USDA United States

=—= Department
ol o Agriculture

Forest Service

Rocky Mountain
Research Station

General Technical
Report RMRS-GTR-120

April 2004

Science Basis for Changing
Forest Structure to Modify
Wildfire Behavior and Severity

U.S. Department of Agriculture Forest Service
April 2004

Technical Editors:

Dr. Russell T. Graham, Rocky Mountain Research Station
Dr. Sarah McCaffrey, North Central Research Station
Dr. Theresa B. Jain, Rocky Mountain Research Station




Abstract

Graham, Russell T.; McCaffrey, Sarah; Jain, Theresa B. (tech. eds.) 2004. Science basis for changing
forest structure to modify wildfire behavior and severity. Gen. Tech. Rep. RMRS-GTR-120. Fort
Collins, CO: U.S. Department of Agriculture, Forest Service, Rocky Mountain Research Station. 43 p.

Fire, other disturbances, physical setting, weather, and climate shape the structure and function of
forests throughout the Western United States. More than 80 years of fire research have shown that
physical setting, fuels, and weather combine to determine wildfire intensity (the rate at which it consumes
fuel) and severity (the effect fire has on vegetation, soils, buildings, watersheds, and so forth). Millions of
acres of forestlands (mainly in dry forests dominated by ponderosa pine and/or Douglas-fir) contain a high
accumulation of flammable fuels compared to conditions prior to the 20" century. Forests with high stem
density and fuel loading combined with extreme fire weather conditions have led to severe and large
wildfires (such as those seen in the summers of 2000, 2002, and 2003) that have put a number of important
values atrisk. Although homes in the path of a wildfire are perhaps the mostimmediately recognized value,
these wildfires also put numerous other human and ecological values at risk, such as power grids, drinking
water supplies, firefighter safety, critical habitat, soil productivity, and air quality.

For a given set of weather conditions, fire behavior is strongly influenced by stand and fuel structure.
Crown fires in the dry forest types represent an increasing challenge for fire management as well as a
general threat to the ecology of these forests and the closely associated human values. Crown fires are
dependent on the sequence of available fuels starting from the ground surface to the canopy. Limiting
crown fire in these forests can be accomplished by actions that manage in concert the surface, ladder, and
crown fuels. Reducing crown fire and wildland fire growth across landscapes decreases the chances of
developing large wildfires that affect human values adjacent to forested areas. However, a narrow focus
on minimizing crown fire potential will not necessarily reduce the damage to homes and ecosystems when
fires do occur. Homes are often ignited by embers flying far from the fire front, and by surface fires. Fire
effects on ecosystems can also occur during surface fires where surface and understory fuels and deep
organic layers are sufficient to generate high temperatures for long periods.

Fuel treatments can help produce forest structures and fuel characteristics that then reduce the
likelihood that wildfires will cause large, rapid changes in biophysical conditions. Fuel treatments can also
help modify fire behavior sufficiently so that some wildfires can be suppressed more easily. Subsequent,
sustained fuel treatments can maintain these conditions. Different fuel reduction methods target different
components of the fuel bed. Thinning mainly affects standing vegetation, and other types of fuel treatments
such as prescribed fire and pile burning woody fuels are needed to modify the combustion environment
of surface fuels. In forests that have not experienced fire for many decades, multiple fuel treatments—that
is, thinning and surface fuel reduction—may be required to significantly affect crown fire and surface fire
hazard. Fuel treatments cannot guarantee benign fire behavior but can reduce the probability that extreme
fire behavior will occur. Fuel treatments can be designed to restore forest conditions to a more resilient and
resistant condition than now exists in many forests, and subsequent management could maintain these
conditions, particularly in dry forests (ponderosa pine and Douglas-fir) where crown fires were historically
infrequent. The degree of risk reduction will depend to some degree on the level of investment, social and
economic acceptability of treatments, and concurrent consideration of other resource values (for example,
wildlife).

This report describes the kinds, quality, amount, and gaps of scientific knowledge for making informed
decisions on fuel treatments used to modify wildfire behavior and effects in dry forests of the interior
Western United States (especially forests dominated by ponderosa pine and Douglas-fir). A review of
scientific principles and applications relevant to fuel treatment primarily for the dry forests is provided for
the following topics: fuels, fire hazard, fire behavior, fire effects, forest structure, treatment effects and
longevity, landscape fuel patterns, and scientific tools useful for management and planning.

