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More than 100 years of fire-
free growth in many short-
interval fire–adapted forest

ecosystems has increased stand density
and fuel loads compared to those exist-
ing before Euro-American settlement
(Dahms and Geils 1997; Moore et al.
1999). Catastrophic stand replacement
fires are easily ignited and can propa-
gate over large areas in such forests.
Suppression is often difficult, due to
the continuity of fuels and resulting
high fire intensities. These large ahis-
toric fires endanger lives, property, and
ecosystem integrity. 

One approach to lowering the risk of
catastrophic fire and improving the eco-
logic resiliency in short-interval fire-
adapted forests is to restore them to pre-

settlement structural conditions
(Dahms and Geils 1997; Mast et al.
1999; Moore et al. 1999). Where these
forests are accessible to equipment, the
recommended treatment is to mechani-
cally remove high accumulations of
flammable dead material and most
small trees, while retaining the largest
trees in the forest (Covington et al.
1997). This treatment mimics the effect
of past frequent surface fires. In contrast
to prescribed burning, mechanical re-
moval is immediately effective, does not
result in air pollution or escaping fires,
and may be economically self-sustain-
ing. Reducing fuel loadings by thinning
the forest in this manner will slow or
prevent the propagation of catastrophic
fires, but will also produce large

amounts of wood of various sizes, usu-
ally with a high ratio of unmerchantable
material (tops, limbs, and small trees).
The unmerchantable material, or “bio-
mass,” can serve as feedstock for various
energy technologies, including ethanol
production from cellulose or electricity
generation. However, a long-term sup-
ply of woody feedstock is needed for
such industries to develop. This study
explores a silvicultural option and a
modeling approach for evaluating the
amount of biomass feedstock that might
be sustainably produced by managing
forests using uneven-aged silviculture
with large reserve trees to mimic preset-
tlement conditions in short-interval
fire–adapted ecosystems in the Sierra
Nevada and central Rockies.

The study had three objectives:
• Define a silvicultural regime for

the creation and long-term mainte-
nance of fire-resilient stands where
large trees are reserved for wildlife
habitat and aesthetics. 

• Provide a modeling framework for
simulating the long-term consequences
to stand structure and flow of biomass
that would result from applying the sil-
viculture regime.
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Fuel treatment silviculture and the resulting long-term flow of biomass were examined using
data from selected western stands. An uneven-aged management regime with reserve trees
was modeled, using a canopy closure of 40 percent for the dominant trees as a target and a har-
vest cutting cycle of 20 years. Fuel reduction treatments in currently overstocked stands re-
sulted in an initial peak of removal for the first and second cutting cycles. Yields stabilized in
subsequent cutting cycles. Removal of some large reserve trees was crucial for maintaining
stand structure and fire resilience.
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• Demonstrate the approach by ap-
plying the modeling framework to se-
lected stands in the Sierra Nevada and
central Rockies.

The focus of this article is on results
of the simulation with regard to fire re-
silience, stand structure development,
and biomass flow under uneven-aged
management regimes that will most
likely be used to maintain desired eco-
system attributes in short-interval
fire–adapted western forests.

Defining Stands in Need of Treatment
Two factors must be considered

when determining whether a stand is at
risk from an unnatural fire event and
therefore suitable for thinning and bio-
mass removal:

• The stand’s potential to propagate
stand-replacing fires that kill all trees
and mineralize most of the organic soil
material. This mainly depends on the
available fuel load.

• The frequency of successful igni-
tion. This depends on the quality of
the fuel load and also on environmen-
tal conditions (e.g., precipitation and
wind).

