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Abstract —The Fire and Fuels Extension to the Forest Vegetation Simulator is a model that
simulates fuel dynamics and potential fire behavior over time, in the context of stand development
and management.  Existing models are used to represent forest stand development (the Forest
Vegetation Simulator, Wykoff and others 1982), fire behavior (Rothermel 1972, Van Wagner 1977,
and Scott and Reinhardt 2001), and fire effects (Reinhardt and others 1997).  These models are
linked together with newly developed models of snag and fuel dynamics.  Users can simulate fuel
treatments including prescribed fire, thinning, and mechanical treatments.  Wildland fires can also
be modeled.  Model output includes predicted fuel loadings over time, and measures of fire hazard
including potential flame length, canopy base height and canopy bulk density, torching and
crowning indices and potential stand mortality over the simulation period.  If a prescribed fire or
wildland fire is simulated, output also includes predicted fire behavior, fuel consumption, smoke
production, and tree mortality.

Keywords :  fire behavior, fire effects, stand dynamics, silviculture, fuel treatment, prescribed fire,
potential wildfire behavior, fuel dynamics

2.1 Intr oductio n ___________________________________________________

The Forest Vegetation Simulator (FVS) (Stage 1973; Wykoff and others
1982) is used by forest managers throughout the United States and Canada
to predict stand dynamics and the effects of various management actions on
future forest conditions. It is an individual tree, distance-independent
growth and yield model. The role of fire in ecosystem dynamics has not
previously been explicitly represented in FVS. Other models have been
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developed to represent fuel dynamics with and without fire (Keane and
others 1989), fire behavior (Albini 1976a,b; Rothermel 1972), and fire effects
(Reinhardt and others 1997). These models, however, do not address the
dynamics of vegetation management.

We developed the Fire and Fuels Extension to FVS (FFE-FVS) by integrat-
ing FVS with elements from existing models of fire behavior and fire effects.
FFE-FVS predicts changes in stand and fuel characteristics over time and
the behavior and impacts of fire. The model is not intended to predict the
probability of fire or the spread of fire between stands.

The FVS simulates tree growth, tree mortality and regeneration, and the
impacts of a wide range of silvicultural treatments. The Fire and Fuels
Extension simulates fuel accumulation from stand dynamics and manage-
ment activities, and the removal of fuel through decay, mechanical treat-
ments and prescribed or wildfires. Various types of fuel are represented,
including canopy fuel and surface fuel in several diameter classes. Fire
behavior and fire effects such as fuel consumption, tree mortality, and smoke
production are modeled. Model output describes fuel characteristics, stand
structure, snags, and potential fire behavior over time and provides a basis
for comparing proposed fuel treatments.

Where possible, FFE-FVS uses existing models and algorithms to simu-
late fires. To predict fire intensity, it uses Rothermel’s fire behavior model as
implemented by Albini (1976a) in FIREMOD and subsequently by Andrews
(1986) in Behave. The onset of crowning is predicted using approaches
developed by Van Wagner (1977) and Scott and Reinhardt (2001). The model
uses methods from FOFEM (Reinhardt and others 1997) for predicting tree
mortality, fuel consumption and smoke production. Methods for simulating
fuel accumulation and decay and snag dynamics were developed for FFE-
FVS using information described in detail in sections 2.3 and 2.4 of this
chapter.

The model does not simulate fire spread or the probability of fire. It
calculates potential fire intensity over time, under user-defined conditions,
as a measure of the fire hazard of stand and fuel conditions. It also allows the
user to schedule or simulate a fire or series of fires at given points in time or
when certain stand conditions are reached. When a fire is simulated, the
model computes its intensity, its effects on different stand components, and
the associated emissions.

This chapter describes the model processes and assumptions in detail for the
northern Idaho variant. Details about other variants are given in chapter 4.

Examples of FFE-FVS output in this chapter use the same example stand
as does chapter 1: a Douglas-fir stand in western Montana that is burned
with a wildfire in 2065.

2.2 Model S tructure ________________________________________________

The Fire and Fuels Extension includes three major submodels:

1. A snag model for tracking and simulating decay and fall down of
standing dead trees.

2. A fuel model that simulates the accumulation (through litterfall and
other sources) and decomposition of surface fuel, tracks canopy fuel
characteristics, and selects fire behavior fuel models.

3. A fire model that simulates fire intensity and fire effects on trees,
snags, and fuel as well as smoke production and mineral soil exposure.
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As with all of FVS, users interact with the FFE using keywords specific to
FVS and to FFE. Once the FFE is invoked, the snag and fuel components are
automatically present. Users can simulate fires or request fuel treatments
using keywords. Many FFE-specific characteristics are linked to the Event
Monitor (Crookston 1990). This allows users to request the simulation of
events or management actions, such as fuel treatment, if certain stand or fuel
conditions are predicted by the model.

FVS passes control to the FFE in every growth cycle (fig. 2.1). The FFE
operates on an annual time step within the FVS cycle (normally representing
5- or 10-year time steps). All simulation results relevant to FVS, such as fire
effects on tree mortality, are passed back to FVS at the end of the cycle. Figure
2.2 illustrates the general scheme of the FFE-FVS. FVS uses a tree list to
represent a stand. For each tree in the list, FVS stores several attributes
including dbh, height, crown length, and the number of trees per acre
represented by the sample tree. Similarly, the FFE tracks snags using a snag
list, which carries attributes specific to snags (see section 2.3.1). Snags are
created through mortality and gradually break apart and fall, thus contrib-
uting to the surface fuel.

Fuel is tracked in a number of fuel pools (section 2.4.1) representing the
quantity of fuel in different size classes. Fuel pools can be initialized by the
user, or the FFE will estimate initial loadings from the tree list and habitat

Figure 2.1 —Order of calculations in the FFE, including sections of FVS. Italicized activities are part of FVS.

Read all keywords and the tree list (sample-based collection of individual trees that represent a stand).
Establish initial snag and fuel conditions

For Each Growth Cycle
Apply stand management including the creation of snags and fuels

Estimate normal growth and mortality for each sample tree

For each year in the Growth Cycle
Print snag information

                     Update condition of snags
Apply snag management

Apply fuel treatments
Compute potential fire intensity
Simulate fires
Update mortality predictions and add newly created snags to snag pools
Print potential fire and actual fire information
Update and print fuel pools

End annual loop

Call Establishment Model
Update Stand Attributes (and apply the possibly altered mortality rates)
Add new mortality to snag pools
Display Indicators

End Growth Cycle Loop
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type. The fuel pools are updated on an annual timestep by simulating input
and decomposition, as well as movement from one pool to another. The
simulated fuel loadings, along with the habitat type and management
history of the stand, are used to select one or more fire behavior fuel models
(Anderson 1982) that most closely represent fuel conditions (section 2.4.8).
These fire behavior fuel models are used to predict fire behavior rather than
the simulated fuel loadings because of the extreme sensitivity of the fire
behavior model to fuel parameters we cannot easily track in the FFE, in
particular surface area to volume ratio and fuel bed depth.

Surface fire intensity is predicted using Rothermel’s model (Rothermel
1972; Albini 1976a) for each of the selected fire behavior fuel models. The
predicted fire behavior for the models is then combined in a weighted average
(section 2.5.4). The weighted average and canopy fuel characteristics are
used to determine whether crown fire occurs. Fire intensity, expressed as
flame length, and degree of crowning (surface, passive or active) are used as
indicators of the fire hazard of the fuel and stand conditions. They are also
used to calculate the effects of a simulated fire (that is, fuel consumption,
smoke production, tree mortality, mineral soil exposure, and so forth; see
section 2.5.5).

fuel 
loads

debris
< > 3

tree
mortality

Snag
Model

snag
information
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consumption

tree data and
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Figure 2.2 —Scheme of the FFE-FVS Model. The boxes in this figure show the major
submodels of the FFE. Arrows indicate the flow of information between submodels. See text
for further explanation.
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2.3 Snag Submodel ________________________________________________

2.3.1 Overview

The snag submodel tracks the breakage, decay and fall-down of the boles
of standing dead trees. The term “snag” throughout is used only to refer to
standing dead trees; once they have fallen, they are modeled as surface fuel.
The foliage and branches of snags also fall and contribute to surface fuel, as
described in section 2.4.4.

Snags are represented in the model using a snag list. Each list element,
called a snag record, represents a group or class of snags. These are snags of
the same species, that died in the same simulation cycle or year, and that are
in the same diameter and height class. The snags in each record are described
by the following characteristics:

• Diameter class—Snags are grouped into 2-inch diameter classes, based
on their dbh at the time of death. The largest class represents all snags
with a dbh of 36 inches or more.

• Species—Tree species.
• Height at death—Average height of the trees in that record at the time

of death (for the initially hard and initially soft snags separately; see
item 6 below). If the height of otherwise similar trees differs by more
than 20 feet, two records are created (section 2.3.3). This allows the
model to follow these height differences in the simulation of snag
dynamics.

• Current height—Average current height of the snags in the record,
again for initially hard and initially soft snags separately. The height
will decrease over time as the snags start to break apart (section 2.3.4).

• Years since death—Number of years since the death of the tree (that is,
the time since the snag was created).

• Decay status—Decay status: hard or soft. Soft snags are more decayed
and are assumed to have 80 percent of the wood density of hard snags.

• Density—Number of stems per acre represented by this record. This
will decrease as snags of this record start to fall down (section 2.3.6).

Only four of the characteristics will change over time (current height,
years since death, decay status, and density). The simulated change in height
as snags age allows the corresponding reduction in volume to be calculated
(using the diameter at time of death).

2.3.2 Initialization

Snags can be initialized in the model using two options. Snags can be
included in the input FVS tree list along with live trees by recording the
species, dbh, and height information and a code indicating that the tree is
dead. At present, all trees initialized in this manner are assumed to have died
5 years before the inventory year. The model does not use the FVS tree list
codes that describe snag age. By default, these snags are hard, but the
SNAGPSFT keyword can be used to change this assumption.

Snag records can also be created using the SNAGINIT keyword. Each of
the snag characteristics described above, except decay status, can be defined
using this keyword. These snags are also assumed to be hard, unless the user
has changed the default using the SNAGPSFT keyword.
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During a model simulation, snags may be created through FVS-predicted
natural mortality (every simulation cycle), fire-caused mortality (in the year
of fire) (see section 2.5.5), and some management actions (see section 2.3.7).

2.3.3 Creation and Maintenance of Snag Records

The model uses snag records to represent groups of snags that die in the
same simulation cycle or year, belong to the same species, dbh class, and are
within a 20-foot height range. When new snags are created, the model
determines the height range of snags of the same species and dbh class. If
height varies by more than 20 feet, two records are created for snags of that
species and dbh class. Thus, some of the variability in initial snag heights is
maintained in the model. In all cases, the density-weighted average height
and average dbh of all the snags in each record are used as the attributes.

Snag records are eliminated once all snags in the record have fallen
(section 2.3.6), when the record contains fewer than 0.0002 snags per acre
(equivalent to 1/100th of one snag in a 50 acre stand), or when the current
height of the snags in the record is less than 1.5 feet. Any remaining snag
material in these records is added to the surface fuel with the other fallen
snags.

Currently the number of snag records in the FFE is limited to 2,000. If a
new snag record is needed and all of the snag records are already in use, then
the model must search for a snag record to overwrite. The model first
searches the snag records created in all previous years to determine which
contains the fewest snags. If this record contains fewer snags than the new
record would have if all the new snags were in the same height group, then
the existing snags are knocked over and the record is used by the new snags.
If not, then the model determines which snag record already created this year
has the fewest snags. Again, if this record contains fewer snags than the new
record would have, the snags are felled and the new snags are used instead.
If at this point no record has been found for the new snags, then these snags
are placed on the ground. The activity summary will report whenever snags
are moved to the surface fuel pools in this manner.

2.3.4 Height Loss

As snags age, their tops break off and fall to the ground, decreasing the
snag height. In the model, this process slows with time, as the remaining top
of the tree becomes wider at each successive breakpoint. We assume break-
age occurs at a faster rate until half of the initial height has been lost, then
occurs at a slower rate. All species use the same pattern of breakage, but the
rates differ between them (fig. 2.3). In addition, initially soft snags lose
height twice as quickly as initially hard snags. This difference in height loss
is under user control.

The basic equations for snag breakage are:

HTt = HT0(1 – 0.0228mx)t if(1–0.0228mx)t > 0.5

HTt = 0.5HT0(1 – 0.01mx)t –y if(1–0.0228mx)t ≤ 0.5

where:

t = number of years since death;
y = number of years after death when half of the initial height has been

lost;
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HTt = height of the snag at t years after death;
HT0 = height of the snag at death;
m = multiplier used to change the base rate for different species; and
x = multiplier used to accelerate the rate of breakage of initially soft

snags (default values are x=1 for initially hard snags, and x=2 for
initially soft snags).

These equations are defined such that, with m=1, snags lose 2.28 percent
of their current height each year until they have lost 50 percent of their
original height in about 30 years. After that, the remaining breakage occurs
at a rate of 1 percent per year. The switch from the faster rate to the slower
rate occurs when 50 percent of the initial height of the snag has been lost
(table 2.1).

Snags are considered surface fuel if they are less than 1.5 feet in height.
At this point, the amount of material represented by the remaining bole is
transferred to the appropriate surface fuel pools and the record is eliminated
from the snag list.

Using the SNAGBRK keyword, users can control the breakage rates for
each species by defining the time it takes for a given amount to break. The
model translates these times into the parameter m.

Figure 2.3 —Comparison be-
tween patterns of height loss
for initially hard or soft snags
with the three different sets of
default rates.

Table 2.1—Comparison between height loss for different species. The “Years to 50 percent height loss” is the number of years after
death required for 50 percent of the original height to be lost. This is the time at which the simulated breakage rate
switches from the faster rate (for example, 2.28 percent) to the slower rate (for example, 1 percent). The “Multiplier” is
the value used by default on the initially defined percentages. The “% of height after 100 years” gives the percent of the
initial height that is still remaining on standing snags after 100 years.