Key words: Thinning, fuel treatments, prescribed fire, dry forests

Cover: Intense crown fire behavior exhibited by the Star Gulch Fire burning
on the Boise National Forest in Idaho in 1994 (K. Watenmaker photo).
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Key Points

Science Basis for Changing Forest Structure
to Modify Wildfire Behavior and Severity

General Technical Report RMRS-GTR-120

More than 80 years of fire research have shown that physical setting, weather, and fuels, combine to determine wildfire
intensity and severity. Of these three factors, fuels (vegetation) is the only one that can be treated. The effectiveness
and effects of various fuel treatments for restoring dry forests in the Western United States are summarized in this paper.
A considerable amount of information is available on fire behavior and the impacts forest structure and fuel modifications
have on fire intensity and severity. Some key findings of this paper include:

 Historically, many dry forests in the Western United States,
such as those dominated by ponderosa pine and Douglas-fir
were frequently (4 to 25 years) burned by low intensity
surface fires.

* Changes in forest structure and composition over the past
60 to 100 years have increased fuel loads and made many
of the ponderosa pine forests more susceptible to highly
intense and highly severe fires.

« Models, field observations, and experiments indicate that for
a given set of weather conditions, fire behavior is strongly
influenced by fuel structure and composition.

Treated fuels on the Boise Basin Experimental
Forest, Idaho. (K. Watenmaker photo)

e Crown fires are dependent on the sequence of available fuels
starting from the ground surface to the canopy. Crown fires are
more likely to occur when sufficient surface fuels are available
toignite ladder fuels and/or the lower crowns of overstory trees.

¢ Reducing the likelihood of crown fires requires decreasing the
amount, density, and continuity of surface fuels, and removing
ladder fuels.

e Surface and ground fires especially those with long (hours to
days) residence times can destroy soil organic matter, reduce
forest productivity, and on some settings fuse soil particles that
in turn can dramatically increase soil erosion compared to
unburned sites.

* In forests that have not experienced fire for many decades,
multiple fuel treatments—that is, thinning and surface fuel
reduction—may be required to significantly affect crown fire
and surface fire hazard.

« Models and observations of landscape scale fire behavior and
the impacts of fuel treatments clearly suggest that a landscape
approach is more likely to have significant overall impacts on
fire spread, intensity, perimeters, and suppression capability
than an approach that treats individual stands in isolation.

Untreated fuels on the Boise
Basin Experimental Forest,
Idaho. (K. Watenmaker photo)



Introduc tion

Science Basis for Changing
Forest Structure to Modify
Wildfire Behavior and Severity

Fire, other disturbances, physical setting, weather, and climate shape the
structure and function of forests throughout the Western United States
(Daubenmire and Daubenmire 1968, Perry 1994, Hann and others 1997,
Agee 1998b, Schmoldt and others 1999). More than 80 years of fire research
shows that fuels (that is, composition, amount, structure, moisture content
of dead and live vegetation and detritus), physical setting (slope, aspect,
elevation, relief, soils, and so forth), weather (short- and long-term wind,
humidity, precipitation, and so forth), and climate combine to determine
wildfire intensity (the rate at which a fire is producing thermal energy in the
fuel-climate environment, most often measured in terms of temperature and
heat yield) and severity (the effect the fire has on vegetation, soils, buildings,
watersheds, and so forth; most often expressed in terms of the postwildfire
condition of litter, soil, trees, and so forth) (Larsen 1921, Gisborne 1923,
Wells and Campbell 1979, Rothermel 1983, Chandler and others 1991,
Simard 1991, Hungerford 1996, Debano and others 1998, Robichaud and
others 2003).

Composition, moisture content, amount, and structure (size, distribution,
depth, soundness, age, and so forth) of wildland fuels influence how they burn
and how the fire affects the environment (Albini and Reinhardt 1995, Agee
and others 2002). Physical setting and short-term weather (daily to weekly
temperature, relative humidity, wind, and precipitation cycles) have the
mostimmediate influence on fire behavior, but long-term weather (droughts)
and location can influence wildfire occurrence and subsequent behavior
(Chandler and others 1991, Rothermel 1991, Agee 1998b, Bradshaw and
others 2003). Landforms (physical setting) and climatic variations produce
adiverse mixture of forest types that span a gradient from wet, dense, coastal
forests to arid interior forests (Daubenmire and Daubenmire 1968, Steele
and others 1983, Cooper and others 1991, Perry 1994). Climatic patterns,
especially magnitude and distribution of precipitation, can influence natural
disturbances and in particular wildfire (Agee 1993, Veblen and others 2000,
Hessl and others 2003).