Neither the fuel load nor the igni-
tion frequency alone is sufficient to de-
fine unnatural fire regimes. For exam-
ple, boreal forests often have high fuel
loads and chaparrals experience fre-
quent ignitions, but these fire regimes
are not unnatural (Keeley et al. 1999).
However, many forests, including mid-
elevation forests of the Rockies and
Sierra Nevada, were historically subject
to fires with a return interval in the
order of decades. These low-intensity
fires regularly eliminated ground, sur-
face, and ladder fuels; partially reduced
crown fuels; and, by killing seedlings,
kept stand densities low. In the Sierra
Nevada and Southwest, these return
intervals have increased by an order of
magnitude (SNEP 1996; Moore et al.
1999). Current fuel loads and tree den-
sities create fire intensities comparable
to boreal forests (Alexander 1982),
where survival of trees is unlikely. Total
mortality over large areas was histori-
cally a rare fire pattern in ponderosa
pine and mixed conifer forests (Moore
et al. 1999).

Defining Fire Resilience
Fire resilience can be defined as a

stand’s ability to survive fires without
permanent loss of functional or struc-
tural elements. The upper canopy with
the oldest and largest trees represents
such a structural element. A stand can
be considered fire resilient if the prob-
ability of a complete loss of the upper
canopy is reasonably low. This is the
case if (1) propagation of a fire within
the upper canopy and (2) continuous
lethal scorching of canopy trees from

crowning surface fires is avoided. Both
of these spread paths can be largely
eliminated by reducing the fuel density
below a critical threshold (for a de-
tailed discussion, see Agee 1996). Ex-
periences from real fires and simula-
tions (e.g., van Wagtendonk 1996)
suggest that this threshold can be ap-
proximated using a canopy closure
value of 40 percent. Therefore, in our
modeling we use 40 percent canopy
closure as our target for fire resilience
(fig. 1).
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Figure 1. Stand structures and fire spread. Any tree whose crown intersects with a fire-spread path 
is assumed killed. Solid thick arrows show spread paths affecting upper canopy trees. Only the
structures in case V and case VIII reliably prevent continuous loss of upper canopy by keeping the
fuel density subcritical in the canopy and the ladder layer.

Critical fire spread path

Noncritical fire spread path

Irrelevant fire spread path



Silvicultural Concept
The need to address the vertical di-

mension of the stand when restoring
and maintaining short-interval fire–
adapted western forests makes even-
aged management approaches inappro-
priate. The historic stand structure of
the forests of interest was not even-
aged. Frequent fire-return intervals
under historic fire regimes created for-
ests of many age classes with a diverse
canopy structure and spatial distribu-
tion of trees. We therefore chose an in-
dividual tree selection model (Alexan-
der and Edminster 1977) to define de-
sired stand structure because it is easy
to simulate and well suited to handle a
continuum of tree sizes. The model
controls stocking across defined upper-
and lower-diameter classes (hereafter
called dbhQmin and dbhQmax) using a
negative exponential Q ratio defined as
the number of trees in one diameter
class divided by the number of trees in
the next larger class. The Q ratio and
desired basal area stocking define the
numbers of trees to be left in each di-
ameter class. We discovered that main-
taining a 40 percent canopy cover tar-
get and a diameter range of ≥ 40 inches
(realistic in the Sierra Nevada) resulted

in extremely flat diameter class distrib-
utions; i.e., the Q ratio was close to 1,
or required extremely open (low basal
area) stands. To avoid this, we created a
hybrid management scheme for Sierra
Nevada forests that could accommo-
date the larger trees needed to meet de-
sired presettlement conditions. In our
hybrid scheme, trees with less than a
target dbhQmax (usually 30 inches) are
managed under the uneven-aged indi-
vidual tree selection model. Of the
trees that exceed dbhQmax in the Q
stocking curve, a fixed percentage
termed “large tree removal intensity”
(LTRI) is harvested in every selection
cutting cycle such that (1 – LTRI) per-
cent of the trees with dbh > dbhQmax re-
main on site. This hybrid approach fa-
cilitates the desired retention of large
trees (Covington et al. 1997) in preset-
tlement restoration and allows evalua-
tion of the long-term effects of retain-
ing large trees on stand structure and
yield. Recent work by Graham et al.
(1999) shows that type of thinning has
a crucial influence on fire resilience.
The uneven-aged regime modeled here
results in the desirable conditions of
low crown-fuel bulk densities but high
crown bases.