Years to 50% height loss % of Height after 100 years
Species Multiplier Hard Soft Hard Soft

Base Ponderosa pine, Other 1.0 30 14 25 21
Faster Grand fir, Western hemlock, Cedar,

Lodgepole pine, Spruce, Subalpine fir 1.1 27 13 22 19
Slower White pine, Larch, Douglas-fir 0.9 33 16 27 2
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2.3.5 Decay

Decay is the process by which snags become softer. In the snag model, there
are only two stages of decay: hard and soft. Newly created snags are classified
as “hard” in the model, unless otherwise specified by the user. Over time,
these snags decay until eventually they are considered “soft”. Soft snags
experience more rapid height loss in the model (section 2.3.4). Debris
originating from soft snags decays faster than debris from hard snags
(section 2.4.5).

All hard snags, assuming that they remain standing, will eventually
become soft snags. The rate of this decay depends on the diameter of the tree
at the time of death and its species. The basic decay rate is based on a linear
approximation of some rates for Douglas-fir (Bruce Marcot, USFS, Portland,
OR, unpubl. data, 1995), and has the form:

DecayTime = m(1.24dbh + 13.82)

where:

DecayTime = number of years it takes for a hard snag to become soft (that
is, the time from death to transition to soft);

dbh = dbh (in inches) of the snag at the time of death; and
m = multiplier used to scale the equation to increase or decrease

the decay rate for different species.

The default decay rate of each species is assigned using a scaling multiplier
of 0.9, 1.0, or 1.1 (fig. 2.4). The scaling value, m, used for each species can be
changed using the SNAGDCAY keyword.

2.3.6 Falldown

Standing snags will eventually fall. In the model, fall rates vary based on
species, size, and whether the snag was present during a fire. With one
exception, the rates do not depend on snag age or decay status. As with the
breakage and decay rates, a basic set of rates is defined. These rates are based

Figure 2.4 —Number of years
until decay for the different
default rates and a range of
dbh. A multiplier less than 1
decreases the amount of time
until decay (that is, the snag
decays faster) while multipli-
ers greater than 1 increase the
amount of time before decay
(that is, the snag decays
slower).
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on a linear approximation of data for ponderosa pine snags (Bruce Marcot,
USFS, Portland, OR, unpubl. data, 1995), with a modification to ensure that
some large snags remain standing for 100 years.

For all snags less than 18 inches, and for all but the last 5 percent of snags
over 18 inches, the number of snags in a record that fall each year is
calculated as:

R = –0.001679d + 0.064311
F = mRN0

where:

R = rate of fall (fig. 2.5); for records with a dbh greater than 32.3 inches,
this rate is set to 0.01;

d = initial dbh of the snag, in inches;
N0 = initial density (stems/acre) of snags in the record;
m = multiplier that can be used to change the rate of fall; and
F = density of snags (stems/acre) that fall each year from that record.

For the last 5 percent of snags over 18 inches, the number of snags falling
each year is:

F
A T

N=
−

0 05
0

.

where:

F = density of snags (stems/acre) that fall each year from that record;
A = maximum number of years that snags will remain standing (that

is, the time when all snags will have fallen);
T = time when 95 percent of the snags had fallen; and

N0 = initial density of snags (stems per acre) in the record.

This is the only exception to the rule that the fall rates do not depend on
age. This equation ensures that some large snags persist throughout the
period of time A, but that none persist beyond this time. By default,

Figure 2.5 —The rate of fall of small snags and the first 95
percent of large snags.
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Table 2.2—Default snag fall rate modifiers for different species. Ponderosa pine is the base
species. Species that are assumed to fall faster have a higher multiplier and a shorter
maximum persistence time. The opposite is true for the species with slower falling
snags. Species “other” was assigned the base rate values because it is not known
which species will be included in “other.”

Maximum Persistence
Species Multiplier ( m) Time (years, A)

Base Ponderosa pine, Other 1.0 100
Faster Grand fir, Western hemlock, Cedar,

Lodgepole pine, Spruce, Subalpine fir 1.1 90
Slower White pine, Larch, Douglas-fir 0.9 110

ponderosa pine snags fall at the rate calculated with m=1 and with a
maximum persistence time of 100 years for snags over 18 inches. All other
species are assumed to fall either 10 percent faster or 10 percent slower.
Similarly, the maximum persistence time for snags over 18 inches is also
assumed to be either 10 percent longer, or 10 percent shorter (table 2.2).
Figure 2.6 compares the effect of the three fall rates for large and small snags.
The user can specify both the normal fall-rate multiplier m and the persis-
tence time A for each species using the keyword SNAGFALL.

Fires that exceed a threshold scorch height (by default 0 ft) increase the fall
rates of previously existing soft snags and small snags (fig. 2.7). After a fire,
all soft snags and 90 percent of hard snags smaller than 12 inches dbh will
fall within 7 years. Snags that would already fall in less than 7 years will still
fall at their “preburn” rate. Large, hard snags are unaffected by fires. These
parameters may all be controlled by the user using the keyword SNAGPBN.

Figure 2.6 —Percent of large and small snags standing as a
function of years since death. The last 5 percent of large snags, or
those greater than 18" dbh, remain for a long period of time, while
small snags fall at a constant rate. Fall rates decrease with increas-
ing dbh and differ between species (see table 2.2).
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2.3.7 Management

Snags can be created by simulating thinning using base FVS model
keywords and requesting that all (or a portion) of the thinned trees be left
standing. This request can be specified with the YARDLOSS keyword.

Snag removal is simulated using the FFE keyword SALVAGE. Users can
select snags to salvage based on time since death, size (dbh at death), and
decay status (hard/soft). Salvage operates after base model management
options and after the snag dynamics (falling, breakage, and so forth) have
been applied but before fires are simulated. Thus, if a user specifies that all
new snags be removed, any snags created using the YARDLOSS keyword in
the current year will be eligible for removal, but those created from a fire in
the current year have not yet been produced, and cannot be salvaged.

Note that the FFE SALVAGE keyword is different from the base model
SALVAGE keyword. The FFE keyword removes snags from the snag list
maintained by the FFE while the base model version acts on the main FVS
tree list.

The amount of the salvage is printed in two places: as the last field in the
activity summary (volume/acre removed), and in the column “standing re-
moved” in the detailed fuel report (tons removed; section 2.4.10). The size and
species distribution of the salvage can also be inferred to some degree through
changes in snags reported in the detailed snag output report (section 2.3.8). No
more detailed breakdown of salvage amounts is currently available.

2.3.8 Output

Information about snags in the model can be important for determining
wildlife values or other nontimber indicators. Two snag output reports –
detailed or summary – can be produced by the model.

Detailed Snag Report: The detailed snag report produces information
about snags at user-requested intervals or years (SNAGOUT keyword). It is
printed at the beginning of the year, after base model harvesting (which could
create snags) but before any other FFE operations such as snag dynamics,
salvage logging, or fires. The report summarizes the snag records by species

Figure 2.7 —Effect of fire on the fall rate of a sample snag record.
The example record contains 6.8 inch GF snags that were
created in 2006. The graph shows the density of the snags with
and without a fire in 2011.
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into up to six user-defined diameter size classes. The report provides the
following information on these summary records (table 2.3):

Year The simulation year of the report.
Species The two-letter species code of the species being reported.
DBH cl A value from 1 to 6, indicating the user defined size class of

snags in this record.
Death dbh The average diameter (inches), at the time of death, of the

snags that are aggregated into this record.
Curr height (ft)

Hard The average height of currently hard snags aggregated into
this record.

Soft The average height of currently soft snags aggregated into
this record.

Curr volume (ft3/acre) This volume is estimated from the original height of
the snags, the current height, and the diameter at the time of
death.

Hard The volume of currently hard snags.
Soft The volume of currently soft snags.
Total Sum of hard and soft volumes.

Year died The year the record was created (the year that the tree died).
Density Number of snags/acre

Hard
Soft
Total

Table 2.3—Example detailed snag report. In this example, snags were only reported for the year 2008. The stand
contains hard Douglas-fir (DF), larch (L) and lodgepole pine (LP) snags that had died in 2004 and 1999,
as well as some soft lodgepole snags that had died in 1983.

ESTIMATED SNAG CHARACTERISTICS, STAND ID=300290024601
-------------------------------------------------------------------------

DEATH CURR HEIGHT CURR VOLUME (FT3) DENSITY (#/ACRE)
DBH DBH ----(FT)--- ----------------- YEAR --------------------

YEAR SP CL (IN) HARD SOFT HARD SOFT TOTAL DIED HARD SOFT TOTAL
-------------------------------------------------------------------------

2008 L 1 2.0 22.0 0.0 0 0 0 2004 5.4 0.0 5.4
2008 DF 1 4.8 35.8 0.0 55 0 55 2004 17.7 0.0 17.7
2008 DF 2 13.5 72.3 0.0 2 0 2 2004 0.1 0.0 0.1
2008 DF 3 21.0 79.3 0.0 6 0 6 2004 0.1 0.0 0.1
2008 DF 6 38.1 92.5 0.0 2 0 2 2004 0.0 0.0 0.0
2008 LP 1 6.4 64.1 0.0 25 0 25 2004 3.1 0.0 3.1
2008 L 1 1.8 18.6 0.0 0 0 0 1999 6.4 0.0 6.4
2008 DF 1 4.4 29.5 0.0 53 0 53 1999 21.4 0.0 21.4
2008 DF 2 13.4 62.7 0.0 2 0 2 1999 0.1 0.0 0.1
2008 DF 3 20.6 69.5 0.0 7 0 7 1999 0.1 0.0 0.1
2008 DF 6 37.9 82.2 0.0 2 0 2 1999 0.0 0.0 0.0
2008 LP 1 6.1 54.5 0.0 28 0 28 1999 4.1 0.0 4.1
2008 LP 1 6.9 0.0 41.2 0 257 257 1983 0.0 33.8 33.8
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The default size class boundaries for reporting are, in inches, at 12, 18, 24,
30, 36, and greater than 36 inches dbh at death. These values can be changed
with the SNAGCLS keyword. The report lists only species and size classes
that are present in the reporting year. Classes with low densities (less than
0.05 trees/acre) show densities of .0 in this report.

Each line in the report may represent more than one snag record because
for reporting purposes snags are grouped into larger diameter size classes.
Within each class, all reported values are averages of the characteristics of
each snag record. This averaging means that some reported values may
change between years in a counterintuitive fashion as records within the
class lose height or numbers at different rates. Table 2.4 shows a selection of
output for Douglas-fir snags that were created in 1996 and that are in the
first dbh class. Although the dbh of a particular snag record does not change
during the simulation, the average dbh and height in the reported class
increases over time because the smaller snag records included in the class fall
faster (and thus contribute less to the average) than the larger snag records
in the reporting class.

Snag records can be created at harvesting, after a fire, or from natural
mortality applied at cycle boundaries. They can only be removed through
falling or salvage. If the detailed snag report is printed every year (and the
cycle length is longer than a year), there will be slight regular changes from
height-loss and falling. Dramatic changes such as fire mortality or salvage
should be relatively easy to distinguish. Any newly created snags should
correspond to other reports: the fire mortality information (section 2.5.7) or
the distribution of harvested trees from the base model.

Summary Snag Report: The detailed snag report contains a large
amount of information typically required only for detailed analyses. A
summary snag report can be requested using the keyword SNAGSUM. It is
printed at the beginning of the last year of every cycle and contains the total
density of snags that are larger than the given diameter. In table 2.5 for
example, the first column lists all snags, the second column gives the density
of all snags greater than 12 inches diameter, and so forth. With the exception
of a distinction between hard and soft snags, this table contains no other

Table 2.4—Sample output from the detailed snag report showing a selection of reports about size class 1 Douglas-fir that died
in 1996. Death dbh is the average dbh of snags combined in a given record.

Dbh Death Height Total Volume Year Density
Year Sp. cls dbh hard soft hard soft total Dead hard soft Total

2009 DF 1 0.9 7.2 0.0 4.0 0 4.0 1996 19.51 0.00 19.15
2010 DF 1 1.0 7.2 0.0 3.5 0 3.5 1996 15.33 0.00 15.33
2011 DF 1 1.0 7.3 0.0 2.9 0 2.9 1996 11.15 0.00 11.15
2012 DF 1 1.2 19.1 4.7 2.3 0 2.3 1996 1.48 5.50 6.97
2013 DF 1 1.7 19.5 4.6 1.8 0 1.8 1996 0.97 1.82 2.79
2014 DF 1 4.6 21.3 0.0 1.3 0 1.3 1996 0.46 0.00 0.46
2015 DF 1 7.4 31.4 0.0 0.9 0 0.9 1996 0.12 0.00 0.12
2016 DF 1 10.5 46.2 0.0 0.6 0 0.6 1996 0.05 0.00 0.05
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distinguishing information about species, heights, volumes, or age. The table
has the format:

Year
Density of hard snags

diameter size class 1
diameter size class 2
etc.

Density of soft snags
diameter size class 1
diameter size class 2
etc.

The sizes classes are the same ones that are used in the detailed snag
output report and can be defined by the user with SNAGCLS keyword. If the
detailed snag report and the summary snag report are both printed in the
same year, the total densities reported in both tables should be the same.

2.4 Fuel Submodel_________________________________________________

2.4.1 Overview

The fuel submodel accounts for the dynamics of all nonliving biomass
derived from aboveground sources in the stand. It receives input from live
trees (litterfall, crown lifting, and breakage), snags (either breaking up or

Table 2.5—Example output from the summary snag report. In this example, most snags are hard, but some
soft snags appear briefly in 2005 through 2010.  These snags were previously hard (note the sharp
decline in hard snags between 2000 and 2005).  Each column of each snag type also contains
the snags in the larger size classes to the right. Thus, in 2070, there are 163.2 snags/acre total
(greater than 0"), of which 4.1 snags/acre are ≥ 12".  Throughout the simulation, most of the snags
are small (< 12”), however, the 2070 wildfire killed a number of larger trees.  These do not show
up till 2075 because the snag report is written before fire is simulated.