Fire regimes (characteristics of fire such as the intensity, frequency,
season, size, and extent that create particular fire effects in a biogeographical
region) can be altered by fire exclusion and land management practices. In
the Western United States, alteration of fire regimes by fire exclusion has
been greatest in dry forests, primarily those dominated by ponderosa pine,
Douglas-fir, or both (Covington and Moore 1994, Arno and others 1997,
Swetnam and others 1999, Romme and others 2003). Millions of acres of
forestlands in the Western United States contain a high accumulation of

USDA Forest Service Gen. Tech. Rep. RMRS-GTR-120. 2004 1



flammable fuels compared to fuel conditions prior to the 20t century, which
in turn have posed an increasing fire hazard for many decades (Skinner and
Chang 1996, Covington and Moore 1994, Arno and others 1997, Hann and
others 1997, Swetnam and others 1999).

The large and destructive wildfires in the summers of 2000 and 2002 and
autumn of 2003 have sharpened our focus on fuel accumulation on the
National Forests and other public lands. During the summer of 2000,
122,827 wildfires burned 8.4 million acres, and during the summer of 2002,
73,457 fires burned 7.1 million acres (http:/www.nifc.gov). Such severe and
large wildfires put a number of important values at risk as exemplified by the
destruction of more than 3,600 homes in the wildfires that burned in
southern California in 2003. Although homes in the path of a wildfire are
perhaps the most immediately recognized value at risk, there are numerous
other values at risk including critical infrastructure (power grids, drinking
water supplies), sensitive or protected fish and wildlife habitat, firefighter
health and safety, public health and safety, soil productivity, aesthetics,
clean air, and other important components of forest ecosystems (Weaver
1943, Reynolds and others 1992, Covington and Moore 1994, Covington and
others 1997, Fulé and others 1997, Swetnam and others 1999, Conard and
others 2001, Kalabokidis and others 2002, Cohen and Stratton 2003). Some
of these values are also threatened by secondary effects of a severe wildfire,
such as landslides, spread of invasive species, and wind throw (Robichaud
and others 2000).

Historical Fire Patterns and Forest Structure

Prior to reductions in burned area during the 20t" century, temperature,
and precipitation patterns, combined with natural and human ignitions,
were most responsible for determining fire return intervals (also referred to
as fire frequency), particularly in the dry ponderosa pine and Douglas-fir
forests. Before Euro-American settlement, cultural burning practices of
Native Americans augmented or even dominated fire regimes in many
vegetation types (Barrett and Arno 1982, Stewart 1951, Lewis 1973). Light-
ning-caused fires were more frequent during periods (decades) of high
temperatures and became less frequent during cool periods because warm
periods tended to have longer fire seasons, resulting in more fires (Swetnam
1993, Stine 1996, Chang 1999). The variation in precipitation from year to
year affected the availability of grass and herbaceous surface fuel and the
duration of windy or dry burning conditions. Moist years allowed rich layers
and amounts of forest vegetation to develop especially in the form of grasses,
shrubs, and other ground-level vegetation. In Southwestern ponderosa pine
forests where grass fuels predominated before Euro-American settlement,
periods with abundant precipitation supported the development of high fuel
loads, which supported the more widespread fires that tended to occur in dry
years that occurred intermittently throughout wet periods (Swetnam 1993).
By contrast, periods of low precipitation supported smaller, less widespread
fires (Swetnam 1993, Chang 1999). Where grass and herbaceous surface
fuels are not dominant (for example, ponderosa pine and mixed conifer
forests of the Sierra Nevada), fire sizes were generally fuel limited except

2 USDA Forest Service Gen. Tech. Rep. RMRS-GTR-120. 2004



Forest Change

when affected by regionwide droughts (Swetnam 1993). These variations in
weather produced variable fire frequencies in many of the dry ponderosa pine
and Douglas-fir forests of the West. For example, in a portion of the Colorado
Front Range of the Rocky Mountains, the fire frequency, determined by tree
ring analysis, varied considerably over the past 700 years, ranging from
relatively frequent (16.8 year interval) fires to moderate fire intervals to one
long interval (more than 50 years) (Kaufmann and others 2001).

Based on tree-ring data, the 20t century has been described as a period of
relatively high precipitation and increasing temperature compared to previ-
ous centuries (Briffa and others 1992, Graumlich 1993, Stine 1996). Stine
(1996) suggests that more frequent and larger fires, characteristic of the
latter portions of the 20t century, were the result of warm temperatures that
likely lengthened the fire season, and the increased precipitation allowed
fuels to accumulate. Yet, fire exclusion through fire suppression or reduction
of fine fuels through grazing, urbanization, and other land use changes
particularly in the dry ponderosa pine and Douglas-fir forests, caused a
dramatic reduction in the area burned by frequent fires. In turn, these and
other past management activities resulted in significant changes since the
late 1800s in the structure of forest stands (contiguous vegetation containing
the same forest structure and composition occurring on a common environ-
mental site) (Helms 1998). Most likely, the greatest changes in stand
structure from those occurring historically, occurred on productive sites
where vegetation readily developed (Weatherspoon and Skinner 1996).

