sig-

nificantly higher in all non-plantation treatments with

the exception of overstory removal.

Percent canopy cover was significantly higher in old-

growth reserve, young-growth reserve, and overstory
removal treatments when compared with plantations

(Table 3). Average canopy cover in thin from below

treatments was similar to chainsaw pre-commercially

thinned, mastication pre-commercially thinned, and un-

treated plantations. Average canopy cover in individual

tree selection treatments was similar to that of the un-

treated plantations (Table 3). Crown bulk density was

similar across all treatments with the exception of the
plantations less than 5 years old, which was significantly

lower than old-growth reserves, young-growth reserves,

overstory removal, and masticated plantations (Table

3).

3.2. Fuels characteristics

A total of 436 fuel transects were analyzed over all sil-
vicultural systems and reserves to estimate surface and

ground fuel loads in the 27 experimental units. Fuel

loads across all time-lag fuel size classes (1, 10, 100,

1000 h) and fuel depth were not significantly different

among treatments or reserves (Table 4). Average litter

and duff load (ground fuels) were significantly lower in

all plantation treatments when compared with the

young-growth reserve (Table 4). Litter and duff loads
were significantly lower in masticated plantations when

compared with the old-growth reserves (Table 4). Shrub

cover was less than 5% in all non-plantation units result-

ing in a minimal contribution to fire behavior when

compared with surface, ladder, and crown fuels.

3.3. Potential fire behavior and tree mortality

Under 80th percentile conditions, fire behavior and

tree mortality was relatively low for all treatments. Fir-

eline intensity was similar in all treatments at 90th per-

centile weather conditions (Table 5). When modeled

under 97.5th percentile weather conditions, fireline

intensity was similar in all treatments with the exception

of the un-thinned plantations that were higher (Table 6).

Under 90th and 97.5th percentile conditions, torching
index was similar in the thin from below and old-growth

reserve treatments (Tables 5,6). The young-growth re-

serve had the highest torching index; torching index in

overstory removal and single tree selection treatments

were similar to that of plantations (Tables 5,6).

Under 90th percentile weather conditions, predicted

mortality for trees 2.5–25 cm DBH was similar in all

treatments except the young-growth reserve. For trees
51–76 cm DBH, all non-plantation treatments had simi-

lar predicted mortality. For trees >76 cm DBH,



Table 3

Average post-treatment vegetation structure for all trees greater than 2.5 cm DBH at Blodgett Forest, California

Treatment Tree height (m) Height to crown base (m) Canopy cover (%) Basal area (m2 ha�1) Trees ha�1 DBH (cm) Crown bulk density (kg m�3)

Old growth reserve 17ab 10a 75a 73a 948 31ab 0.098a

Young growth reserve 19a 11a 68a 64b 662 35a 0.089a

Thin from below 16ab 10a 57ab 48bc 567 33a 0.076ab

Individual tree selection 16ab 6abc 59ab 40bc 574 30ab 0.061ab

Overstory removal 14bc 6abc 71a 25cd 639 23bc 0.066ab

Plantation un-thinned 9c 3cd 48bc 11d 693 14d 0.075ab

Plantation chainsaw PCT 8c 2cd 45bc 14de 510 18cd 0.09a

Plantation mastication PCT 10c 3cd 39c 19de 435 23bc 0.086a

Plantation < 5 years old 1d 0.3d 1d 0.0e 890 1e 0.008b

Mean values in a column followed by the same letter are not significantly different.

PCT – pre-commercial thinning.

Table 4

Average post-treatment fuel loads (metric tons ha�1) by treatment type at Blodgett Forest, California

Treatment Litter and duff 0–0.64 cm 0.64–2.54 cm 2.54–7.62 cm >7.62 cm sound >7.62 cm rotten 1–1000 h plus litter, duff Fuel depth (cm)

Old growth reserve 122ab 0.9 3.7 5.7 16.4 21.6 170a 17

Young growth reserve 138a 0.7 3.5 4.4 19.9 14.0 180a 12

Thin from below 76abc 0.6 4.1 12.1 25.4 58.3 177a 7

Individual tree selection 110abc 1.3 6.6 17.6 33.2 11.7 180a 9

Overstory removal 75abc 0.8 6.2 15.5 33.0 39.4 170ab 3

Plantation un-thinned 55bc 0.2 1.2 6.9 13.7 7.7 85bc 10

Plantation chainsaw PCT 54bc 0.5 2.2 6.0 10.2 9.0 82bc 16

Plantation mastication PCT 45c 0.5 2.0 3.9 1.6 1.4 55bc 11

Plantation < 5 years old 56b,c 0.6 3.8 9.9 16.9 7.0 94bc 8

Mean values in a column followed by the same letter are not significantly different.