-------------------------------------- SNAG SUMMARY REPORT ------------------------------
------------ HARD SNAGS/ACRE ------------ ------------ SOFT SNAGS/ACRE ------------

YEAR >=00" >=12" >=18" >=24" >=30" >=36" >=00" >=12" >=18" >=24" >=30" >=36"
---- ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------
1993 270.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2000 215.5 0.3 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2005 80.4 0.5 0.3 0.0 0.0 0.0 72.8 0.0 0.0 0.0 0.0 0.0
2010 79.2 0.8 0.3 0.0 0.0 0.0 3.4 0.0 0.0 0.0 0.0 0.0
2015 74.9 1.1 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2020 149.3 1.3 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2025 126.2 1.7 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2030 109.5 2.1 0.5 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0
2035 119.5 2.6 0.5 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0
2040 173.1 2.7 0.5 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0
2045 184.2 2.9 0.5 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0
2050 155.8 3.1 0.5 0.2 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0
2055 138.4 3.4 0.5 0.2 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0
2060 169.0 3.5 0.6 0.2 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0
2065 175.5 3.7 0.6 0.3 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0
2070 163.2 4.1 0.7 0.3 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0
2075 228.5 77.4 10.8 4.9 0.7 0.7 0.0 0.0 0.0 0.0 0.0 0.0
2080 76.1 61.5 9.4 4.4 0.6 0.6 0.0 0.0 0.0 0.0 0.0 0.0
2085 55.1 45.7 8.0 3.9 0.6 0.6 0.0 0.0 0.0 0.0 0.0 0.0
2090 44.3 30.1 6.6 3.5 0.6 0.6 0.0 0.0 0.0 0.0 0.0 0.0
2095 54.1 14.6 5.2 3.0 0.5 0.5 0.0 0.0 0.0 0.0 0.0 0.0
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falling over), and harvest activity, (fig. 2.8) and simulates decay over time
using a simple constant proportional loss model. Litter and six size classes
of woody fuel are modeled (table 2.6). The fuel submodel simulates decay
dynamics based on up to four species-dependent decay rates, and accounts for
differences attributable to the hard or soft condition of the input from snag
boles and snag material (table 2.6).

Some of the decaying material from the above classes moves into a duff
pool. Duff does not use different species-dependent decay rates and, like
litter, is not stratified as hard or soft. Thus, a single decay rate is used for all
duff material.

The fuel submodel also tracks a nominal measure of live herbs and shrubs
in the stand (see section 2.4.6).

Canopy fuel characteristics are tracked as indicators and for use in
predicting fire behavior (section 2.4.7).

Surface fuel loads are important indicators. They are also used in the FFE
to key to predefined fire behavior fuel models used for calculating fire
intensity (section 2.4.8).

Figure 2.8 —Flow of material
within the fuel model. Mate-
rial enters the various size
classes, decays and goes ei-
ther to the duff pool or to air
(which is not tracked in this
model). Not all size classes
are shown in the figure. See
table 2.6 for a complete list.

Table 2.6—Fuel pools may be characterized by a combination of
the following attributes.

Fuel characteristics
Size class Decay rate Initial decay status

Litter Very fast Hard
diam <0.25" Fast Soft
0.25" ≤ diam < 1" Slow
1"≤ diam <3" Very slow
3"≤ diam < 6"
6" ≤ diam < 12"
diam ≥ 12"

Foliage
(snags, cut

trees, litterfall)

Branches
(snags, cut trees,

live crown breakage)

Boles
(snags, unmerchantable trees, tops)

Input

Output

Surface
Fuel
Pools

litter

duff

CO2

< 1” . . . 6-12” 12”1-3”
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2.4.2 Initialization

Fuel loads can be initialized with the keyword FUELINIT. If the user does
not specify initial fuel loads, the model sets them based on the dominant cover
type in the stand and the percent cover (table 2.7; Jim Brown, pers. comm.
1995). When the model simulation is started from a tree list, the cover type
is set to the species with the highest total basal area. If there are no trees in
the stand, the cover type is defined as the major climax species in the stand’s
given habitat type (Cooper and others 1991; Pfister and others 1977), because
those were likely the tree species that created the existing fuel pools. The
rules and values used to determine default initial fuel loads by size class vary
greatly between FVS variants.

The amount and distribution of fuel in an actual forest stand is highly
dependent on the stand’s history. For example, a stand generated after
stand-replacing fire will have different fuel than one generated after a clear
cut. This variation is not captured by the model’s default initial values, so we
recommend initializing fuel loadings to appropriate values rather than using
model defaults whenever possible.

During a simulation, woody debris from each tree is assigned a fuel decay
rate class based on species (table 2.8). At initialization, once the total amount
of fuel in each size class has been established, it is apportioned between the
various decay rate classes using the relative amounts of basal area of each
tree species present in the stand. If there are no trees in the stand, all fuel
is placed into the decay class corresponding to the cover type determined
above. All initial fuel is assumed hard.

Table 2.7—Default initial fuel loadings (tons/acre), by size class, based on the cover type of the stand. If there are
trees present at the time of initialization, values in row “E” (for “Established”) will be used, while if there
are no trees (in other words, a bare ground simulation), the canopy cover is less than 10 percent, or
all trees are smaller than 1” dbh, the values in row “I” (for “Initiating”) will be used. The 0-1" pool is divided
equally between the smallest two classes (0-0.25" and 0.25-1") (Jim Brown, pers. comm., 1995).

Surface Fuel Size Class
0-1" 1-3" 3-6" 6-12" >12" Litter Duff

Western White pine E 1.0 0.8 10.0 10.0 10.0 0.8 30.0
I 0.6 0.4 6.0 6.0 6.0 0.4 12.0

Douglas-fir, E 0.9 0.8 3.5 3.5 0.0 0.6 10.0
Western larch I 0.5 0.5 1.4 1.4 0.0 0.3 5.0
Grand fir E 0.7 1.5 7.0 7.0 0.0 0.6 25.0

I 0.5 1.0 2.8 2.8 0.0 0.3 12.0
Western hemlock, E 2.2 2.6 15.0 20.0 15.0 1.0 35.0
Western redcedar I 1.6 1.8 6.0 8.0 6.0 0.5 12.0
Lodgepole pine E 0.9 0.6 7.0 8.0 0.0 0.6 15.0

I 0.6 0.4 2.8 3.2 0.0 0.3 7.0
Englemann spruce, E 1.1 1.1 10.0 10.0 0.0 0.6 30.0
Subalpine fir, I 0.7 0.8 4.0 4.0 0.0 0.3 12.0
Mountain hemlock
Ponderosa pine E 0.7 0.8 2.5 2.5 0.0 1.4 5.0

I 0.1 0.1 0.5 0.5 0.0 0.5 0.8
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Table 2.8—Decay class and wood density of the tree
species found in the northern Idaho FVS
variant. The density values are for oven-dry
wood. See section 2.4.5 for the decay rates
associated with each decay rate class.

Decay Density
Species rate class lb/ft 3

White pine 4 24.8
Larch 3 34.3
Douglas-fir 1 31.9
Grand fir 3 24.1
Western hemlock 2 29.5
Cedar 2 21.1
Lodgepole pine 4 26.4
Spruce 2 22.6
Subalpine fir 1 21.1
Ponderosa pine 4 26.4
Mountain hemlock & other 4 29.5

2.4.3 Estimation of Tree Material

The boles and crowns of both live trees and snags contribute to the surface
fuel pools in the FFE. Therefore, the estimation of the amount of bole and
crown material on each live tree has a large impact on fuel amounts and
dynamics. The remaining material in this section describes how these
amounts are calculated. Section 2.4.4 describes how the material moves from
the standing pools to the surface pools.

Estimation of Bole Material: The FFE uses an FVS routine to deter-
mine the volume of wood in each bole. In the case of live trees and hard snags,
the resulting bole volumes are converted to biomass using wood density
values given by Brown and others (1977) and shown in table 2.8. The boles
of soft snags are assumed to have only 80 percent of the density of hard snags.
All biomass is tracked and reported as dry weight.

When tree boles become surface fuel (as described below), the bole material
is partitioned among the size classes shown in table 2.6. The partitioning is
done by approximating bole shape as a cone of the specified total height and
diameter at breast height. Using this approximation, the length of the bole
at each diameter-class breakpoint is determined. These lengths are then
used, together with the base FVS model volume routine, to determine bole
volume between each breakpoint. No attempt is made to simulate the
physical fragmentation or actual piece lengths of boles. The material in each
portion of the bole is simply assigned to the appropriate size class at the time
the bole falls.

The material from each bole is also assigned a decay rate based on its tree
species, as shown in table 2.8. Model users may change the decay rate
assignments for each species with the keyword FUELPOOL. The model also
classifies the down material from each snag bole according to its decay status
at the time it falls (hard or soft).

Estimation of Tree Crown Components: The FFE estimates the
amount of crown material on each tree using the equations in Brown and
Johnston (1976). These equations estimate the total dry weight of live and
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dead material in each crown, as well as the proportions of that material in
foliage, 0 to 0.25, 0.25 to 1, 1 to 3, and more than 3 inches diameter
branchwood.

According to Brown and Johnston’s equations, the total amount of crown
material and the partitioning of that material among size classes depends on
the following variables: tree species, dbh, height, crown ratio, and the tree’s
dominance position in the stand. The FFE classifies the dominance of trees
based on their height. Trees above the 70th percentile (that is, the tallest 30
percent) are considered dominant or codominant, while trees below the 40th

percentile are considered intermediate or suppressed. Between these values
a linear interpolation is used for estimating crown weight. The crowns of
trees classified as species 11 (“other”) are estimated from Brown and
Johnston’s equations for western hemlock.

When crown material becomes surface fuel in the FFE, all foliage is
classified as litter and the other crown components enter the appropriate fuel
pools based on size and species. As recommended by Jim Brown (USFS,
Missoula, MT, pers. comm., 1995), the branch material over 3 inches is all
classified as 3 to 6 inch fuel. Fallen crown material is also classified into
different pools based on the decay rate of the tree species from which it
originates, and whether it originates from a live tree/hard snag or a soft snag.

Except in the case of fire-scorched trees, the amount of crown material
associated with each live tree is calculated in every FVS cycle based on the
current attributes of the tree record. For one cycle after a tree has been
scorched by fire, the amount of crown material associated with that tree is
held static at the level remaining immediately after the fire (as described in
section 2.5.5).

2.4.4 Sources of Woody Fuel and Litter

Every year, some material is transferred from the crowns and boles of live
trees and snags into the appropriate fuel pools. This transfer is based on tree
growth and mortality, snag fall and breakage, fires, and management. The
the remaining material in this section describes each of these processes in
more detail.

Annual Litterfall: The FFE simulates annual foliage litterfall from each
live tree using data from Keane and others (1989) on foliage lifespan. The
model assumes that 100 percent of the current foliage will fall during the
specified leaf lifespan, so that the average proportion of foliage falling each
year can be approximated from the inverse of the leaf lifespan. This gives the
following equation for annual litterfall from each tree:

Litterfall
Foliage Weight

Leaf Lifespan
=

where:

Litterfall = weight of litter (lbs/year) to fall from this tree in each
year of the current FVS cycle;

Foliage Weight = current weight of foliage on this tree (lbs); and
Leaf Lifespan = expected foliage lifespan (years) for this tree species

(table 2.9).

In accounting for litterfall, the amount of foliage remaining on the tree is
not reduced as we assume that the dropped material is replaced by new
growth each year.
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Crown Lifting: The FFE simulates the die-back of lower branches as a
tree grows and the crown lifts. The model assumes that a portion of the woody
crown material that was present in the previous cycle has now died and will
fall during the current cycle. The amount is estimated from the ratio of the
change in height of the base of the crown to the previous total length of the
crown. As shown in figure 2.9, this is equivalent to assuming that the crown
is cylindrical in shape with crown material evenly distributed throughout
this space. In reality, crowns may be broader across the bottom with crown
material less dense in this space. Because these factors tend to cancel each
other out, the model’s simple approximation should not systematically bias
the timing of debris inputs.

The woody crown material that has died as a result of crown lifting is
assumed to fall at a constant rate during the current FVS cycle. In reality,
some material might not fall until later time periods, but there would also be
older material from earlier time periods falling in the current year; the two
effects would largely cancel each other out. Mathematically, the amount of

Table 2.9—Leaf lifespan data used in calculating annual
litterfall. Data shown are from Keane and others
(1989). Where this source did not provide data for
a species that occurs in the northern Idaho FVS
variant, data from another species were substituted
as shown in the table.

Species Leaf lifespan (years)

White pine data from ponderosa pine
Larch 1
Douglas-fir 5
Grand fir 7
Western hemlock data from Douglas-fir
Western redcedar data from Douglas-fir
Lodgepole pine 3
Spruce 6
Subalpine fir 7
Ponderosa pine 4
Mountain hemlock & other data from ponderosa pine

Figure 2.9 —Simulation of crown lifting.
B0 is the height of the base of the crown
in the previous FVS cycle, B1 is the
height of the base of the crown in the
current cycle, and L0 is the length of the
crown in the previous cycle. The FFE
assumes that all crown material in the
space vacated by the lifting crown – the
cross-hatched area in the figure – has
died and will fall during the current cycle.
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material of each size class (excluding foliage) that will fall due to crown lifting
in each year of the cycle is calculated as:

Annual Fall
B B

L

W

Cycle Lengthi
oi=

− 









1 0

0

where:

Annual Falli = weight of material (lb/acre/year) in size class i to fall from
this tree in each year of the current cycle;

B0 = height of the base of the crown (ft) of this tree in the
previous FVS cycle;

B1 = height of the base of the crown (ft) in the current cycle;
L0 = length of the crown (ft) in the previous cycle;

W0i = weight of crown material (lb/acre) in size class i in the
previous cycle; and

Cycle Length = length of the current FVS cycle (years).

The crown material that falls due to crown lifting is assumed to be “hard”
when it is added to the surface fuel pools.

The current crown weight is not reduced as a result of these calculations.
Current crown weight is a function of the tree characteristics as described
above.

Crown lifting calculations also include the material that is removed from
the crown during pruning. FVS decreases the length of the crown by the
amount that was pruned off. The FFE tracks the change in crown length and
simulates the resulting litterfall. In reality, the pruned material would enter
the debris pool in 1 year, but in the FFE, since this material is indistinguish-
able from crown die-back, the material falls throughout the cycle.