Prior to the 20t century, low severity fires burned regularly in most dry
forest ecosystems (Covington and Moore 1994, Arno and others 1997,
Swetnam and others 1999, Everett and others 2000, Hessl and others 2003),
with ignitions caused by both lightning and humans. Low intensity fires
controlled regeneration of fire-intolerant (plants unable to physiologically
withstand heat produced by fires) species, promoted fire-tolerant species (for
example, ponderosa pine and Douglas-fir), maintained an open forest struc-
ture, reduced forest biomass, decreased the impacts of insects and diseases
(Covington and Moore 1994, Weaver 1943), and maintained wildlife habitats
for many species that utilize open stand structures (for example, northern
goshawk) (Reynolds and others 1992, Fulé and others 1997, Swetnam and
others 1999, Conard and others 2001, Kalabokidis and others 2002). In
addition to the accumulation of fire intolerant vegetation, dense forest
canopies with homogeneous and continuous horizontal and vertical stand
structures (for example, dense trees with low crown base heights) developed
resulting in an increased potential for crown fires in many forests of the
Western United States (Cooper 1960, Dodge 1972, Van Wagner 1977,
Parsons and DeBenedetti 1979, Bonnickesen and Stone 1982, Arno and
Brown 1991, Agee 1993, Mutch and others 1993, Hann and others 1997) (fig.
1). These changes in structure and composition have dramatically altered
how wildfires now burn in these forests from how they burned historically.

Historically, 40 percent of the forests in the United States were burned by
frequent (0- to 35-year intervals) low-severity fires (fire regime 1), but only

USDA Forest Service Gen. Tech. Rep. RMRS-GTR-120. 2004 3



1948

Figure 1 —Forest development on the Bitterroot
National Forest in Montana in a ponderosa pine
stand after harvest (1909) in which fire was
excluded since 1895. Note the changes in
vertical arrangement and horizontal continuity
in forest stand structure. In general many of
today’s ponderosa pine forests contain higher
densities of fire-intolerant species and
suppressed trees than historical forests.

4 USDA Forest Service Gen. Tech. Rep. RMRS-GTR-120. 2004



15 percent are currently burned by these kinds of fires. Mixed fire regimes,
characterized by 35- to 100-year fire return intervals, and a mixture of low
to moderate surface fires and higher severity stand replacement fires,
historically occurred on about 40 percent of forested areas. They currently
occur on about 35 percent of the forested areas (Schmidt and others 2002). As
a result of these current conditions, more than 80 percent of the forest
landscape in the inland Northwestern United States contains lands with
mixed to high severity fire regimes (Quigley and others 1996) (fig. 2).

The greatest changes in ponderosa pine and dry Douglas-fir forests have
occurred predominantly in fire regimes characterized historically by high
frequency surface fires (Arno 1980, Agee 1991, 1993, 1994, Taylor and
Skinner 1998, Brose and Wade 2002). Weaver (1943) noted that historically,
dry forests contained diverse understories most often of grasses, forbs, and
low shrubs—a condition maintained by frequent, low-intensity surface fires.
These forests were so open Western settlers were able to travel through many
of the pine stands on wagons and horseback (Evans 1990, Wickman 1992)
(fig. 3). Dense stand and forest structures are now common on sites histori-
cally burned by frequent, low to moderately severe fires (Arno 1980, Agee
1991, 1993, 1994, Taylor and Skinner 1998, Brose and Wade 2002). These
conditions— with their abundant surface and ladder fuels, and low canopy
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Figure 2 —The proportion of low severity, mixed severity, and
high severity fire regimes in the pre-1900 period and in recent
times in the inland Northwestern United States. Note the
increasing proportion of high severity fire regime. Data from
Quigley and others (1996).
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Figure 3 —Historically (1900) open ponderosa pine conditions
were probably maintained by frequent surface fires. Note the
abundant grass layer and the relatively high crown base heights.

base heights—readily facilitate the development of crown fires (Weaver
1943, Dickman 1978, Laudenslayer and others 1989, Scott and Reinhardt
2001) (fig. 1).