Simulation Tools
We chose the USDA Forest Service

Forest Vegetation Simulator (FVS)
(Teck et al. 1996, 1997) as the primary
tool for simulating the effect of our hy-
brid management model on typical
mid-elevation stands in the Sierra
Nevada, the central Rockies, and the
Southwest. We used the WS variant of
FVS for Sierra Nevada data and the
CR variant for central Rockies and
Southwest data. Using FVS, however,
poses the challenge that the WS and
CR variants do not simulate natural re-
generation. Because small trees repre-
sent a source of surface and ladder
fuels, regeneration must be included.
Our solution to this was to assume that
enough trees regenerated following
each cutting cycle to fill the smallest di-
ameter class of the Q distribution. Be-
cause the uneven-aged selection auto-
matically eliminated surplus trees in
the next cutting cycle, a greater num-
ber of trees regenerated at the time of
treatment has no effect on long-term
stand structure. Regeneration density is
irrelevant to fire-resilience considera-
tions provided the small trees have not
grown rapidly enough to provide fuel
ladders into the canopy (unlikely with
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Table 1. Data set information for Sierra Nevada, Coconino, and Manitou stands at the beginning of the 
simulation period.

Trees Basal area Volume Accretion Mortality 
Data set, (stems (square feet Dmax (cubic feet (cubic feet per (cubic feet per
stand type per acre) per acre) (inches) per acre) acre per year) acre per year)

Sierra Nevada
plu557, P3G 956 262 62.8 10,101 169 48
plu566, M4G 1,074 296 55.7 11,322 241 88
plu570, P4G 962 253 44.7 8,562 192 56
plu620, P2G 636 101 49.0 3,399 41 8
plu621, P2G 752 167 51.2 3,956 102 25
plu713, M4G 956 143 67.3 4,981 136 20
plu715, P2G 1,103 74 41.3 1,556 68 10
plu716, P2G 247 64 24.6 1,150 52 1
plu718, P3G 844 310 74.0 11,185 250 84
plu721, P2G 1,247 205 53.4 6,272 342 58
plu814, P4G 473 160 45.5 4,152 114 30
plu817, M3G 666 206 60.8 7,659 166 36

Coconino
6930.003, PP 1,119 81 26.5 1,148 41 1
6990.012, PP 1,436 92 30.1 1,803 57 2
6990.033, PP 482 110 25.9 2,063 107 2

Manitou
Manitou, PP 404 110 21.0 1,637 79 2

NOTE: P2G, P3G, P4G, and PP = ponderosa pine stands; M3G and M4G = mixed conifer stands.
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a 20-year cutting cycle). Problems arise
only if there is not enough regenera-
tion, but the small number of trees re-
quired to fill the smallest class (< 100
trees per acre every 20 years) makes this
approach justifiable.

Rather than using the Suppose user
interface, which allows interactive op-
eration of FVS (Crookston 1997), we
ran FVS in batch mode, with the man-
agement prescription supplied by a
keyword file. The mathematically exact
uneven-aged stocking model allowed
us to automate the keyword develop-
ment, and a Tcl/Tk script called “key-
word file builder” was written for this
purpose. The script includes state-
ments for computing several stand
structure variables and for generating
tree lists for use with the Stand Visual-
ization System (SVS) (McGaughey
1998). Reports from the FVS output
files were generated using Suppose.
(For a detailed explanation of FVS and
Suppose, see Wykoff et al. 1982;
Crookston 1990, 1997; Teck et al.
1996; FMSC 2001.)