Background Crown Breakage: Crown material on live trees may fall as
a result of normal background breakage due to snow, wind, disease, or fall-
down of adjacent stems. The FFE simulates this breakage by adding a small,
constant proportion of each crown component to the debris pools each year.
This proportion is set to 1 percent per year and is not under user control. The
material is all assumed to be hard when it enters the surface fuel pools.
Current crown weight is not reduced as a result of the loss of this material,
as it is assumed that new growth replaces it.

Snag Breakage and Crown Loss: The FFE models the breakage and
fall-down of snags as described in section 2.3. As each snag breaks or falls
naturally, the fallen bole is partitioned into the appropriate size classes and
decay rate classes as described in section 2.4.3. The material from each snag
is classified as “hard” or “soft” depending on the current decay status of the
snag.

Over time, the crowns of snags will also fall and contribute to surface fuel
pools. The rate at which this happens is estimated in the model from
available data on the amount of foliage, twigs, and limbs remaining 5 years
after death (table 2.10). The model uses the estimated time to 100 percent
loss to calculate a constant fall-down rate following the death of the snag. For
example, 100 percent loss in 10 years means that 10 percent of the material
will be scheduled to fall each year for the next 10 years. Two exceptions to this
rule occur. First, material will never fall over more than 20 years. Second, the
model calculates the time by which a snag will become soft, since soft snags
are assumed to have already lost all their branches. The model will cause the
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Table 2.10—Rate of crown loss for snags of different species. Data on the amount of each crown component remaining 5 years after
death were estimated from a field handbook (Division of Forest Economics 1961). “-” indicates no data were available.
The estimated time to 100 percent loss was derived from the available data, with subsequent modifications as requested
during model review.

Estimated time to 100% loss (years)
Amount remaining 5 years after death ( data) Twigs Branches Large Limbs

Snag species Foliage Twigs Branches Large limbs Foliage 0-1” 1-3” >3”

White pine 0% < 75% — “numerous” limbs gone 2 5 15 15
Ponderosa pine 0% < 50% < 50% “falling” 2 5 10 10
Spruce 0% < 30% < 50% “falling” 2 5 10 10
Douglas-fir 0% < 50% < 75% “falling” 2 5 15 15
Western hemlock — — — — 2 5 15 15
True firs 0% < 50% < 75% “falling” 2 5 15 15
Grand fir — — — — 2 5 15 15
Subalpine fir — — — — 2 5 15 15
Western larch — — — — 2 5 15 15
Lodgepole pine 0% < 75% < 75% — 2 5 15 15
Western redcedar 0% < 60% — “some” limbs falling 2 5 20 20
Other — — — — 2 5 15 15

material to fall over whichever time frame is shorter: the time to 100 percent
lost or the time to turn soft.

The fall of snag crown material is scheduled at the time each snag record
is created. That is, all of the snag crown material is put into the appropriate
pools (based on size and decay-rate class) and scheduled to be added to down
fuel pools over succeeding years – pools of “debris-in-waiting”. In this way,
the need to store explicit crown data for each snag record is avoided. When
snag records are created during model initialization, the FFE schedules only
the portion of crown material expected to fall after the start of the simulation.
When a salvage operation occurs in the stand, a proportion of the material
scheduled to fall in all future years is brought down early and added to fuel
pools in the year of the salvage. The proportion brought down is equal to the
proportion of total snag volume that was removed by the salvage operation.
Similarly, when crown fires occur, a proportion of this material is removed
(not added to down fuel) to simulate its consumption in the fire. The
proportion removed is set equal to the proportion of the stand in which crown
fire occurred, for foliage and one-half the 0 to 0.25 inch branchwood only.
Larger branches are not consumed.

All snag crown material is considered hard at the time that it falls because
snags are assumed to have lost all their branches by the time they become
soft.

Scorched Crowns: As described in section 2.5.5 on fire effects, the FFE
simulates the consumption by fire of a portion of small diameter crown
material below the scorch height on surviving trees. All crown material below
the scorch height that is not consumed in the fire is assumed to have been
killed and to fall over the following years in the same manner as is described
for snags in the previous section.

Slash: Harvest activity can result in an increase in surface fuel through
the creation of slash. Slash is created when crown material from harvested
trees is left in the stand, as well as when submerchantable or damaged trees
are felled and left in the stand. The YARDLOSS keyword allows model users
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to specify a proportion of crown material from harvested trees to be left in the
stand. The keyword also allows users to specify a proportion of “harvested”
live trees to be left in the stand, and whether these stems are left as standing
snags or felled. By default, the FFE assumes that all harvested boles are
removed from the stand, but that the associated crown material is left in the
stand.

2.4.5 Decay Rates

Decay of surface fuel is simulated in annual time steps. By default, 2
percent of the decayed matter from each fuel pool is added to the duff
compartment while the remaining biomass is lost as CO2 and is not tracked
by the model. Pools decay according to the equation:

Fuelt+1 = Fuelt(1 – r)
where:

Fuel = weight of fuel in a given pool;
t = year (and t + 1 is the following year); and
r = decay rate from table 2.11.

The default decay rates for each size class are based on Abbott and Crossley
(1982; table 2.11). Users can change the decay rates using two different
keywords: FUELDCAY and FUELMULT. These change the decay rate for
a specific pool, or apply a multiplier to the rates in all pools. The default
amount of the lost material that becomes duff is the same for each size class
but can be controlled with the DUFFPROD keyword.

The FFE can accommodate up to 57 unique decay rates based on size class,
decay rate classes, and the hard/soft status of input debris (table 2.6). By
default far fewer decay rates are used, decay rate classes are not used, and
decay is usually based almost solely on the size class. The one exception is a
differential decay rate assigned to debris originating from soft snags. Be-
cause this material is less physically cohesive, it is considered more suscep-
tible to decay, and each size class is assigned a rate 10 percent higher than
that shown in table 2.11 for the corresponding size class of hard material. The
hard/soft attribute applies only to woody fuel; litter and duff are always
classified as hard for the purpose of calculating decay.

Table 2.11—Default annual losses due to decay and the proportion of the loss that
becomes duff for each of the size class, litter and duff components.
These loss rates are for hard material; soft material in all size
classes, except litter and duff, decays 10 percent faster.

Size Class

Component

Annual Loss

Rate

Proportion of Loss

Becoming Duff

diam < 0.25"

0.25" ≤ diam < 1"
0.12

1" ≤ diam < 3" 0.09

3" ≤ diam < 6"

6" ≤ diam < 12"

diam ≥ 12"

0.015

Litter 0.5

0.02

Duff 0.002 0
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2.4.6 Live Surface Fuel

FFE does not dynamically simulate amounts of live fuel such as herbs and
shrubs, but it does represent them with habitat-type specific values. The
total fuel load of these materials is felt to be roughly constant in a stand (after
canopy closure). Understory herbaceous vegetation is often stimulated by
fire. The rapid increase in herb biomass will compensate for the slower
recovery of shrub biomass. Fires may change the species composition of the
herbs and shrubs, but we assume that the approximate total loading of the
live fuel is unchanged.

The values used for the herbs and shrubs are determined from a combina-
tion of percent cover and the dominant species in the stand, as determined
by basal area. The actual values are based on those used in FOFEM
(Reinhardt and others 1997) and modified by Jim Brown (USFS, Missoula,
MT, pers. comm., 1995; table 2.12). If there are no trees at the beginning of
the simulation, the cover type is determined from the major climax species
in the stand’s habitat type (Cooper and others 1991; Pfister and others 1977),
as is done for the initial fuel levels. Otherwise, the assumed cover type is
either the current one calculated from the dominant basal area in the stand,
or the last one that was used in the stand if the stand was recently fully cut.
The values for herbs and shrubs are calculated annually but will only change
if the percent cover or species composition of the overstory changes (from a
fire, harvesting, planting, growth, or mortality).

Users cannot change the amount of live fuel or the rules by which the live
fuel loads are assigned. Some differences exist in the rules and default values
between the different FVS variants.

Table 2.12—Default fuel loadings (tons/acre) for herbs and shrubs based on cover type. If  trees are
present the values in the two columns labeled “E” (for “Established”) will be used, while if
there are no trees (that is, a bare ground simulation), the cover is less than 10 percent, or
all trees are smaller than 1" dbh, the values in the two columns labeled “I” (for “Initiating”) will
be used.

Herbs Shrubs

E I E I

Western white pine,
Grand fir

0.15 0.3 0.1 2.0

Douglas-fir,
Western larch,
Western hemlock,
Western redcedar

0.2 0.4 0.2 2.0

Lodgepole pine 0.2 0.4 0.1 1.0

Englemann spruce,

Subalpine fir,
Mountain hemlock

0.15 0.3 0.2 2.0

Ponderosa pine 0.2 0.25 0.25 0.1
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2.4.7 Canopy Fuels

Canopy fuel characteristics, including the stand-level canopy base height
and canopy bulk density, are calculated as described in Scott and Reinhardt
(2001). The model assumes that the amount of crown on each tree is evenly
distributed along the crown’s length. The model sums the total weight of
foliage and fine branchwood (one-half the 0 to 0.25 inch diameter branchwood)
from all trees in 1-foot height increments from the ground to the top of the
tallest tree. It then calculates the 13-foot running mean weight of crown in
each section (fig. 2.10).

Canopy bulk density is the highest average value. Canopy base height is
the lowest height at which a 3-foot running mean is greater than 30 lb/acre/
foot (.011kg/m3). Trees less than 6 feet tall are not included in this calculation
because they are considered part of the surface fuel complex. Trees over 6 feet
tall may contribute canopy fuels between the ground and 6 feet, however, so
it is possible to have canopy base heights of less than 6 feet.

2.4.8 Fire Behavior Fuel Models

Predicted fuel loads are important indicators of potential fire behavior and
effects. However, most applications of Rothermel’s fire behavior model (such
as Andrews 1986, Finney 1998) use predefined fire behavior fuel models
(Anderson 1982) rather than actual or estimated fuel loads. Thirteen of these

Figure 2.10 —Canopy fuel characteristics are determined by ex-
amining the vertical distribution of canopy fuels.  Canopy bulk
density is defined as the maximum of the 13-foot running mean of
1-foot deep layers.  Canopy base height is defined as the lowest
height at which the canopy bulk density exceeds 0.011 kg/m3.
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models are in widespread use (table 2.13), and some regions have customized
additional models. Each fuel model is typically used to represent a range of
fuel conditions in which fire behavior may be expected to respond similarly
to changes in fuel moisture, wind, and slope. The models are named
descriptively (for example, timber litter and understory; medium logging
slash) and define values for a number of parameters that are difficult to
measure in the stand and that are not tracked in the FFE. These parameters
include fuel characteristics such as: surface-to-volume ratio, loading, depth,
moisture of extinction, heat of combustion, dry density, total mineral con-
tent, and silica-free mineral content (table 2.13). Rothermel’s fire behavior
model uses these parameters to calculate surface fire behavior. Users can
change the parameters of existing fuel models, or enter their own customized
fire model using the keyword DEFULMOD.

FFE simulates fuel loadings by size class over time but does not use these
loadings directly as inputs to the fire behavior model. Instead, FFE uses the
loadings and other stand characteristics to select one or more of the stylized

Table 2.13—Parameter values for the fire behavior fuel models (Anderson 1982). Fire Behavior Fuel Models 14, 25, and 26 are
customized fuel models.

Surf-vol ratio (1/ft) Loading (lb/ft2)

Name 0-0.25" 0.25-1" 1-3" Live 0-0.25" 0.25-1" 1-3" Live

Depth

(ft)

Moisture

of

Extinction

1 Short grass 3500 0.034 0 0 0 1 0.12

2 Timber (grass &

understory)

3000 0.092 0.046 0.023 0.023 1 0.15

3 Tall grass 1500 0.138 0 0 0 2.5 0.25

4 Chaparral 2000

109 30 1500

0.23 0.184 0.092 0.23 6 0.20

5 Brush 2000 109 0 1500 0.046 0.023 0 0.092 2 0.20

6 Dormant brush,

hardwood slash

1750 109 30 1550 0.069 0.115 0.092 0 2.5 0.25

7 Southern rough 1750 109 30 1550 0.052 0.086 0.069 0.017 2.5 0.40

8 Closed timber

litter

2000 0.069 0.046 0.115 0 0.2 0.3

9 Hardwood litter 2500 0.134 0.019 0.007 0 0.2 0.25

10 Timber (litter &

understory)

2000 0.138 0.092 0.23 0.092 1 0.25

11 Light logging

slash

1500 0.069 0.207 0.253 0 1 0.15

14 Light-medium

logging slash

1500 0.126 0.426 0.506 0 1.8 0.2

12 Medium logging

slash

1500 0.184 0.644 0.759 0 2.3 0.2

13 Heavy logging

slash

1500 0.322 1.058 1.288 0 3 0.25

25 Plantation older
than 25 years

2000 0.069 0.069 0.092 0.207 3.5 0.25

F
ire

 B
eh

av
io

r 
F

ue
l M

od
el

26 Modified FM 4 2000

109 30 1500

0.1242 0.1242 0.0828 0.1656 3.6 0.35
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fuel models that best represent the fuel. The rules used to select the fire
behavior fuel models vary among the geographic variants of FFE-FVS.

FFE can use the fire behavior fuel models in two ways: static or dynamic.
The static option selects the single model that best represents current
conditions. Figure 2.11 shows an example of four possible fuel models for
natural fuel in closed stands with predominantly dead surface fuel as regions
on the graph of small versus large fuel. Within each of these regions, Fuel
Model 8, 10, 12 or 13 is used. For example, if the fuel loading is as shown by
the point in the figure, Fuel Model 12 is selected.

Once the fuel model is selected, its parameters are used to calculate fire
behavior. This approach, while useful in many applications, has a disadvan-
tage when simulating changes in fuel and potential fire behavior over time.
Since there are a small number of fire behavior fuel models, as fuel changes
over time the same model may be selected and predicted fire behavior remain
constant. At the time step when another fuel model is selected there may be
dramatic changes in fire behavior with only a tiny change in simulated fuel
conditions. A more reasonable result is a gradual change in predicted fire
behavior corresponding to the gradual changes in fuel.