Throughout the United States, wildfires have been aggressively sup-
pressed since the early 1900s, although this effort has likely been most
successful only after about 1940 when modern vehicles and equipment
became available and extensive road networks made remote locations
accessible. In the Western United States, the area annually burned de-
creased from the early 1900s into the 1960s, then the trend reversed, with
the number of acres burned each year increasing with significant increases
since the mid-1980s (Agee 1993). This was exemplified by the fires that
burned in and around the Bitterroot National Forest in 2000 (fig. 4). What
appears to be different about the recent fires is the number of ignitions that
contributed to burning large areas. More than 1,700 fire starts were
responsible for burning the 3.1 million acres of the Northern Rocky
Mountains in 1910, and 78 starts burned more than 350,000 acres in the
Bitterroot Valley in western Montana in July 2000 (USDA Forest Service
1978, 2000). Contrast these fire events to the 2002 Rodeo-Chedeski Fire
that was the result of only two fire starts and burned more than 450,000
acres in Arizona. Similarly, on June 8, 2002, one start along the Colorado
Front Range of the Rocky Mountains led to the Hayman Fire that burned
nearly 138,000 acres in 20 days (Graham 2003). These recent and large
wildfires all seem to exhibit uncharacteristically intense wildfire behavior
and increased fire severity (fig. 5).

USDA Forest Service Gen. Tech. Rep. RMRS-GTR-120. 2004



Figure 4 —One of the many fires that burned in
the Bitterroot Valley of western Montana in 2000.

Figure 5 —Uncharacteristically intense wildfire burning a current ponderosa pine
dominated forest. Note the low crown base heights and the intense surface fire.

USDA Forest Service Gen. Tech. Rep. RMRS-GTR-120. 2004



Fuels

Fire behavior and severity depend on the properties ofthe various fuel (live
and dead vegetation and detritus) strata and the continuity of those fuel
strata horizontally and vertically. The fire hazard for any particular forest
stand or landscape can be characterized by the potential for the fuels to cause
specific types of fire behavior and effects. Understanding the structure of
fuelbeds and their role in the initiation and propagation of fire is the key to
developing effective fuel management strategies.

Fuelbeds are classified in six strata: (1) tree canopy, (2) shrubs/small trees,
(3)low vegetation, (4) woody fuels, (5) moss, lichens, and litter, and (6) ground
fuels (duff) (Sandberg and others 2001) (fig. 6). Each of these strata can be
divided into separate categories based on physiognomic characteristics and
relative abundance. Modification of any fuel stratum has implications for fire
behavior, fire suppression, and fire severity (fig. 5).

Fuelbed Strata

Categories

Figure 6 —Six horizontal fuelbed strata represent unique combustion environments. Each fuelbed
category is described by physiognomic (qualitative features including morphological, chemical, and
physical features) and relative abundance (Sandberg and others 2001).

USDA Forest Service Gen. Tech. Rep. RMRS-GTR-120. 2004



* Ground fuels consist of duff (organic soil horizons), roots, and buried
woody material (fig. 7) (Sandberg and others 2001). Often needle fall
and bark slough will accumulate at the base of trees and eventually
create deep organic layers in which fine roots and ectomycorrhizae of
trees and ground level vegetation may accumulate (Graham and others
2000). Ground fuels burn typically by smoldering and may burn for
many hours, days, or even weeks, if initial moisture contents are high
(Frandsen 1991, Hungerford and others 1991) (fig. 7). This long dura-
tion smoldering can often lead to soil damage, tree mortality (high
severity), and smoke impacts (Wells and Campbell 1979, Ryan and
Noste 1983, Ryan and Reinhardt 1988). Rotten material on the ground
surface is particularly ignitable by firebrands (small twig segments or
bark flakes supporting glowing combustion) falling ahead of an advanc-
ing fire front, which increases the success of spotting (fig. 7).

Figure 7 —Fuelbed strata have
different implications for
combustion environment, fire
propagation and spread, and fire
effects. The canopy (A), ladder
fuels (B) and shrub layers (C)
contribute to crown fires. Low
vegetation (D), woody fuel (E),
and ground fuel (F) contribute to
surface fires. Woody fuel (E) and
ground fuels (F) are most often
associated with smoldering fires
and residual combustion that can
transfer large amounts of heat
deep into the soil.