PCT – pre-commercial thinning.
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Table 6

Average post-treatment modeled fire behavior under 97.5th percentile weather conditions at Blodgett Forest, California

Treatment Fire type Rate of spread

(m min�1)

Fireline intensity

(kW min�1)

Torching index

(km h�1)

Crowning index (km h�1)

Old growth reserve 100% Surface fire 5.2 1158 66 27

Young growth reserve 100% Surface fire 5.2 1158 89 30

Thin from below 100% Surface fire 4.9 1067 62 35

Individual tree selection 33% Passive crown fire, 66% surface fire 5.3 1173 43 39

Overstory removal 33% Passive crown fire, 66% surface fire 5.2 1158 46 39

Plantation un-thinned 66% Passive crown fire, 33% active crown fire,

plume dominated

23.7 3880 0 43

Plantation chainsaw PCT 100% Active crown fire, plume dominated 14.5 3233 6 29

Plantation mastication PCT 33% Passive crown fire, 66% active crown fire,

plume dominated

5.0 1116 6 31

Plantation < 5 years old 100% Surface fire 5.6 25 0 104

PCT – pre-commercial thinning.

Table 5

Average post-treatment modeled fire behavior under 90th percentile weather conditions at Blodgett Forest, California

Treatment Fire type Rate of spread

(m min�1)

Fireline intensity

(kW min�1)

Torching index

(km h�1)

Crowning index

(km h�1)

Old growth reserve 100% Surface fire 3.9 805 82 30

Young growth reserve 100% Surface fire 3.9 805 111 34

Thin from below 100% Surface fire 3.8 794 74 37

Individual tree selection 100% Surface fire 4.0 817 54 44

Overstory removal 100% Surface fire 3.9 805 58 43

Plantation un-thinned 66% Passive crown fire, 33% active crown fire, plume dominated 17.4 2614 0 47

Plantation chainsaw PCT 66% Passive crown Fire, 33% active crown fire, wind driven 13.0 2692 7 32

Plantation mastication PCT 100% Passive crown fire 3.7 773 9 34

Plantation < 5 years old 100% Surface fire 4.2 17 0 114

PCT – pre-commercial thinning.
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predicted mortality was highest in overstory removal and

individual trees selection, though this mortality was still

below 10% of all trees in this diameter class. Under

97.5th percentile conditions, mortality was similar across

all treatments for trees 2.5–25 cm DBH (Table 7).
4. Discussion

The use of mechanical treatments and/or prescribed

fire as management tools should be considered within

an overall restoration strategy that may include multi-

ple ecosystem objectives (Agee, 1996). Prescribed

burning can be used to reintroduce a fundamental
ecosystem process into forests but has the disadvan-

tages of smoke production, risk of fire escaping pre-

scribed boundaries, and difficulty in implementation

because of constraints from weather, access, and avail-

ability of field crews.

Mechanical treatments in forests can produce nega-

tive ecosystem effects such as soil disturbance and com-

paction (Neary et al., 1999), disruption of nutrient
cycling (Jurgensen et al., 1997), damage to residual trees,

and enhancement of root pathogens (Slaughter and

Rizzo, 1999); the advantage of mechanical systems are

increased precision, no smoke production, low risk of

treatments leaving prescribed boundaries, and the abil-

ity to produce forest commodities.

Traditional silvicultural systems used in the Sierra

Nevada have primarily been used to balance the growth
and yield of wood products while protecting soil and

biological resources. The majority of the traditional sil-

vicultural systems examined in this work (all plantation

treatments, overstory removal, individual tree selection)

did not effectively reduce potential fire behavior and ef-

fects, especially wildfire induced tree mortality at high

and extreme fire weather conditions. Overall, thinning

from below, and old-growth and young-growth reserves
were more effective at reducing predicted mortality in

trees up to 51 cm DBH when compared with other treat-

ments (Table 7). Untreated stands of mixed evergreen

forests in southwestern Oregon subjected to a wildfire

experience lower mortality than those that were only

thinned (Raymond, 2004); those that were thinned and

then underburned experienced the lowest mortality.