Because of this drawback, we developed the dynamic option for selecting
fuel models. The dynamic method selects two or more fuel models based on
fuel loads and other stand characteristics, calculates the resulting fire
behavior for each fuel model, and takes a weighted average of the results.

The selection of the fuel models and their weights depends on stand
conditions, including fuel loads. For example, fuel loads might place the
stand somewhere in the diagram in figure 2.12. The model computes the

Figure 2.11 —Regions defined for each static fuel model (numbers
8, 10, 12, 13), based on large (> 3" diameter) and small (< 3"
diameter) woody fuel (ton/acre). The regions here correspond to
fuel models for natural fuel in closed stands for many habitat types,
with the model number shown in the region. Similar regions exist for
activity fuel and fuel from dry grassy or dry shrubby habitat types.
The combination of small and large fuel quantity indicated by the
point will result in the selection of Fuel Model 12.
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Figure 2.12 —An example of dynamic fuel modeling, based on
large and small woody surface fuel. The lines here correspond to
fuel models for natural fuel in closed stands for many habitat
types, with the fuel model number shown on the line. Similar lines
exist for activity fuel and fuel from dry grassy or dry shrubby
habitat types. The point shown here will result in an interpolation
using Fuel Models 10 and 12, as described in the text.

shortest distance to each of the nearest neighboring fuel model lines. For
combinations of fuel found in the lower left corner or upper right corner in the
example, there will be only one nearest neighbor (Fuel Model 8 or 13
respectively, in figure 2.12). Typically though, there will be two neighbors.
Once the distance to each neighboring fuel model is known, the influence of
each fuel model is calculated by using the inverse of the distance from the fuel
model line to the current condition as a weight. In figure 2.12, the distance
from the sample point (small = 20; large = 10) to neighboring Fuel Model 12
is 8.94 units; the distance to Fuel Model 10 is 17.89 units. The resulting fire
behavior will be more like Fuel Model 12, which is nearer than Fuel Model
10, but the contributions of both models will be present. The weights of the
two models, W10 and W12 can be calculated in this example as:

W10
1 17 89

1 17 89 1 8 84
0 33=

+
=

/ .
( / . ) ( / . )

.

W12
1 8 94

1 17 89 1 8 84
0 67=

+
=

/ .
( / . ) ( / . )

.

where
W10 = weight for Fuel Model 10; and
W12 = weight for Fuel Model 12.

In this example, fire intensity will be computed as a weighted average of
the intensity predicted using Fuel Model 10 (33.3 percent) and Fuel Model 12
(66.7 percent).

In more complex examples, it is possible to define fuel model lines that are
not parallel (as in the example) or that are horizontal or vertical. In these
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cases, the interpolation searches to the left and right of the sample point, and
then searches above and below the sample point. Based on these searches,
between one and four unique neighboring models may be found, and the same
weighting system will be used to compute the influence of the neighboring
models. In all current variants, however, the fuel model lines are oriented
similarly to the ones shown in this example.

Fuel loads provide the system for weighting when woody surface fuels
dominate the fuel complex. In situations where woody fuels are sparse and
litter, shrubs or herbaceous fuels dominate, a similar distance-based weight-
ing system is used based most often on the amount of canopy coverage.

The benefit of the dynamic approach is that the calculated potential fire
intensity varies continuously as fuel conditions change in the stand. Figure
2.13 shows the flame length predicted by different small (0 to 3 inches) and
large (3 inches+) woody fuel loads using the static and dynamic approaches.

Users can choose whether to use the static or the dynamic standard fuel
models using the keyword STATFUEL. They cannot, however, change the
definition of the fuel regions or lines (that is, the fuel levels at which different
fuel models apply). These definitions are customized in the development of
regional variants of FFE.

The logic used by FFE to select fire behavior fuel model(s) varies between
FFE variants and is one of the main differences between FFE variants.
Complete selection logic for each variant is contained in chapter 4. Users can
also set fuel models in any year using the keyword FUELMODL.

Certain common features are present in all variants, however. In all cases,
different selection logic is used for natural and activity fuels (fuels resulting
from harvesting within the last 5 years), and for high and low woody fuel
loads. All variants use the same logic for activity fuels and when woody debris
is abundant. In these cases, the fuel model depends only on the amount of

Figure 2.13 —Example of predicted flame length over a range of small and large woody fuel loads (tons/acre).
Predictions using the dynamic option are on the left, and predictions using the static option are on the right.
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small (less than 3 inches) and large (greater than 3 inches) fuel in the stand,
and whether the fuel is “natural” or “activity” (table 2.14).

At low natural fuel loads in the northern Idaho variant, the fuel model
depends on habitat type and crown closure. The habitat types are divided into
dry grassy types, dry shrubby types, and all other habitat types. For the dry
grassy and shrubby types, the fuel model choice is further defined by the
canopy closure of the stand (table 2.15). The rules for choosing a fire behavior
fuel model at low fuel loads vary widely between FFE variants.

2.4.9 Management

Management can affect surface and canopy fuel in different ways, either
directly or indirectly. FFE-FVS allows simulation of a full range of thinning
treatments, prescribed fire, and mechanical fuel treatments. When thinning
is simulated using base model keywords, FFE can simulate creation of
activity fuel (see section 2.4.4). Thinning also changes canopy fuel character-
istics – amount of canopy fuel, canopy base height, and canopy bulk density.
Other surface fuel treatments are specific to the FFE and do not interact with
base model thinning keywords. These management options include treat-
ments that affect fuel depth, reduce fuel loading, or reduce fuel size.

Table 2.14—Rules for determining the Fuel Model based on fuel
loadings. These rules are used if woody fuels are abundant
and for activity fuel. Table 2.15 shows the rules used if
woody fuels are sparse.

Fuel loading (t/acre) Fuel model
Small (<3") Large (3+”) Natural Activity

<6 ≤15 use other rules 11

>15 10 14
6-15 ≤20 10 14

>20 12 12
15-30 ≤25 12 12

>25 13 13
>30 ≥0 13 13

Table 2.15—Rules for determining the Fuel Model at low woody fuel loads. For stands that
are between the percent cover values listed below, the fire behavior will be
based on a combination of the two fuel models (unless the static option is
being used).

Habitat type Percent cover Fuel model

Ponderosa pine / bluebunch wheatgrass (130) <20 1
>60 9

Ponderosa pine / common snowberry (170) <20 2
Douglas-fir / common snowberry (310) >60 9

Other any 8
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Methods Affecting Fuel Depth: Several harvest methods can be simu-
lated as well as different types of mechanical slash treatments. Harvesting
and mechanical fuel treatment methods have no effect on the volume
harvested by FVS or on the quantity of logging residue left on site. The
methods do affect the depth of the logging residue, and thus overall fuel
depth. In the FFE, fuel depth affects fire intensity but not fuel consumption.

Three harvesting options are available in the FFE: (1) ground based
(including cat skidding and line skidding); (2) high lead (including skyline);
and (3) precommercial or helicopter. Any other type of harvesting is assumed
to have no impact on fuel depth.

Two general types of slash treatments are also available: (1) trampling /
crushing / chopping / chipping; and (2) flailing / lopping. No other type of slash
treatment (excluding burns, which are discussed in section 2.5) impacts fuel
depth. The slash treatments specified here have no impact on the actual size
distribution of fuels. Treatments affecting size must be simulated differently
(see below).

The harvest method and slash treatment are used to determine a multi-
plier for fuel depth (table 2.16). If no activity is specified at the time of a
harvest, no multiplier will be applied (that is, fuel depth will not be changed).
The multiplier can be changed with the keyword FUELTRET.

Multipliers are applied for 5 years following a stand entry. After that time,
fuel from activities is assumed to have the same depth as natural fuel.

Methods Affecting Fuel Loads: Burning fuel to reduce fuel loadings is
a common practice. Broadcast burning, piling and burning fuel, and jackpot
burning are discussed in section 2.5.3.

Fuel loads can also be manually increased or decreased with the
FUELMOVE keyword to simulate treatments involving fuel removals or to
ensure that fuel levels are at some predetermined level.

Methods Affecting Fuel Size: Chipping or other treatments that reduce
fuel size can be simulated independently of any harvesting action in the
model. They move material from the larger fuel classes to the smaller fuel
classes, without reducing fuel loads or affecting fuel depth. These treatments
are scheduled using the FUELMOVE keyword.

2.4.10 Output

Using the keyword FUELOUT, the user can request the detailed fuel
report, a table describing fuel in specific years or at specific intervals. The
report contains information about surface fuel and standing dead and live
fuel, consumed fuel, and removed fuel (table 2.17). All values, including the
live components, are given in dry weight, tons per acre. All fuel is included

Table 2.16—Default fuel depth multipliers based on harvest type and slash
treatment method.

Slash treatment type
Harvest method None Trampling etc. Flailing etc.

Ground based 1.0 0.83 0.75
High lead 1.3 0.83 0.75
Precommercial 1.6 0.83 0.75
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in this table, as are all removals except decay. The following is a short
description of the columns in the output table.

Year Year being reported
Surface fuel Reported in tons/acre

Dead
Litter
Duff
0 to 3 inches woody
Greater than 3 inches woody (This column is the sum of the
   three columns following)
3 to 6 inches woody
6 to 12 inches woody
Greater than 12 inches woody

Live
Herbs
Shrubs

Total Sum of all surface fuels (both Dead and Live)
Standing wood Reported in tons per acre

Dead
0 to 3 inches Small diameter snags and branches
Greater than 3 inches Larger diameter snags and branches

Table 2.17—Example detailed fuel report. This example reports every 5 years, but users can request any desired time interval.  Notice
that a fire in 2065 consumed surface fuel and killed trees (moved standing live biomass to standing dead).  Notice also
the sharp increase in surface woody fuels in 2070.  This is a result of fire-killed trees breaking up and falling down.  For
the 0-3” fuels this peak is short-lived because smaller materials fall quickly and begin to decompose.  The >3” material
continues to accumulate over the remainder of the simulation period, as standing dead tree boles slowly fall over.  By
comparing the columns showing surface fuel and standing dead, one can track the process of dead wood falling to the
forest floor.

 --------------------------------------------------------------------------------------------------------------------------

                                           ******  FIRE MODEL VERSION 1.0 ******

                                                     ALL FUELS REPORT

 --------------------------------------------------------------------------------------------------------------------------

                                                     ESTIMATED FUEL LOADINGS

                      SURFACE FUEL (TONS/ACRE)                           STANDING WOOD (TONS/ACRE)

      -----------------------------------------------------------  -----------------------------------

                     DEAD FUEL                      LIVE               DEAD            LIVE

      -----------------------------------------  ---------- SURF   -----------   ---------------        TOTAL TOTAL BIOMASS

 YEAR LITT.  DUFF  0-3"   >3"  3-6" 6-12"  >12"  HERB SHRUB TOTAL   0-3"   >3"   FOL  0-3"   >3" TOTAL BIOMASS CONS REMOVED

 --------------------------------------------------------------------------------------------------------------------------

 1993  1.24   9.8   3.3   7.9   4.2   3.8    .0   .21   .28  22.8    .00  25.6   4.6   9.6    44    84   107     0      0

 1995  1.73   9.8   3.3  10.2   5.6   4.5    .0   .21   .28  25.5    .00  22.4   4.6   9.6    44    81   106     0      0

 2000  2.02   9.8   4.4  15.5   9.2   6.3    .0   .21   .30  32.3    .83  16.4   4.7  10.5    49    81   113     0      0

 2005  2.04   9.9   7.3  20.8  12.8   8.0    .0   .21   .31  40.6    .65   9.4   4.8  10.8    52    78   118     0      0

 2010  2.06  10.0   7.6  25.1  15.5   9.5    .1   .21   .32  45.3    .80   3.8   4.9  11.1    55    76   121     0      0

 2015  2.28  10.2   7.4  24.4  15.0   9.3    .1   .21   .32  44.8    .80   4.0   5.8  11.8    58    80   125     0      0

 2020  2.47  10.3   7.2  23.8  14.5   9.1    .2   .21   .32  44.4    .69   3.9   5.9  11.9    62    84   128     0      0

 2025  2.49  10.4   7.2  23.2  14.0   9.0    .2   .21   .32  43.9    .68   4.0   5.9  12.1    65    88   132     0      0

 2030  2.49  10.6   7.1  22.8  13.6   8.9    .3   .21   .32  43.4    .72   4.2   5.9  12.4    68    92   135     0      0

 2035  2.56  10.7   6.9  22.4  13.1   8.8    .4   .21   .32  43.1    .74   4.6   6.2  12.8    72    96   139     0      0

 2040  2.63  10.8   6.9  22.1  12.7   8.8    .6   .21   .31  42.9    .70   4.7   6.3  13.1    75   100   142     0      0

 2045  2.63  11.0   6.8  21.9  12.3   8.9    .7   .21   .31  42.7    .73   4.9   6.3  13.3    78   103   146     0      0

 2050  2.63  11.1   6.7  21.7  11.9   9.0    .8   .21   .30  42.7    .76   5.2   6.2  13.5    81   107   149     0      0

 2055  2.66  11.2   6.6  21.7  11.6   9.2    .9   .21   .30  42.7    .79   5.6   6.4  13.9    84   111   153     0      0

 2060  2.70  11.3   6.5  21.7  11.3   9.4   1.1   .21   .29  42.8    .74   5.6   6.5  14.2    87   114   157     0      0

 2065   .00   2.6   1.0   4.9    .5   3.6    .8   .21   .29   9.1  16.92  95.8    .0    .0     0   113   122    52      0

 2070   .28   2.7  11.2  39.1   9.5  24.9   4.7   .40  1.00  54.7   3.06  55.8    .0    .0     0    59   114     0      0

 2075   .03   2.9   8.3  50.9  11.6  31.1   8.2   .40  2.00  64.5   1.53  39.0    .0    .1     0    41   105     0      0

 2080   .07   3.0   6.1  56.1  12.1  32.6  11.5   .38   .92  66.6    .00  29.4    .2    .3     0    30    96     0      0

 2085   .13   3.1   3.6  60.7  12.1  34.1  14.5   .34   .72  68.6    .00  20.1    .3    .7     0    21    90     0      0

 2090   .25   3.2   2.2  64.3  11.6  35.4  17.3   .30   .54  70.8    .02  11.5    .6   1.7     0    14    85     0      0

 2095   .49   3.3   1.4  64.6  10.8  34.7  19.0   .25   .34  70.4    .04   6.2   1.2   2.5     3    13    83     0      0
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Live
Foliage
0 to 3 inches branch and stem wood
Greater than 3 inches branch and stem wood

Total Total standing wood (Dead and Live)
Total Biomass Total (tons per acre) of all standing wood and surface

fuels

Total Consumption Total amount of fuel (not including live trees) that was
consumed in a fire. In most years this column will be
zero, but if a fire was simulated this value is the same
as that reported in the fuel consumption report (sec-
tion 2.5.7). Consumption will not be shown if it occurs
in a year when no output is requested.