USDA Forest Service Gen. Tech. Rep. RMRS-GTR-120. 2004 9



* Surface fuels consist of grasses, shrubs, litter, and woody material lying
on, or in contact with the ground surface (fig. 6, 7) (Sandberg and others
2001). Surface fuel bulk densities (weight within a given volume), and
size class distribution (for example, number of pieces in 0 to 0.25 inch,
0.25 to 1.0 inches, 1.0 to 3.0 inches, and greater than 3 inches size
classes) are critical to frontal surface fire behavior (spread rate and
intensity) compared simply to fuel loading (weight per unit area). Other
characteristics of surface fuels that determine surface fire behavior are
fuel depth, continuity, and chemistry (fig. 8). Surface fires burn in both
flaming and postfrontal (smoldering or glowing—minimal flames but
glowing embers) phases. High energy release rates occur during the
relatively short flaming phase where fine fuels are consumed, and low
energy release rates occur for longer times by smoldering and glowing
phases that consume larger (greater than 3 inches diameter) fuels.
Surface fuel complexes with high loadings of large material—for
example, slash left after timber harvesting, precommercial thinning
operations, or high fuel loads from natural events such as blowdowns
or ice storms—have long flaming residence times compared to fine
fuels such as shrubs or grasses. High surface fire intensity usually
increases the likelihood for igniting overstory canopy fuels, but surface
fuel types with longer residence times can contribute to drying aerial

Figure 8 —Reducing the amount, depth, and continuity of surface fuels, especially
those less than 3 inches in diameter, left after forest management activities using
prescribed fire or mechanical methods reduces the likelihood that overstory
canopies will ignite during a wildfire.

USDA Forest Service Gen. Tech. Rep. RMRS-GTR-120. 2004



fuels above a forest canopy, which also leads to torching (when a tree’s
or group of trees’ foliage ignites and flares up, usually from bottom to
top) (Alexander 1998).

e Crown fuels (also referred to as canopy fuels, or aerial fuels) are those
suspended above the ground in trees or vegetation (vines, mosses,
needles, branches, and so forth) (fig. 6, 7). These fuels tend to consist
mostly of live and fine material less than 0.25 inch. Crown fuels are the
biomass available for crown fire, which can be propagated from a
surface fire via understory shrubs and trees, or from crown to crown.
The shrub/small tree stratum is also involved in crown fires by increas-
ing surface fireline intensity and serving as “ladder fuels” that provide
continuity from the surface fuels to canopy fuels, thereby facilitating
crown fires. These essentially bridge the vertical gap between surface
and crown strata. The size of this gap is critical to ignition of crown fire
from a surface fire below (Van Wagner 1977). Van Wagner (1977)
identified two thresholds of crown fire activity. Crowns areignited after
the surface fire reaches critical fireline intensity relative to the height
of the base of the aerial fuels in the crown. This crown ignition can
become an “active” crown fire if its spread rate is high enough to surpass
the second threshold based on the crown density (often referred as
canopy bulk density—canopy weight for a given volume). Aerial fuels
separated from surface fuels by large gaps are more difficult to ignite
because of the distance above the surface fire, thus requiring higher
intensity surface fires, surface fires of longer duration that dry the
canopy before ignition, or mass ignition from spotting over a wide area
(Byram 1966) (fig. 9). Once ignited, high density canopy fuels (fig. 7A)
are more likely to result in a spreading crown fire (active crown fire)
than low density canopies.

Figure 9 —The greater the distance
between surface fuels (A) and the
base of tree crowns (B) the more
difficult it is for surface fires to
become crown fires.
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Conditions for

Fire B ehavior

12

Ignition

The probability of ignition is strongly related to fine fuel moisture content,
air temperature, the amount of shading of surface fuels, and the occurrence
of an ignition source (human or lightning caused) (Rothermel 1983). Stand
structure strongly influences all these factors. There is generally a warmer,
dryer microclimate in more open stands (fig. 9) compared to denser stands
(fig. 7A) (Countryman 1955, Weatherspoon 1996). Dense stands (canopy
cover) tend to provide more shading of fuels, keeping relative humidity
higher and air and fuel temperature lower than in more open stands. Thus,
dense stands tend to maintain higher surface fuel moisture contents com-
pared to more open stands (Andrews 1986). More open stands also tend to
allow higher wind speeds that tend to dry fuels compared to dense stands
(Weatherspoon 1996). These factors may increase probability of ignition in
some open canopy stands compared to dense canopy stands. However, this
forest structure historically played an important role in maintaining fire-
dependent forest types, such as ponderosa pine.

In general, wildfire behaviorisinfluenced by short- and long-term weather,
physical setting (local to regional topography and terrain features), fuels
(composition, structure, moisture content of dead and live vegetation and
detritus) (Rothermel 1983, Chandler and others 1991, Debano and others
1998, Graham and others 1999). All of these elements work in concert over
multiple spatial and temporal scales to determine how wildfires behave.
Because of the infinite number of combinations of these elements, as well as
ignition location, the growth and behavior of each fire are likely to be unique.
Most important, the fire behavior characteristics are strikingly different for
cold (for example, lodgepole pine, Engelmann spruce, subalpine fir), moist
(for example, western hemlock, western redcedar, western white pine), and
dry forests (Agee 1993,1996, 1998b, Romme and others 2003). Cold and moist
forests tend to have long fire-return intervals, but fires that do occur tend to
be high-intensity, stand-replacing fires. Dry forests historically had short
intervals between fires, but most important, the fires had low to moderate
severity.

