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I. INTRODUCTION

Problem ldentification

Historic accounts of the Ozark Highlands Section of the Central Hardwood
Region describe an ecosystem for where fire was the dominant disturbance. Most
accounts of the Missouri Ozarks prior to settlement describe open woodlands with little
to no underbrush and a diverse ground layer of grasses and forbs (Ladd 1991, Nigh
1992). This open forest resulted from an anthropogenic fire regime, dominated by light
surface fires, maintained by Native Americans. At the turn of the last century, logging
had all but exhausted the timber resources of the Ozarks Highlands (Cunningham and
Hauser 1992, Nigh 1992, Guyette and Dey 1997, Guyette et al. 1999). In the meantime,
fire became even more common than during the pre-Euro-American settlement era
(Guyette and Cutter 1997). Settlers burned the countryside in an attempt to improve the
woodland grazing of the cut-over land for farming, and rid it of snakes and ticks.
However, the fire regime all but ended during the 1930°s when state and federal agencies
ushered in the era of fire suppression (Westin 1992).

Without fire as a disturbance, the once open forests of Missouri developed as
dense second growth oak/hickory forests that formed under different circumstances than
those that preceded it. There is evidence that fire exclusion, changing stand structures,
and timber harvest have increased fuel loadings (Guyette 1999). Suppression created
favorable conditions for the development of dense oak forest and allowed fuel loading to
increase, unchecked by periodic fire and controlled only by natural decomposition.

Presently, very little is known about the effect that management, or lack thereof, may



have on the fuel loading and structure of these forests or the response of fire behavior to

those fuels.

Purpose

Seventy years of fire suppression, greater than 100 years of harvesting, and a
myriad of other land use practices have produced a vegetative structure much different
from what preceded it during the pre-settlement era. Today federal and state agencies, as
well as private organizations and individuals, are using thinning, harvesting, prescribed
fire, or combinations of these treatments as management tools. The trend of using
prescribed fire as a management tool increases every year. There is a need to better
understand the effects of thinning on fuel loading and fire behavior since these treatments
are often used for restoration of habitat and biodiversity.

The purpose of this study is twofold. The primary purpose is to determine
whether there are differences in fuel loading, using the National Fire Danger Rating
System (1, 10, 100, and 1000-hour fuels), as determined by aspect class (north and east
facing slopes (protected), no slope (ridge), and south and west facing slopes (exposed)),
and treatment (control, prescribed fire, thinning, and combination of prescribed fire and
thinning). The secondary purpose is to determine whether there are differences in fire
behavior (fireline intensity, heat per unit area, total energy release, rate-of-spread, and

flame length) as determined by treatment and aspect class.



Objectives
To satisfy the purpose of this project three objectives were identified.

1. To determine whether differences exist in natural fuel loading of mature oak/hickory
forest as affected by aspect class (exposed, protected, and ridge) (Nigh et al. 2000).

2. To determine whether differences exist in fuel loading as affected by a combination of
treatment (prescribed fire, thinning, and combination of thinning and prescribed fire) and
aspect class (exposed, protected, and ridge).

3. To determine whether fire behavior is affected by differences in fuel loading related to
combinations of treatment and aspect class.

Hypotheses
In response to the objectives, 3 null hypotheses were developed.
1. Fuel loading will not differ according to aspect class.
2. Fuel loading will not differ according to combinations of treatments and aspect classes.

3. Fire behavior will not differ due to combinations of treatments and aspect classes.

The organization of this thesis is that of a manuscript style thesis, composed of a
general literature review, Chapter 2, followed by individual chapters that address the
hypotheses, common conclusions, literature cited, and appendices. Chapter 3, entitled
FULE LOADING IN THE CETNRAL HARDWOODS, addresses hypothesis 1 and was
published as part of the proceedings of the 2" International Wildland Fire Ecology and
Fire Management Congress held in Orlando, FL, November 16-20, 2003. Chapter 4,

THE EFFECT OF THINNING AND PRESCRIBED FIRE ON FUEL LOADING IN



THE CENTRAL HARDWOOD REGION OF MISSOURI, addresses hypothesis 2 and
was published in the proceedings of the 14™ Central Hardwood Conference held in
Wooster, OH, March 17-19, 2004.

Chapter 5, EVALUATIONS OF PASSIVE FLAME HEIGHT SENSORS FOR
THE CENTRAL HARDWOOD REGION, is, as of May 2004, in the process of being
submitted for publication. Though this chapter does not directly address any of the
hypotheses, it is in direct support of chapter 6 and refines methods for sampling fire
behavior in the Central Hardwood Region. THE EFFECT OF THINNING AND
ASPECT ON FIRE BEHAVIOR IN THE CENTRAL HARDWOOD REGION, chapter
6, is the only chapter that is not in the process of being, or has not been, published. This
chapter addresses hypothesis 3.

The conclusions of each of the chapters are summed up in a common conclusions
section, chapter 7. In this chapter, the hypotheses are individually addressed by
conclusions supported by the previous chapters. Following the conclusions is chapter 8,

literature cited, and appendices.



Il. LITERATURE REVIEW

History of Fuel Loading in Central Hardwood Region of Missouri
The Central Hardwood Region covers approximately 220 million acres of the

United States extending along a 1200-mile line created by the Ohio River from
Massachusetts to southern Missouri and northern Arkansas (Figure 1). More specifically,
the Ozark Highland Section, which covers portions of southern Missouri, northern
Arkansas, and eastern Oklahoma, comprises one of the largest contiguous areas
dominated by oak-hickory forest in the Central Hardwood Region. Oak-pine forests also
occur within the section and are closely correlated with dry or xeric sites, fire, succession
in old fields, heavily disturbed hardwood stands, and pine plantations (Johnson et al.
2002). The Ozark Highland Section has endured an exceptional length of geologic
erosion, and, coupled with a central geographic location and tremendous physiologic
diversity, is a region comprised of unique ecosystems that are home to over two hundred
endemic plant and animal species (Nigh and Shroeder 2002).