Biomass Removed Amount of wood that was harvested (live or dead) in
tons per acre. This includes removals from standard
base model thinning as well as salvage. Removals
from pruning may not be present. Removals will not
be shown if they occur in years when no output is
requested.

This report provides a look at the dynamics of live and dead, standing and
surface biomass. Before simulating management, a user might run a no-
management simulation to assess model performance (see if predicted fuel
loads are reasonable) and possibly calibrate the model by adjusting snag or
fuel keywords. Then, a number of management alternatives can be simu-
lated and results compared in terms of predicted fuel loads over time. If
management objectives are expressed in terms of an acceptable range of
surface fuel loadings, prescriptions can be developed by repeatedly changing
treatment prescriptions and examining this report to see whether objectives
are met.

This report is printed at the end of the simulation year, after all other FFE
activities have occurred, but before the base model has applied the growth
and mortality estimates. This means that the change in any fuel pool could
be the result of many factors. For example, in the first year of the simulation,
the output report combines the results of the initial conditions with input
from any trees and snags, and removals due to decay. Thus, the fuel levels
reported in the table for the first year can be quite different from those that
were set by the user or by the default values.

Harvesting, fuel treatments, and fires can further confuse the interpreta-
tion or the output or the predictions of changes in fuel levels. The last two
columns showing the removals can give some indication of the level of impact
expected from harvest or fire. The fuel consumption report can also aid in
interpretation of the table because it shows, for each surface fuel class, how
those pools are affected by fire.

Note that the snag output reports are printed at the beginning of the
simulation year. Thus, the reported snag values in the snag reports and the
fuel reports could be different, especially if a fire or salvage occurred in that
time step. Also note that the snag and fuel reports use different units for
reporting purposes, further confounding any attempt at comparison between
the reports.
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The change in stand biomass from one year to another can be calculated
as:

TotBiot = TotBiot–1 – TotalConsumption – Removals – Decay + Growth

The growth and decay terms are not explicitly included in the table, so
their net contribution must be inferred. Decay is applied every year to all
surface fuel and dead standing fuel, while growth is added only at cycle
boundaries and only to standing live fuel. The equations for individual pools
are similar but include terms representing transfer to and from other pools.

Some changes in pool size can be tracked between different parts of the
table. Large standing live may become large standing dead. Standing dead
will become surface fuel, and some portion of the surface fuels will become
duff.

When no fires or other actions are simulated, the biggest changes in fuel
levels will occur on cycle boundaries. Within a cycle, only decay is simulated,
resulting in a slow decline in surface fuel levels and standing dead levels
(through height loss and fall-down). On cycle boundaries, growth and
mortality estimates are applied to the standing live component, resulting in
a relatively large change in standing live and an increase in standing dead
pools

2.5 Fire Subm odel _________________________________________________

2.5.1 Overview

The FFE-FVS uses the fire submodel two ways. First, model users can
simulate the effect of a prescribed fire or wildfire at any point in time.
Repeated fires can be simulated, and fires can be set at random times or when
certain conditions are met. If a fire is simulated in this way, it modifies stand
and fuel conditions by killing trees and consuming fuel, and alters future
stand and fuel dynamics. The second method uses exactly the same calcula-
tions to examine potential fire behavior and effects without actually chang-
ing any of the stand conditions. In this case, managers can assess the
changing fuel conditions by examining predicted changes in fire character-
istics and impacts. Typically one might look at potential fire behavior and
effects over the course of the simulation period, possibly also scheduling one
or more fires along the way.

The fire model receives input from other model components. Users provide
simulation instructions such as the year to simulate fire or calculate poten-
tial fire effects, and the conditions at the time of the burn. FVS provides
detailed information about all the trees in the stand. The fuel component of
the FFE provides information on surface fuel loadings and canopy fuel
characteristics. The fire model can then calculate the predicted effects of the
fire on fuel, live trees, and snags, as well as fire characteristics such as flame
length and whether the fire is a crown fire. This section describes the fire
model in more detail. First, fire conditions are discussed. Methods for
calculating fire behavior are then presented. We then discuss fire effects
including tree mortality, fuel consumption, and smoke production. Use of
potential fire calculations follows, and finally, fire related output tables are
summarized.
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2.5.2 Burn Conditions

In nature, the conditions under which a fire burns have a large impact on
its behavior and effects. Users can specify fuel moisture content, wind speed,
and ambient air temperature using various keywords, or they can choose
from a set of predefined conditions using the SIMFIRE keyword. The model
does not simulate changes in any of these environmental variables over time,
so the values must be entered for each simulated fire. Other conditions, such
as slope and fuel loading, cannot be altered by the user at the time of a fire.
Slope is a constant that is established at the beginning of the simulation, and
fuel loading is simulated by the FFE (see section 2.4).

If a fire is scheduled with the SIMFIRE keyword, it will be simulated and
result in tree mortality and fuel consumption even if burn conditions are
marginal.

Fuel Moisture: The fuel moisture content (weight of water/dry weight of
fuel expressed as a percentage) is used to calculate fire intensity and fuel
consumption. Each fuel size class, except litter, must have an assigned
moisture value. Users can choose one of four predefined fuel moisture
combinations in the model (table 2.18), or specify the moisture conditions for
each of the classes using the MOISTURE keyword.

While all moisture levels affect fuel consumption, only the values for the
live and the small (less than 3 inches) fuel are used to calculate fire intensity.
In general, wetter fuel produces shorter flames (fig. 2.14) and results in less
fuel consumption, as is described further in section 2.5.5.

Wind Speed: Fire intensity increases with increasing wind speed. The
default wind speed is 20 miles/hour. Users can set the wind speed using the
SIMFIRE keyword.

Both the default wind speed and the value entered by the user describe the
wind speed at 20 feet above the ground level or the top of the vegetation if any.
This value is then converted to an expected mid-flame wind speed by
multiplying it by a correction factor based on the canopy closure in the stand
(fig. 2.15) (Albini and Baughman 1979).

Canopy closure is calculated from the total area occupied by crowns in the
stand using the assumption that crowns are randomly distributed within the
stand. It is determined by finding the width of the crown of each tree (Moeur
1981), calculating the associated area, and summing this area for all the trees

Table 2.18—Default percent fuel moisture for the four
predefined moisture conditions for each fuel
size class.

Moisture level
Very dry Dry Moist Wet

0-0.25" (1 hour) 4 8 12 16
0.25-1" (10 hour) 4 8 12 16
1-3" (100 hour) 5 10 14 18
>3" 10 15 25 50
Duff 15 50 125 200
Live 70 110 150 150
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Figure 2.14 —Example flame lengths for each of the pre-
defined moisture conditions for four different combinations of
small (S, < 3 in) and large (L > 3 in) fuel amounts (in tons/acre).
Other factors being equal, the flame lengths decrease as
moisture levels increase.

Figure 2.15 —The correction factors used to calculate mid-flame wind
speed from wind speed at 20 feet above the ground or the top of the
vegetation.

in the stand. Because all calculations in the stand are on a per acre basis, the
total area is also based on an acre. This total area is then used to calculate
percent cover (Crookston and Stage 1999):

PercentCover = 100(1–e–TotalCrownArea/43560)
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where:

PercentCover = percent cover in the stand;
TotalCrownArea = total area (per acre) covered by crowns (measured in

square feet); and
43560 = number of square feet in an acre.

Air Temperature: The ambient air temperature (∞F) at the time of a fire
affects scorch height, and thus tree mortality. Scorch height increases
exponentially with temperature (fig. 2.16) (Van Wagner 1973). This is the
only use of temperature in this model. The indirect effects of air temperature
on fire behavior as fine fuel dries in response to heating are not simulated;
fuel moisture content is a required user input.

2.5.3 Controlling Fire Extent

Continuous Burns: In FFE, by default, fires impact the entire area of the
stand (that is, no unburned patches remain). Continuous fires (either
prescribed fires or wildfires) are scheduled using the SIMFIRE keyword.

Pile burns: Pile burns do not impact the entire area within the stand, but
burn concentrations of fuel. This kind of fuel treatment is requested with the
PILEBURN keyword. By default, in pile burning, 80 percent of the fuel from
70 percent of the stand is concentrated into piles that cover 10 percent of the
stand area (fig. 2.17, left). These piles are assumed to be far enough from trees
not to cause any mortality.

Jackpot burns are a special kind of pile burn. They are more widespread,
burning by default 30 percent of the stand (fig. 2.17, right). The model
assumes that the majority of the fuel is in the burned part of the stand (by
default, 65 percent of the stand’s fuel). Because there is less effort to avoid

Figure 2.16 —The change in scorch height as temperature
changes. In this figure, the scorch heights are relative to the
scorch height at an air temperature of 70° (the default value).
Thus, at 105° the scorch height would be about two times (200
percent) higher than at 70°.
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Figure 2.17 —Schematic diagram of the difference between
pile burning (left) and jackpot burning (right). Each diagram
represents a stand. The shaded areas are the areas from which
fuel is concentrated. The hatched area represents the area that
is then burned.

burning near trees, 50 percent of the trees in the burned area are assumed
to die as a result of the burning.

In both cases, 100 percent of the litter and duff in the burned area are
consumed, and all of the burned area will have the mineral soil exposed. In
addition, 100 percent of piled fuel less than 1 inch and 90 percent of the piled
fuel greater than that are burned. Smoke production is calculated assuming
that the burned fuel contains the preset “moist” moisture values.

Afterwards, any unburned, piled fuel is assumed to again have the
characteristics of unpiled fuels. Decay rates are unchanged by piling, and the
burned and unburned areas are not tracked separately in the remainder of
the simulation.

All parameters defining the area of the stand, the amount of fuels that
are treated, and the associated tree mortality can be changed using the
PILEBURN keyword.

2.5.4 Fire Behavior

Overview: FFE computes two indicators of fire behavior: flame length
and fire type: surface, passive crown fire, or active crown fire. In addition, two
indices of crown fire hazard are reported: the torching and crowning index.

Fire behavior in FFE-FVS is computed using methods developed by
Rothermel (1972), Albini (1976a), Scott and Reinhardt (2001) and Scott
(2001). Surface fuels are assessed to determine which fire behavior fuel
models best represent current conditions (section 5.4.2). The selected fuel
models, along with slope, user specified fuel moistures and 20-foot wind
speed, and canopy closure, are used to compute the intensity of a surface fire
(section 5.4.4). This computed intensity and the canopy base height deter-
mine the occurrence of torching. Active crowning is modeled if: (1) conditions
support torching, and (2) canopy bulk density is great enough to support
active crowning at the specified wind speed and fuel moisture conditions
(section 2.5.4). If torching or crowning occurs, intensity is recalculated to take
into account the contribution of canopy fuels and accelerated fire behavior.
Flame length is then computed from intensity.

Fire behavior is an important output of FFE. It also impacts subsequent
model behavior by causing tree mortality and thus impacting future stand
and fuel dynamics, and influencing fuel consumption, further impacting
future fuel dynamics.

Surface Fire Behavior: Surface fire intensity is calculated using
Rothermel’s 1972 fire behavior prediction model, as implemented in FIREMOD
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(Albini 1976a). Fire intensity depends on static variables such as slope,
variables that depend on stand conditions such as fuel quantities (repre-
sented by fire behavior fuel models) and mid-flame wind speed, and environ-
mental variables specified by the user, such as fuel moisture levels. Surface
fire intensity is used to calculate flame length and scorch height, which affect
tree mortality and growth. It is also used to determine the amount of
crowning in the stand.

Intensity of continuous fires is computed by the FFE. If users wish to
control predictions of fire intensity more closely, they can use the FLAMEADJ
keyword to specify either the flame length or a flame scaling factor. These
adjustments apply only to surface fires.

Crown Fire: Crown fires are typically faster moving than surface fires,
more difficult to suppress, and result in more tree mortality and smoke
production. FFE-FVS uses information about surface fuel and stand struc-
ture to predict whether a fire is likely to crown.

Two crown fire hazard indices are calculated in the model: torching index
and crowning index. Torching index is the 20-foot wind speed (in miles per
hour) at which a surface fire is expected to ignite the crown layer, while
crowning index is the 20-foot wind speed (in miles per hour) needed to
support an active or running crown fire. Torching index depends on surface
fuels, surface fuel moisture, canopy base height, slope steepness, and wind
reduction by the canopy. As surface fire intensity increases (with increasing
fuel loads, drier fuels, or steeper slopes), or canopy base height decreases, it
takes less wind to cause a surface fire to become a crown fire. Crowning index
depends on canopy bulk density, slope steepness, and surface fuel moisture
content. As a stand becomes denser, active crowning occurs at lower wind
speeds, and the stand is more vulnerable to crown fire. For both indices, lower
index numbers indicate that crown fire can be expected to occur at lower wind
speeds, so crown fire hazard is greater at lower index values. The complete
algorithms for determining torching and crowning index are described in
Scott and Reinhardt (2001).

Both torching and crowning index depend in part on surface fuel moisture,
therefore these conditions must be specified. Drier conditions produce lower
indices, indicating a more severe risk of crown fire. Temperature and wind
speed do not affect the indices.