Fire behavior is typically described at the stand level, but the spatial
arrangement of stands affects the growth of large fires across landscapes.
Fire behavior characteristics include rate of spread, intensity, residence
time, transition to crown fire, and spotting, and are associated with a flaming
front (Rothermel 1972, 1983, 1991, Albini 1976, VanWagner 1977). Typically
these are defined, modeled, and measured at the head of a fire (burns with
the wind or slope) but can apply to any segment of fire perimeter spreading
in any direction such as a flanking (tangential to the direction of the main
active fire, generally across slope) or backing (opposite the direction of the
main active fire, generally downslope) fire. These behaviors usually apply to
fine spatial scales (hundreds to thousands of square feet), and time intervals
of less than a minute to tens of minutes. However, considerable variation
within those periods can be exhibited. In many fires, fuel consumption and
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Ground Fire

smoke production occur in both flaming and smoldering postflaming phases
of combustion, with most consumption of, and smoke production from, woody
fuel and ground fuel strata occurring after flaming has ceased (Frandsen
1991, Hungerford and others 1991) (fig. 10).

Frontal fire behaviors in broad landscapes vary at coarser temporal (for
example, days) and spatial scales as the fire moves across various stands,
terrain, and fuel conditions. Fire behavior in landscapes is often described in
terms of perimeter or area growth (Rothermel 1991). Ember production from
torching trees and crown fire can rapidly advance the fire front, increasing
its growth and allowing it to cross natural or artificial barriers (Albini 1979).
The relative spread direction (backing, flanking, heading) is an important
aspect of fire behavior because fires interact with vegetation, weather, and
setting to back and flank around different situations as they move through
a landscape. Fires are usually placed into three broad classes, each contain-
ing unique fire behavior characteristics. These fires include smoldering or
ground fires, surface fires, and crown fires.

Ground fires or residual smoldering fires, are an important but often
overlooked component of most fires (Frandsen 1991). Three fuelbed strata
contribute to the initiation and slow spread of ground fires (fig. 7, 8, 10).
Ground fuel, consisting principally of soil organic horizons (or duff), contrib-
utes most of the fuel and can burn slowly for days to months even if the fuels

Figure 10 —Large amounts of smoke can be produced from smoldering ground fuels
after flames have subsided and large amounts of heat can be transferred to the soil
(K. Watenmaker photo).
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are relatively wet (fig. 7F). Deep layers of continuous ground fuels are often
found in forests that have not experienced fire for several decades, with large
additional accumulations near the bases of large trees. Moss, lichens, and
litter have high surface area and when very dry can facilitate both the spread
of ground fires and a transition to surface (flaming) fire. Woody fuel (sound
logs, rotten logs, stumps, and wood piles) is often underestimated as a
component of ground fires but can sustain low intensity burning for weeks to
months, with potential flaming combustion under dry, windy conditions
(fig. TE). Combustion of woody fuel also can contribute significantly to smoke
production and soil impacts (for example, loss of organic matter, erosion,
nutrient volatilization) (Hungerford and others 1991, Johansen and others
2001) (fig. 10).

Theintensity and duration of surface fires depend on the availability and
condition of surface fuels. Three fuelbed strata (low vegetation, woody fuel,
and moss, lichen, and litter) contribute to the initiation and spread of
surface fires (fig. 6, 7). These materials can be randomly distributed across
the forest floor or may be concentrated in piles created through manage-
ment activities or naturally occurring events (for example, wind-thrown
trees). Woody fuel can greatly increase the energy released from surface
fires and in some cases increase flame lengths sufficiently to ignite ladder
and/or canopy fuels (fig. 11). Especially in the dry ponderosa pine and
Douglas-fir forests, forest floor litter consisting of small twigs, dead needles,

Figure 11 —With sufficient fuels and flame lengths (fire intensity) surface fires can ignite
ladder fuels and tree crowns (K. Watenmaker photo).
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and rotten wood can also increase the energy released during surface fires
(fig. 6, 7). Both burning and fuel conditions of surface fuels are highly
influenced by the presence and density of overstory tree canopies. Fine fuel
moisture content, surface air temperature, and shading of surface fuels
contribute to increasing the spread rate of surface fires in open stands
compared to surface fires burning in dense stands (Rothermel 1983,
Andrews 1986). Additionally, open conditions facilitate the development
of fine fuels (grasses, forbs, small shrubs) more readily than dense stands
(fig. 3), and when continuous these fine fuels can support more rapid fire
spread compared to large woody fuels. When surface fires frequently burn,
they tend to minimize surface and ladder fuel accumulations, which in turn
decrease the likelihood that crown fires will develop. Low severity surface
fires were relatively common (4 to 25 years) in the dry ponderosa pine and
Douglas-fir forests prior to the 20t century (Agee 1993, Hann and others
1997).