Stand Data
Test data sets were chosen from the

Sierra Nevada and the Rocky Moun-
tain Front Range and the southwestern
United States. The Sierra data were in-
ventory plot data from Plumas Na-
tional Forest, the Front Range data

were inventory data from Manitou Ex-
perimental Forest (Colorado), and the
southwestern data were FVS sample
files from Coconino National Forest
(Arizona). Simulations were run on 12
data sets (nine dense ponderosa pine
and three dense mixed conifer) for the
Sierra Nevada. The Coconino and
Manitou stands were ponderosa pine.
Table 1 shows stand data for the begin-
ning of the simulation period.

Treatment Prescription
Because of the different growth con-

ditions and tree shapes, different treat-
ment prescriptions were applied to the
Sierra Nevada and the Manitou and
Coconino data sets to achieve the target
of 40 percent canopy closure. For the
Sierra Nevada example described below,
variations were focused on the policies
for large trees (different LTRI values);
for the Manitou and Coconino stands,
a single prescription was tested. Table 2
displays the parameters for the respec-
tive individual tree selection treatments.
No species preference for the removal
was defined, i.e., the probability for
each individual tree to be harvested did
not depend on its species.

Sierra Nevada
Figures 2 through 4 show the results

when the Sierra Nevada treatment pre-
scription (table 2) is applied to the

ponderosa pine data sets plu557 and
plu718 (table 1). The results are typical
of the general patterns observed across
all the Sierra Nevada simulation runs.

Stand development. The stand struc-
ture variables show that over time the
proposed thinning regime achieves a
stable stand structure. Because of initial
deficits and surpluses in tree numbers
for certain diameter classes, it takes two
cutting cycles to come close to the
steady state; a single treatment is not
likely to transform an unbalanced
stand into a balanced one (Alexander
and Edminster 1977). After the steady
state is reached, a single thinning with
biomass removal each 20-year cutting
cycle maintains the equilibrium. Con-
sequently, fuel treatments as outlined
here are part of a long-term intensive
silviculture, where selective harvesting
and biomass removal provides the fuel
reductions that previously resulted
from frequent fires before Euro-Amer-
ican settlement.

The hybrid management approach
clearly illustrates the effect of varying
the removal intensity for large trees (>
30 inches dbh). Increased mortality
limits the standing live volume if no
large trees are removed; i.e., there is a
“holding capacity” of the site that can-
not be exceeded. However, with a
moderate thinning (0 < LTRI ≤ 20 per-
cent), the mortality is almost elimi-

Table 2. Treatment prescriptions used for the simulations.

Number of trees BAQ
per acre in (square

dbhQmin dbhQmax largest class feet LTRI values Regeneration 
Region (inches) (inches) Q ratio of the Q range per acre) (percent) (species, percent)

Sierra Nevada 2 30 1.25 1 64 0, 10, 20, 40, 60, 80, 100 PP, 50; DF, 50
Coconino and Manitou 2 24 1.43 1.2 55 100 PP, 100

NOTES: BAQ = target basal area of trees in Q range; LTRI = large tree removal intensity (percent of trees larger than the upper Q diameter limit [dbhQmax] that
were removed every 20 years); PP = ponderosa pine; DF = Douglas-fir.

Table 3. Average number of trees per acre with dbh > 30 inches for years 20–140 of the simulation period.

Large tree removal intensity (LTRI)

Data set Initial value 0% 10% 20% 40% 60% 80% 100%

plu557 13.8 16.5 13.2 10.3 6.2 4.4 2.9 2.0
plu718 13.6 19.1 15.1 11.9 7.8 5.2 3.7 2.7
Average 13.7 17.8 14.1 11.1 7.0 4.8 3.3 2.4

Notes: Years 0–19 and 141–150 were not considered to prevent distortion caused by initial stand condition and calculation effects. Both data sets are from
representative stands of ponderosa pine on the Sierra Nevada.
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nated and the stand still maintains a
significant component of larger live
trees, typically 10 to 15 trees > 30
inches dbh (table 3).