Torching and crowning indices, together with the specified wind speed (set
using keywords SIMFIRE or POTFWIND), determine the amount of
crowning. Three outcomes are possible (table 2.19):

1. Surface fires – crowns do not burn (if the specified wind speed is less
than the torching index)

2. Active crown fires – the fire moves through the tree crowns, burning all
crowns in the stand (thus killing all trees); (specified wind speed is
greater than the torching and crowning index)

Table 2.19—Rules for determining the occurrence of crowning. Wind speed is the mid-flame wind speed
(in miles per hour) at the time of the fire.

Torching Index < Wind Speed Torching Index > Wind Speed

Crowning Index > Wind Speed PASSIVE SURFACE
Crowning Index < Wind Speed ACTIVE SURFACE
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3. Passive crown fires – some crowns will burn as individual trees or
groups of trees torch (specified wind speed is greater than the torching
index but less than the crowning index)

Users can override this prediction by entering their own value for the
percent of the canopy that experiences crowning in a particular fire (using the
FLAMEADJ keyword).

If torching or crowning occurs, intensity and flame length are recalculated
using methods in Scott and Reinhardt (2001) and Scott (2001).

2.5.5 Fire Effects

When a fire is simulated, the FFE calculates several effects from the fire:
tree mortality, crown scorch, fuel reduction, mineral soil exposure, and
smoke production.

Effects on Trees: Fires can kill trees and can have a short-term effect on
tree growth for some of the surviving stems. Probability of tree mortality,
Pmort, is calculated based on scorch height, crown length, diameter, and
species (Ryan and Reinhardt 1988):
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where:

b = bark thickness (inches). This is not necessarily the same bark
thickness equation as the one used by the base FVS model.

vsp = species bark thickness parameters (table 2.20);
d = diameter (in inches) of the tree;
c = percent of the crown volume that is scorched;
s = length of the crown (feet) that is scorched; and
l = total length of the crown (feet).

The resulting mortality is shown in figure 2.18. This equation predicts
some mortality of thin-barked trees even if none of the crown is scorched
(c=0). The amount of mortality in this case is dependent just on species and
diameter. In all fires, at least 80 percent of the spruce of any size is killed.

When the scorch height is greater than the base of a tree’s crown, but the
tree is not killed, the crown is assumed partially killed. In these cases, the
crown ratio of the tree is reduced and the growth of that tree may be slowed
for the subsequent cycle. In the following cycle, FVS will recalculate the
crown ratio assuming the tree is healthy but taking into account that the fire
reduced the crown length.

Table 2.20—Parameter values vsp, used in the calculation of bark thickness.

WP L DF GF WH C LP S AF PP Oth

v 0.035 0.063 0.063 0.046 0.040 0.035 0.028 0.036 0.041 0.063 0.040
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Figure 2.18 —Predicted tree mortality is based on bark thick-
ness and the percent of the volume of the crown scorched.

Scorched foliage and branches are assumed to be killed and will fall to the
ground at the rates specified for the crowns of snags (section 2.4.4).

The portion of a crown that is within the flames of either a surface or crown
fire is killed. FFE assumes that 100 percent of the foliage and 50 percent of
the small branch wood (smaller than 0.25 inches) in the flames are consumed.
The remainder of the burned portion of a crown is assumed to be dead and
falls at the same rate as scorched canopy material.

More complicated effects of fire on trees may include increased suscepti-
bility to insects and disease, decreased growth due to fine root mortality, or
increased growth due to enhanced nutrient availability. These effects are not
represented by the FFE-FVS. Fire may also indirectly result in increased
tree growth of residual trees due to decreased stand density, and this effect
is simulated by FVS.

Fuel Consumption: Fuel consumption algorithms in FFE are simplified
from those in FOFEM (Reinhardt and others 1997). The three main factors
affecting fuel consumption are: size, moisture content, and type (natural,
activity, or piled) (Brown and others 1985; Ottmar and others 1993). The
intensity of the fire does not directly affect surface fuel consumption in the
FFE.

The consumption of both activity and natural fuels greater than 3 inches
depends on moisture and the size class of the fuels. Dry large woody fuel is
more fully consumed than wet (fig. 2.19). The model assumes that at high
moistures, natural fuel is more fully consumed than activity fuel because, in
general, it is on the ground and partially rotted, while the activity fuel tends
to be sound, green, and not as close to the ground.

The consumption of small fuel less than 1 inch diameter is dependent on
the consumption of fuel that is 1 to 3 inches. The rationale is that if over 90
percent of the larger fuel is consumed, conditions must be right to burn all of
the smaller fuel. Otherwise only 90 percent of the smaller fuel is burned. The
consumption of 1 to 3 inches fuel depends on the moisture content of the
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smaller fuel rather than its own moisture content (fig. 2.20). Naturally
occurring fuel in these size classes is consumed independently of moisture
levels (65 percent for the 1 to 3 inches fuel and 90 percent for fuel less than
1 inch).

Litter and live fuel consumption in FFE is independent of their moisture
content. The model assumes that 100 percent of litter and herbs and 60
percent of shrubs are consumed.

Figure 2.19 —Predicted fuel consumption for large
woody fuel (> 3") for different size classes and moisture
contents. The points on the graph indicate the four
default fuel moisture conditions. The solid lines and
symbols are for the naturally occurring fuel, while the
dotted lines and open symbols are for fuel resulting
from management activities.

Figure 2.20 —Predicted fuel consumption for 1 to 3 inches woody
fuel for different moisture levels. The points on the graph indicate
the values at the four default fuel moisture conditions. The solid
line is for the naturally occurring fuel, while the dotted line is for
fuel resulting from management activities. Notice that the con-
sumption of larger fuel depends on the moisture values of the
smaller fuel.
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Mineral soil exposure is calculated by the model as a function of the
burning of the duff layers (Brown and others 1985), which in turn is a
function of the duff moisture content. If less than 10 percent of the duff layer
is burned, then there will be no mineral soil exposure. Mineral soil exposure
can have an impact on any automatic regeneration that is triggered in the
following FVS cycle.

Fuel that has been piled burns differently (in general more completely)
than unpiled fuel (section 2.5.3).

Smoke Production: Two categories of particulate matter emissions are
calculated: less than 2.5 microns in diameter and less than 10 microns in
diameter. Smoke production is calculated using a series of multipliers
(emission factors) applied to the amount of fuel consumed in each size class
(table 2.21; Reinhardt and others 1997). For duff and large woody fuel, these
multipliers vary with moisture content.

2.5.6 Potential Fires

In addition to simulating a fire and its effects at a specified point in time,
the FFE can also compute indicators of potential fire behavior and effects as
they change over the simulation period. These provide an important method
for assessing fuel and the associated fire hazard, as fuel and stand conditions
change over time and with management actions.

For given wind and moisture conditions, fire intensity changes with the
amount of fuel in the stand and with the likelihood of a full or partial crown
fire. The FFE calculates the potential surface fire flame length, degree of
crown fire activity (surface, passive crown fire, or active crown fire), tree
mortality (percent stand basal area, and percent volume), and smoke produc-
tion (fig. 2.21). Each of these is calculated for two sets of conditions. By
default, the first set represents severe conditions that might represent
wildfires (dry, windy) and the second represents moderate conditions that
are more typical of prescribed fires. Conditions can be modified by the user.

Crown fires play an important role in the spread and impact of fires.
Information about canopy fuel and the wind speed necessary to induce
crowning under various scenarios is useful to fire and fuel managers. The
model therefore reports the canopy base height, the canopy bulk density, the

Table 2.21—Emission factors (lb emission per ton of fuel consumed) used to calculate smoke emissions.
Emission factors for some fuels vary with moisture content, others are constant.

Particulate Matter < 2.5
microns

Particulate Matter < 10
microns

wet moist dry wet moist Dry

Surface

woody
fuels

Litter 7.9 9.3

0-0.25" 7.9 9.3

0.25-1" 7.9 9.3

1-3" 11.9 14.0

3+" 22.5 18.3 16.2 26.6 21.6 19.1

Duff 23.9 25.8 25.8 28.2 30.4 30.4

Live Herbs & shrubs 21.3 25.1

Canopy fuels 21.3 25.1

Piled fuels 17.0 20.0
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Figure 2.21 —Relationship be-
tween duff consumption, min-
eral soil exposure, and duff
moisture levels. The points on
the graph indicate the four de-
fault fuel moisture conditions.
Duff consumption depends on
duff moisture and mineral soil
exposure is a function of duff
consumption.

torching index, and the crowning index. The predicted values change over
time and can be affected by management activities (fig. 2.22, 2.23).

All information about potential fires is calculated using the same meth-
ods that are used for calculating the simulated fires. Thus, if a fire with the
same wind, temperature, and moisture conditions is scheduled in the same
year that the potential information was calculated, the simulated flame
length and basal area mortality would be the same as shown in the
potential fire report.

Users can control the frequency with which this information is calculated
(POTFIRE keyword) and the wind, temperature, and moisture conditions
that are used for the potential severe and moderate calculations (POTFWIND,
POTFTEMP and POTFMOIS keywords).

2.5.7 Output

At the time of a fire, several output tables can be printed that give more
information about the effect of the fire on trees and fuel and confirm the
parameters that were set for the fires. Each of these tables is optional and
must be requested using a keyword. An additional output file that reports the
potential intensity and effect of fires under two sets of conditions can also be
produced.

Burn Conditions Report: At the time of a fire, the moisture condi-
tions and wind speed play a role in the intensity and effect of the fire. The
burn conditions output table allows users to check the moisture condi-
tions and slope (both originally set by the user) and to see the mid-flame
wind speed, flame length, and scorch heights that were calculated by the
model (table 2.22). The columns of the table are:

Year The year of the burn.
 Percent Moisture The percent fuel moisture.

1 hr 0 to 0.25 inch fuel
10 hr 0.25 to 1 inch fuel
100 hr 1 to 3 inches fuel
3+ 3 inches+ fuel
Duff duff
Live Live fuel
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Figure 2.23 —Canopy base height
and bulk density under different man-
agement scenarios. A mixed-coni-
fer stand is established at the
beginning of the simulation (thick
line). In one scenario this stand is
repeatedly thinned from below (thin
line). The canopy fuel is indepen-
dent of whether the harvested ma-
terial is removed or left in the stand.

Figure 2.22 —Potential flame
length and mortality in a stand un-
der three management scenarios.
The stand is established at the
beginning of the run. In one sce-
nario no treatment was applied
(thick line). In two scenarios the
stand was thinned from below
(in 2040, 2055 and 2080). In one
scenario the harvested material
was left on the ground causing an
increase in surface fuels, and
thus in potential flame length and
mortality (dotted line) and in the
other scenario it was all removed
(thin line).  Even when activity
fuels are removed, flame length
increases temporarily after thin-
ning because reductions in canopy
closure cause an increase in
midflame windspeed.



55USDA Forest Service Gen. Tech. Rep. RMRS-GTR-116. 2003

Mid-flame wind The mid-flame wind speed (mph) calculated based on
the user-defined 20-foot wind speed and the canopy
closure of the stand.

Slope The percent slope of the stand. This is part of the basic
stand information. It is included in this report because
it is one of the factors that determine flame length.

Flame length The flame length (ft) that will be used for calculating
tree mortality.

Scorch height The scorch height (ft), based on the flame length.

Fire Type Surface, passive or active crown fire.

Fuel model Fire behavior fuel models and their weights.

This output file can be requested using the keyword BURNREPT. Use
this output to make sure you are simulating the fire as you intended, and to
document simulated fire treatments.

Fuel Consumption Report: When fires occur, this table reports the
amount of fuel consumed in each size class, the mineral soil exposure, and the
amount of smoke produced (table 2.23). The columns of the table are:

Year The year of the fire.
Percent Mineral Soil Exposure
Fuel Consumed (tons per acre)

Litr Litter
Duff
0 to 3 inches Small woody fuel less than 3 inches diameter.
3 inches+ Large fuel. This is the sum of the next three columns in the

table.
3 to 6 inches
6 to 12 inches
12 inches+
Herbs and Shrubs

Crown The amount of crowns consumed through crown scorch-
ing or crown fires.

Total The total amount of fuel consumed. This column is the
sum of the litter, duff, small, and large fuel as well as
the herbs, shrubs, and crowns. It corresponds to the
column labeled “TOTAL CONS” in the all fuels report.

Percent Consume Percent of the available fuel in the following two
categories that was consumed.

Table 2.22—Example burn conditions report.  This report shows that in the year 2065 the fuels were most like a fuel model 10, with
some characteristics of a fuel model 12.  The simulated fire was an active crown fire.

--------------------------------------------------------------------------------------------------------
****** FIRE MODEL VERSION 1.0 ******

BURN CONDITIONS REPORT -- CONDITIONS AT THE TIME OF THE FIRE
--------------------------------------------------------------------------------------------------------

MIDFLAME FLAME SCORCH FUEL MODELS
-------- % MOISTURE -------- WIND SLOPE LENGTH HEIGHT -------------------------------

YEAR 1HR 10HR 100HR 3+ DUFF LIVE (MPH) (%) (FT) (FT) FIRE TYPE MOD %WT MOD %WT MOD %WT MOD %WT
--------------------------------------------------------------------------------------------------------
2065 4. 4. 5. 10. 15. 70. 2.9 20 75.3 374.7 ACTIVE 10 80 12 20
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Duff Percent duff and large woody fuel consumption can be
an indicator of fire severity.

3 inches+

Smoke Production The amount (tons/acre) of smoke produced in two
different categories.

Less than 2.5 Smoke particles less than 2.5 microns in diameter.
These tiny particles are considered respirable, and
thus have implications to human health.

Less than 10 Smoke particles less than 10 microns in diameter (this
value includes smoke less than 2.5 microns).

This table can be requested using the FUELREPT keyword.
Fuel consumption is an important indicator of fire severity. This report can

be used to document simulated fire effects.

Mortality Report: A complete report on the percent of trees by species
and size class that were killed by fires in a given year can be produced using
the MORTREPT keyword (table 2.24). This report is created only in years
a fire occurs. The table contains the following fields.

Year The year of the fire.

SP Two-letter species code. Only species in the current stand will be
listed.