The spatial continuity and density of tree canopies in combination with
wind and physical setting provide the conditions required for rapidly moving
fires that typically consume the crowns (needles and small branches) of large
forest areas (fig. 6, 7). Canopy base height, canopy bulk density (canopy
weight for a given volume), and canopy continuity are key characteristics of
forest structure that affect the initiation and propagation of crown fire (fig.
7A) (Albini 1976, Rothermel 1991). Canopy base height is important because
it affects crown fire initiation (fig. 9). Continuity of canopies is more difficult
to quantify, but clearly patchiness of the canopy will reduce the spread of fire
within the canopy stratum. Forest treatments that target height to live
crown and bulk density can be implemented to reduce the probability of
crown fire. Canopy bulk density varies considerably within stands but can
reach maximum values of 0.4 kg m=3 (Cruz and others 2003). Thinning to
reduce canopy bulk density to less than 0.10 kg m=3 is generally recom-
mended to minimize crown fire hazard (Agee 1996, 1998b, Graham and
others 1999), and for the most part below this point, active crown fire is
difficult to achieve (Scott and Reinhardt 2001).

Wildfires often exhibit sporadic crown fire development with fast and slow
episodes of fire growth. Along with wind and fuels, the relative humidity of
the air can have a large affect on fire behavior. For example, the 2002
Hayman Fire in Colorado experienced rapid growth and intense behavior on
days when the humidity hovered in the 10 percent range (Bradshaw and
others 2003, Finney and others 2003). Fire behavior on these days took place
during prolonged burning periods (daily periods of active fire behavior) that
lasted from mid-morning to nearly midnight and that characteristically had
torching, spotting, and crown fire (Finney and others 2003). When the
relative humidity was more moderate (exceeding 10 percent) the Hayman
Fire behavior was typified by surface fire, although some tree torching and
crown fire occurred.

Surface fires can spread rapidly through dry grass and forest floor fuels
igniting tree crowns (especially those with low crowns). Torching often
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progresses from individual trees and small groups of trees to large groups
and stands within a few hours (fig. 12). Torching and crown fire are strongly
associated with spotting because firebrands are produced and injected high
into the windstream by vertical convection above the flame plume (Albini
1979). Winds often carry firebrands hundreds of feet and even miles from
their sources spanning barriers such as roads, ridges, rivers, and rock
outcroppings. Subsequent and numerous ignitions often occur when the
humidity is low and receptive, and when dry and continuous surface fuels
exist. This process can be repeated numerous times because fires can move
many miles in a day (Finney and others 2003). Over time, fire fronts can
increase in both number and size and interact with topography that further
contributes to crown fire runs. Entire stands and hillsides can be simulta-
neously ignited, which further advances fires by spotting. Under these
extreme weather conditions, long-range spotting (0.5 to 0.75 mile) can
accelerate fire intensity and spread. Fires can travel 1 to 2 miles per hour (88
to 176 feet per minute) and produce flame lengths from 100 to 200 feet during
crown fire spread. These kinds of fire behavior are typically associated with
atmosphericinstability with vertical contrasts of temperature and humidity.
These conditions often develop above large fires producing large pyrocumulus

Figure 12 —Fires can progress from torching individual and
groups of trees until entire hillsides are a blaze (K. Watenmaker
photos).
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clouds (Werth and Werth 1998, Finney and others 2003) (fig. 13). These kinds
of extreme wildfire behaviors are not well understood, and their associated
fire whirls (Byram and Martin 1970) and mass ignition (Byram 1966, McRae
and Stocks 1987) can create tremendous local convective velocities and
burning rates beyond the scope of operational fire behavior or fire effects
models.

Other Influences on Fire Behavior

Fuels, weather, and physical setting determine fire behavior and in
particular determine fire intensity (the rate at which a fire produces thermal
energy in the fuel-climate environment). Therefore, the relation forest
structure has with fire intensity depends on the setting at which the fire
occurs, and on weather. The attributes of weather and physical settings that
constrain fire behavior occur at multiple spatial and temporal scales. Weather
at small spatial (forest stands and drainages) and temporal (hours) scales
regulates fuel moisture content, which influences diurnal and day-to-day
variation in fuel flammability. Temperature, relative humidity, and wind
throughou