Fire resilience. Again, the treatment
of large trees is crucial for the fire re-
silience of the stand. As the left chart of
figure 3 shows, if no thinning of large
trees occurs (LTRI of 0 percent), these
trees will eventually form a dense, con-
tinuous upper canopy. Large trees that
could survive surface fires may thus be
eliminated by a crown fire they propa-
gate themselves. Another important as-
pect is what appears to be density-de-
pendent mortality (fig. 2). The sharp
increase in mortality after year 60
under the 0 percent LTRI thinning
regime creates a large pool of dead trees
in addition to the increased live fuel
density associated with this thinning
regime. It would appear that fire re-
silience and presettlement conditions
can be maintained only if the fuel
treatments remove at least a portion of
the large tree segment of the stand.

Biomass removal. Two stages are dis-
tinguishable with regard to biomass re-
moval. For the first two cutting cycles
(years 0–39), the production of unmer-
chantable stemwood calculated by the
model is in the range of 4.5 to 9 bone
dry tons (bdt) per acre (0.22–0.45
bdt/acre/year). However, FVS considers
unmerchantable material to be only
stemwood whose diameter is below
some threshold merchantability diame-
ter. The additional extraction of
branches (usually as chips) is necessary to
prevent an increase in fuel loads right
after thinning. The removal of branch
material dramatically increases the bio-
mass yield. The allometric equations of
Gholz et al. (1979) suggest that the
branch biomass for ponderosa pine and
Douglas-fir is ≥ 20 percent of the stem
biomass. As ≥ 80 percent of the har-
vested stemwood is merchantable, inclu-
sion of branch wood triples the flow of
biomass to 13 to 26 bdt per acre
(0.65–1.3 bdt/acre/year) during the first
two cutting cycles. These predicted val-

ues correspond with experience from real
fuel treatments performed in the Sierra
Nevada, where 60 green tons of biomass
per acre (approximately 24 bdt/acre)
have been reported (Sheehan 1999, pers.
commun.). This high initial flow reflects
the need to reduce current fuel loading,
and is not sustainable in the long run.

After 40 years there is a decrease in
the yield of both merchantable and un-
merchantable volume. The more or less
constant flow for the remainder of the
simulation (usually about one-third of
the initial flow, i.e., 4.5 to 9 bdt per
acre including branches, 0.22–0.45
bdt/acre/year) represents the amount
of biomass that can be sustainably pro-
duced by these forests.

The large tree treatment also af-
fected the biomass yield. The increase
in mortality for 0 percent LTRI signifi-
cantly reduced the volume (both mer-
chantable and total) removed. This is
critical for any industry that requires a
large supply of wood (e.g., bioenergy
plants typically use more than 100,000

Figure 2. Average stand development for two ponderosa pine data sets from the Sierra Nevada (plu557 and plu718). The data series represent the 
different levels of removal of trees > 30 inches dbh (0 to 100 percent). The data points represent moving averages over two 10-year periods.



tons per year). Lower yields per unit
treated result in longer and more ex-
pensive transportation, ultimately mak-
ing the use of harvests for either bio-
mass-based or conventional wood
products industries economically unvi-
able. Thus, completely excluding large
trees from the harvest negatively affects
both the fire resilience of the stand and
the economic performance of the treat-
ment. However, these negative effects
disappear if only 10 to 20 percent of
the large trees are harvested. Mechani-
cal treatment for fire resilience and
maintenance of large trees for ecosys-
tem integrity are therefore not incom-
patible. The harvest of a few large trees
most likely mimics natural mortality
that probably occurred in the past when
surface fires determined stand structure. 

Rocky Mountains and the Southwest
Figures 5 through 7 show the results

when the fuels reduction prescription
(table 2) was applied to the three Co-
conino stands and the Manitou stand
(table 1). The results for the Coconino
stands are averaged.