In both pre-commercially thinned and un-thinned
plantations, overall tree mortality is well above 80% at

all modeled fire weather conditions (Tables 5,6). This

suggests that modifying plantation tree density alone

will not reduce the probability of mortality if surface

fuel loads remain high enough to kill trees through

scorching of live foliage independent of crown fire. This

assertion is also supported by modeled plantation

crowning and torching indexes which were all relatively
low regardless of how the plantations were treated silvi-

culturally (Tables 5,6).
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Older plantations have a similar crowning index as

compared to reserve and all un-even age treatments,

though the torching index remains lower than that of re-

serves (Tables 5,6). Young plantations less than 5 years

old experienced 100% mortality under all percentile

weather conditions. Patchy fuels in young plantations
may result in lower tree mortality than is predicted here,

but as the plantations mature, fuels will become more

continuous and fire effects more uniform.

In California alone, nearly 120,000 hectares of forest

plantations have never been treated since their initial site

preparation and planting of seedlings (Sapsis and Bran-

dow, 1997). Seedling mortality in these plantations has

been low, and in most cases, an extensive shrub layer
has developed because of high resource availability

and the presence of a soil-stored seed bank. Most of

these plantations currently have high fire hazards. Other

research has identified high fire hazards in even aged sil-

vicultural systems (Weatherspoon and Skinner, 1995;

Odion et al., 2004).

In both even aged and un-even aged treatments, it is

often assumed that harvest related slash will decompose
over time thereby reducing fire hazards. In reality, log-

ging slash may persist for long periods, and therefore,

will influence fire hazards for extended periods. Rates

of woody fuel decay are highly variable (Lahio and Pres-

cott, 2004). The rates of decomposition of understory

fuels are primarily dependant upon several factors

including temperature, soil moisture, insect activity,

and material size (Lahio and Prescott, 2004). Decaying
conifer activity fuels have been reported to persist for

30 years in xeric forest environments (Stephens, 2004).

Fuels management should be part of a broader strat-

egy of restoring watershed health rather than designed

solely on the basis of fuels alone (Dellasala et al.,

2004; Dombeck et al., 2004). The potential for treat-

ments to spread exotic forest diseases and plants needs

to be addressed when planning fuel treatments (Odion
et al., 2004). Adaptive management programs must be

used to learn from management actions since there is

insufficient information on the ecological effects of fuels

treatments (Stephens and Ruth, 2005).

Further increases in fire behavior and extent may oc-

cur from a predicted lengthening of the fire season due

to global warming (McKenzie et al., 2004). Even for a

conservative climate change scenario, it has been pre-
dicted that the area burned will roughly double by the

end of this century in most western states (McKenzie

et al., 2004). Current forest structure and composition

in many areas of the western US could be severely im-

pacted in a changing climate that increased drought fre-

quency and corresponding damage from wildfire.

In spite of a century of fire suppression, we have

learned that the question is not if forests will burn but
when, where, and with what intensity (Dombeck et al.,

2004). The majority of the traditional silvicultural sys-
tems used in the Sierra Nevada over the last several dec-

ades do not produce forests that can incorporate fire

without high levels of tree mortality. Reserves pre-

formed better than most of the silvicultural systems

investigated in this work. Predicted wildfire effects in

the two reserves indicates that a management program
utilizing the existing Wildland Fire Use Program (man-

aged lightning ignitions for resource benefit) (Stephens

and Ruth, 2005) could produce positive ecosystem ben-

efits in similar forests.

A new group of silvicultural treatments is needed to

restore western US forests. New silvicultural systems

can be created to produce greater congruence with

natural disturbance regimes (Franklin et al., 1997;
Fries et al., 1997). The major challenge in writing

new silvicultural prescriptions is determining the

kinds, numbers, and spatial patterns of retained struc-

tures required to achieve defined management objec-

tives (Franklin et al., 2002). Modern silvicultural

treatments should address both live and dead fuel

components, including surface, ladder, and canopy

fuels. Complicating this further is the need to produce
structures that can incorporate fire without mortality

outside the natural range of variation, particularly in

forests that once burned under frequent, low-moderate

intensity fire regimes.
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