Number Killed / Number before

In each column, the value to the right of the “/” are the number of trees that
were killed (trees per acre) and the value to the right of the “/” are the number
of trees in that size class and species that were present before the fire. This
information can be used to easily tell what sizes and species of trees were
killed as well as the relative susceptibility of different categories.

0.0 to 5.0
5.0 to 10.0
10.0 to 20.0
20.0 to 30.0
30.0 to 40.0
40.0 to 50.0
Greater than=50.0

Basal Area  Total basal area killed, ft2/acre

Total Cu Ft  Total volume killed, ft3/acre

Table 2.23—Example fuel consumption report.  The total consumption reported here is the same as on the detailed fuel report
(table 4.9).

--------------------------------------------------------------------------------------------------------
****** FIRE MODEL VERSION 1.0 ******

FUEL CONSUMPTION & PHYSICAL EFFECTS REPORT
--------------------------------------------------------------------------------------------------------

PERCENT FUEL CONSUMED (TONS/ACRE) % SMOKE
MINERAL------------------------------------------------------------- TREES PRODUCTION
SOIL HERB& TOTAL %CONSUME WITH (TONS/ACRE)

YEAR EXPOSR LITR DUFF 0-3" 3"+ 3-6" 6-12" 12"+ SHRUB CRWNS CONS. DUFF 3"+ CRWNG <2.5 < 10
--------------------------------------------------------------------------------------------------------
2065 60 1.3 8.9 4.8 16.9 10.4 6.0 .5 .5 19.3 51.7 77 77 100 .43 .51
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Table 2.24—Example report for fire-based mortality.  In this simulation all trees were killed.

This report allows users to examine in detail the impact of a simulated fire
on a stand. It can be used to iteratively develop a burn prescription that
achieves desired levels of tree mortality. It can also be used to gain insight
into the expected effects of fire on a particular stand.

Potential Fire Report: The potential fire report gives information about the
potential impact of fires under two sets of conditions. By default, these
conditions represent extreme and moderate fire conditions, but users can
select any sets of conditions they choose (section 2.5.6). The report can be
produced at any interval using the POTFIRE keyword (table 2.25). The
columns of the report are:

Year The year of the fire.

Flame Length The potential flame length (ft)

Condition 1  under condition set 1 (severe conditions)

Condition 2  under condition set 2 (moderate conditions)

Type of Fire Surface, Passive or Active Crown Fire

Condition 1  under condition set 1

Condition 2  under condition set 2

Torching index The 20-ft wind speed (miles/hour) required to cause
torching of some trees under condition set 1.

Crown index The 20-ft wind speed (miles/hour) required to cause an
active crown fire under condition set 1.

Canopy base height The height (ft) of the base of the canopy.

Canopy bulk density The bulk density of the canopy (kg/m3).

Potential Mortality The potential tree mortality as measured by two
different indicators for both fire conditions:

Percent BA 1  percent of the basal area that would be killed under
condition set 1 or 2.

Percent BA 2

VOL 1  total volume (cubic feet) that would be killed under
condition set 1 or 2.

VOL 2

Potent Smoke The potential amount of smoke emissions (tons per
acre) less than 2.5 microns.

---------------------------------------------------------------------------------------------------------------------
****** FIRE MODEL VERSION 1.0 ******

MORTALITY REPORT
---------------------------------------------------------------------------------------------------------------------

NUMBER KILLED / NUMBER BEFORE (BY DIAMETER CLASS IN INCHES) BASAL TOTAL
YEAR SP .0- 5.0 5.0-10.0 10.0-20.0 20.0-30.0 30.0-40.0 40.0-50.0 >=50.0 AREA CU FT
---------------------------------------------------------------------------------------------------------------------
2065 L 1/ 1 .14 1

DF 165/ 165 79/ 79 127/ 127 6/ 6 0/ 0 0/ 0 175.93 5733
GF 42/ 42 .07 0
LP 6/ 6 12/ 12 3/ 3 7.03 320
S 7/ 7 .04 0
AF 139/ 139 .20 1
ALL 363/ 363 91/ 91 131/ 131 6/ 6 0/ 0 0/ 0 183.41 6058
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Condition 1  under condition set 1

Condition 2  under condition set 2

Fuel Models The fire behavior fuel models that are used in the
weighting scheme. Up to four such fuel models may be
shown, but normally only one or two are present. If the
static option is in effect, only one fuel model will be
shown.

Mod A fuel model

Percent wt The percent weighting for that model. These should
sum to 100, but may not due to rounding

Values of –1 are printed for canopy base height, torching index and
crowning index if canopy fuels are so sparse that the canopy base height is
undefined (section 2.4.7).

This report provides a way to assess stand and fuel conditions, as well as
proposed management, in terms of expected fire behavior and effects.
Examining the potential mortality columns, for example, gives insight into
the changing vulnerability of a stand to stand-replacement fire over time.
Comparing this report from a no-management simulation and simulations
with a variety of treatment alternatives provides a way of assessing treat-
ments in terms of their impact on fire hazard. For example, a goal of
management might be to reduce the likelihood of crown fire. Crown fire
potential depends on both surface and canopy fuels. A number of treatments
might be simulated to compare the effectiveness of prescribed fire, surface
fuel management, and thinning in reducing the likelihood of crowning.

Table 2.25—Example potential fire report. Changes in fuels are reflected in the flame length (which also affects mortality) and type
of fire. Changes in stand structure are reflected in the canopy base height and canopy bulk density. Active crown  fires
always have 100 percent mortality.

---------------------------------------------------------------------------------------------------------------------------------
****** FIRE MODEL VERSION 1.0 ******

POTENTIAL FIRE REPORT
---------------------------------------------------------------------------------------------------------------------------------
FIRE WIND TEMP ---- FUEL MOISTURE CONDITIONS (PERCENT) ------
CONDITION (MPH) (F) 0-0.25" 0.25-1" 1-3" 3"+ DUFF LIVE
SEVERE 20.0 70 4. 4. 5. 10. 15. 70.
MODERATE 6.0 70 12. 12. 14. 25. 125. 150.
---------------------------------------------------------------------------------------------------------------------------------

FLAME LENGTH TYPE OF FIRE TORCH CROWN CNPY CANPY POTENTIAL MORTALITY POTEN. SMOKE
------------ ---------------- INDEX INDEX BASE BULK ---------------------- ------------ FUEL MODELS
SEVERE MODER SEVERE MODERATE SEVERE SEVERE HT DENSTY SEV. MOD. SEV. MOD. SEV. MOD. -------------------------------

YEAR FT FT MI/HR MI/HR FT KG/M3 %BA %BA (TOT CU VOL) (T/A <2.5) MOD %WT MOD %WT MOD %WT MOD %WT
---------------------------------------------------------------------------------------------------------------------------------
1993 1.5 .7 SURFACE SURFACE 132.7 15.2 18 .168 34 34 996 996 .18 .11 8 86 10 14
1995 2.2 .9 SURFACE SURFACE 106.4 15.2 18 .168 34 34 996 996 .20 .13 8 70 10 30
2000 3.5 1.4 SURFACE SURFACE 79.3 16.5 19 .152 32 32 1025 1023 .25 .17 10 63 8 37
2005 5.5 2.4 SURFACE SURFACE 49.2 15.7 20 .161 35 30 1146 1046 .32 .22 10 80 12 20
2010 6.0 2.7 SURFACE SURFACE 51.4 15.3 22 .167 34 29 1184 1064 .37 .26 10 64 12 36
2015 5.9 2.6 SURFACE SURFACE 54.5 13.8 23 .190 33 28 1209 1079 .36 .25 10 67 12 33
2020 5.8 2.6 SURFACE SURFACE 57.7 13.4 24 .197 32 27 1236 1101 .36 .25 10 69 12 31
2025 5.8 2.5 SURFACE SURFACE 63.8 13.1 26 .204 30 26 1241 1113 .35 .24 10 72 12 28
2030 5.7 2.5 SURFACE SURFACE 69.9 12.9 28 .207 28 24 1223 1120 .34 .24 10 74 12 26
2035 5.7 2.5 SURFACE SURFACE 73.5 12.6 29 .213 25 23 1187 1123 .34 .23 10 76 12 24
2040 5.6 2.4 SURFACE SURFACE 79.8 12.4 31 .217 23 22 1157 1126 .33 .23 10 77 12 23
2045 5.6 2.4 SURFACE SURFACE 83.3 12.3 32 .219 22 21 1132 1124 .33 .23 10 78 12 22
2050 5.5 2.4 SURFACE SURFACE 89.9 12.1 34 .224 20 20 1119 1118 .33 .22 10 79 12 21
2055 5.5 2.4 SURFACE SURFACE 93.4 12.1 35 .222 19 19 1109 1109 .33 .22 10 80 12 20
2060 75.4 2.4 ACTIVE SURFACE .0 12.1 3 .224 100 19 5857 1105 .43 .32 10 80 12 20
2065 75.3 2.4 ACTIVE SURFACE 2.8 12.0 4 .226 100 18 6058 1097 .43 .32 10 80 12 20
2070 13.0 5.4 SURFACE SURFACE -1.0 -1.0 -1 .000 100 100 0 0 .37 .28 12 92 10 8
2075 14.1 5.9 SURFACE SURFACE -1.0 -1.0 -1 .000 100 100 0 0 .45 .34 12 81 13 19
2080 15.3 5.3 PASSIVE PASSIVE .0 89.5 1 .015 99 99 6 6 .47 .35 12 79 13 21
2085 15.7 4.9 PASSIVE PASSIVE .0 63.5 1 .024 99 99 32 32 .49 .36 12 78 13 22
2090 17.7 4.7 PASSIVE PASSIVE .0 50.4 1 .034 99 99 112 112 .50 .37 12 76 13 24
2095 26.1 4.5 PASSIVE PASSIVE .0 37.1 1 .052 99 99 285 285 .50 .38 12 80 13 20
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The potential fire report is produced before the impacts of any fires are
simulated. Thus, the conditions of the stand are the same when calculating
the potential impacts and any actual impacts. If the environmental variables
(wind, temperature, and moisture) are the same for the potential fire as for
the simulated fire, the simulated fire should produce the impacts predicted
by the potential fire report.

2.6 Discussion ____________________________________________________

2.6.1 Model Contributions

FFE-FVS is a tool for managers. It has a broad geographic scope encom-
passing most of the Western United States. A broad range of management
actions – silvicultural as well as prescribed fire and mechanical fuel treat-
ment – can be simulated. FFE-FVS provides an extensive set of outputs that
allow forest management decisions to be assessed in a temporal context: not
only short-term effects on fuels, stand dynamics, and potential fire behavior
are modeled, but also the way in which these interacting ecosystem compo-
nents may be expected to change over time.

Perhaps the most important contribution of this model is to explicitly link
stand and fuel dynamics. A simulation tracks the biomass, growth, and
mortality of individual trees in a stand; litterfall from the living trees and
falldown of the snags determine surface woody fuel loads. Fire, if simulated,
impacts surface fuels directly by consuming them, indirectly, over time, as
fire-killed trees fall to the ground, and, even more indirectly, by impacting
future stand structure.

Recent research on potential for crown fire behavior is linked in this model
with dynamically computed canopy fuel characteristics. With or without
management, canopy fuels change over time. Because FVS already tracked
crown characteristics of the individual trees making up the stand over time
(including ingrowth), it provides a natural vehicle for assessing changing
crown fire hazard.

 Many of the components of FFE-FVS have long histories in both scientific
and management communities. For example, Rothermel’s surface fire model,
included here, was first presented in 1972 and has been in widespread use
ever since. Both modelers and users have gained a good understanding of its
robustness as well as its limitations and are comfortable interpreting its
output. This is also true of the growth and yield algorithms that drive FVS.

2.6.2 Model Limitations

FFE-FVS has a number of weaknesses. One problem is that the base
model, FVS, simulates growth and mortality using cycles of typically 10
years. The FFE operates on a 1-year time step. Sometimes this can lead to
model behavior that is an artifact of cobbling together the two time steps and
is not an intended representation of a real phenomenon. Snag numbers, for
example, tend to exhibit a saw-toothed pattern, with sharp increases at cycle
boundaries when all the cycle’s natural mortality is added, and gradual
declines between, as snag fall-down occurs. Choosing short cycle lengths or
reporting indicators only at cycle boundaries can somewhat compensate for
this problem.
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Discontinuous behavior is particularly evident in indicators that depend
in part on canopy base height – canopy base height itself, torching index,
potential tree mortality, and fire type. In this case the underlying processes
probably are discontinuous – regeneration often occurs in pulses, a stand
suddenly passes a critical point after which vulnerability to torching sharply
increases or decreases. These intended discontinuities are probably exagger-
ated by the fact that in the model, all regeneration occurs on cycle boundaries,
as well as all natural tree mortality. Self-pruning and mortality of sup-
pressed understory trees may cause the stand’s canopy base height to
increase sharply at a cycle boundary, or in-growth may cause the canopy base
height to fall abruptly.

Within a year, users cannot control the order of simulated management
actions.

Live fuels (herbaceous plants and shrubs) are poorly represented in FFE-
FVS. Their biomass and its contribution to fuel consumption and smoke are
only nominally represented as a fixed amount that depends on percent cover
and dominant tree species. Live fuels can contribute significantly to the
behavior of a fire. Their contribution to fire behavior is represented in the
selection of fire behavior fuel models. Canopy cover, overstory composition,
habitat type, and stand history influence selection of fire behavior fuel
models. Live fuels are not dynamically tracked and simulated in FFE-FVS.

Decomposition rates are not sensitive to aspect, elevation, or potential
vegetation type in FFE-FVS. Decomposition rates can be controlled by the
user, however, so it is possible for a knowledgeable user to “tune” the
decomposition algorithms and, thus, the fuel dynamics.

Fire conditions (fuel moisture and wind speed) must be selected by the
user. FFE contains no climatologic data and will not estimate site-specific
moistures. If you want to look at differences in fire dynamics between north
and south slopes, for example, you must be able to give the model different
fuel moistures for the different sites.

These limitations suggest opportunities for further research and model
development. In the meantime, we designed FFE so that its commands allow
users to apply any information they have to their specific situation. Users can
overcome many of these limitations and customize the model by careful use
of the keywords.
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