Stand development. As in the Sierra
Nevada stands, a steady yield state is
achieved after the initial fuels reduc-
tion. The fact that the basal area re-
mains almost unchanged from the very
beginning is the result of the combined
effect of the number of trees (not dis-
played) and the quadratic mean diam-
eter (QMD). For the Coconino data,
the number of trees decreases while
their average diameter increases. For
the Manitou stand, the opposite effect
occurs (most likely a result of differ-

ences in initial stocking among the
modeled stands). A stable equilibrium
is achieved only after the second cut-
ting cycle and only if the trees whose
dbh exceeds dbhQmax are not excluded
from treatment. As before, provisions
for the treatment of large trees must be
made to maintain the desired uneven-
aged structure of the stand (see dashed
line in figure 5).

Fire resilience. Figure 6 suggests that
fuel treatments are effective in keeping
the canopy closure down. However,
this is true only if trees in the diameter
range greater than 24 inches are
thinned (see dashed line in figure 6 ). If
they are left untouched, the total
canopy closure will finally exceed the
threshold considered critical with re-
gard to fuel density.
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Figure 3. Average canopy closure development for two ponderosa pine data sets from the Sierra Nevada (plu557 and plu718). The data series represent
the different LTRI values (0 to 100 percent removal of trees > 30 inches dbh). The data points represent moving averages over two 10-year periods.

Figure 4. Average flow of stemwood for two ponderosa pine data sets from the Sierra Nevada (plu557 and plu718). The data series represent the 
different LTRI values (0 to 100 percent removal of trees > 30 inches dbh).
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Biomass removal. Both the total and
the unmerchantable volumes removed
from the Front Range and southwest-
ern stands are significantly smaller than
from the Sierra stands. The initial peak
biomass of unmerchantable stemwood
flow does not exceed 2.4 bdt per acre
(0.12 bdt/acre/year), and sustainable
levels are about 0.8 bdt per acre (0.04
bdt/acre/year). Inclusion of branches at
least doubles these values, but they re-
main low compared to the requirement
of energy production plants. However,
the absence of competing industries
(sawmills) in these regions may allow
the use of some of the merchantable
material for energy purposes, increas-
ing the realized biomass yields.

Limitations and Issues for Further Work
The interpretation of the simulation

results requires that limitations of the
input data (plot or stand level rather
than landscape level), the simulation
layout (absence of disturbances other

than thinnings), and the simulation
tools be considered. As presented, the
results are valid only for the simulated
conditions, and any extrapolation re-
quires not simply an aggregation, but
also that a scaling effect is taken into ac-
count. This is particularly important for
other ecosystem concerns such as water
yield or wildlife habitat quality, where
the landscape resolution is more impor-
tant. On this level, FVS, in the format
we used, may not be the tool of choice.

Before implementing a fuel treat-
ment concept based on the methodol-
ogy we present here, it should be criti-
cally reviewed in actual ecosystem set-
tings. This includes integration with
other forest management goals, more
detailed modeling of natural regenera-
tion (especially the lack thereof ), and
the evaluation of the suggested fuel
treatments in an operational context
(technical, legal, economic, and politi-
cal feasibility of treatments and utiliza-
tion of material).
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Figure 5. Average stand development for three Coconino National Forest stands and the Manitou Experimental Forest stand. The dashed line represents
the development of the Manitou stand if the same Q model was applied without removing any trees whose dbh exceeds the upper diameter distribution
limit of 24 inches. The data points represent moving averages over two 10-year periods.
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Figure 6. Average canopy closure development for three Coconino National Forest stands and the Manitou stand. The dashed line represents the devel-
opment of the Manitou stand if the same Q model was applied without removing any trees whose dbh exceeds the upper diameter distribution limit of 24
inches. The data points represent moving averages over two 10-year periods.

Figure 7. Average flow of stemwood for three Coconino National Forest stands and the Manitou Experimental Forest stand.