Very little information is available on fuel loading, let alone the effects of
harvesting, thinning, or fire on fuel loading, in the Central Hardwood Region. A recent
literature search for such information yielded few references that directly addressed the
subject. Most studies were completed before the development of modern fuel sampling
techniques and timelag classes (Brown 1974). Departures from modern techniques are
the inclusion of woody material less than %" inch in litter samples, utilization of small
clip plots (24 and 19 in®) vs. larger clip plots (1 or 2 ft?), the exclusion of down, dead, and

woody fuel greater than ¥2” in, and insufficient sample points.



Figure 1. Location of the Central Hardwood Region within the Eastern United States.

Fuel loading studies completed prior to the development of modern techniques
include Paulsell (1957), Scowcroft (1965), Crosby and Loomis (1974), and Loomis
(1975). Nevertheless, reported “litter” weights do not depart greatly from those taken
using modern techniques (Anderson 1982, Grabner et al. 1999) (Table 1). Crosby and
Loomis (1967) and Loomis and Crosby (1968, 1970) evaluated the effect of thinning on
fuel loading and the contribution of hardwood fuels after aerial herbicide application in
pine stands located in southeast Missouri, also before the development of modern
techniques. Their findings indicated that the increase in fuel loading due to thinning in
pine stands can be accurately estimated using tabular figures linked with basal area

(Crosby and Loomis 1967) while fuel hazard from the breakup of hardwoods after aerial



herbicide application peaks at five to eight years after treatment (Loomis and Crosby
1968, Loomis and Crosby 1970). The increased fuel hazard was attributed to the increase
of woody fuels from hardwoods, which were 3 to 8 times greater in treated stands (2.5,
3.7, and 6.5 tons/acre) compared to untreated stands (0.8 tons/acre) eight years after
treatment. Though this work provides good insight into fuel conditions before and after
select treatments, it does not provide an accurate portrayal of 10, 100, or 1000-hour fuels
or conditions after the implementation of most modern silvicultural techniques.

Modern techniques of fuel sampling were developed by Brown (1974, Brown et
al. 1982) who further perfected methods explored by VVan Wagner (1968). These
techniques incorporate the use of planar transects to inventory down, dead, and woody
fuels by timelag class. Timelag classes correspond to the size, or diameter, of fuel and
the time necessary for the fuel to lose or gain 63 percent of the moisture above or below
its equilibrium moisture content (Table 2) (Anderson 1982, Brown et al. 1982). Litter
and herbaceous samples, where herbaceous material is < ¥4” in diameter, are included as
1-hour fuels and typically collected from plot frames located along or at the end of each
transect (Brown et al. 1982, Anderson and Brown 1987, Grabner 1996, National Park
Service 2001). Timelag classes are easily discernable and utilized by the National Fire
Danger Rating System (Brown and Roussopoulos 1974, Anderson 1982).

Anderson (1982) developed 13 standard fuel models with the use of modern
techniques, which are used by the fire behavior prediction model BEHAVE. These

models include general fuel loading values for oak-hickory (Quercus-Carya) leaf litter



Table 1. Comparison of fuel loading studies previous carried out in the Missouri Ozarks.

Fuel Loading (tons/acre)

Pre-Modern Studies Litter Woody

Paulsell (1957) 6.1 0.6

Scowcroft (1965) 5.4 1.2

Litter and Woody < 0.5"
Crosby and Loomis (1974) 5.4-6.7

Loomis (1975) 6.1

Modern Studies 1-hour *  10-hour 100-hour

Anderson (1982) 2.9 0.41 0.2
Grabner (1999) 1.8 0.4 0.7

* 1-hour fuel loading including litter.

Table 2. Timelag classes and corresponding size (Brown and Roussopoulos 1974,
Anderson 1982, Brown et al. 1985, National Park Service 2001)

Timelag Class  Size (in)
1-hour 0-0.25"
10-hour 0.25-1.0"
100-hour 1.0-3.0"
1000-hour 3.0" +

(fire behavior fuel model 9) and hardwood slash (fire behavior fuel model 6) in the
eastern United States. Grabner et al. (1999) attempted to characterize fuel loading using
ecological landtypes in the Missouri Ozarks but was hindered by small and unequal
sampling. Ottmar and Vihnanek (1999) developed a stereo photo series for quantifying
natural fuels in mixed oak types located in the central states. However, reported fuel
loadings are only representative of the area that falls within the view of the camera and
no stereo photos were developed for the portion of the Central Hardwood Region that

extends west of the Mississippi River.



Fire History and Vegetative Change

It is believed that fuel loading and vegetative structure have been altered from
pre-settlement conditions and are still changing. Most accounts of the Missouri
Ozarks prior to settlement describe open woodlands with little to no underbrush (Ladd
1991, Nigh 1992). This open forest structure was the result of an anthropogenic fire
regime, dominated by light surface fires, maintained by Native Americans. The mean
fire-free interval (MFI) during the Native American depopulated (1580-1700) and
repopulated (1701-1820) periods were 17.7 and 12.4 years, respectively (Guyette and
Cutter 1997, Guyette and Dey 1997).

Beginning in the early to mid 1800’s, settlement began to substantially effect the
forest structure, fire regime, and fuel loading of the Missouri Ozarks. The MFI decreased
to 3.7 years, an interval that is limited by the availability of fuel, during the period of
Euro-American settlement (1821-1940) (Guyette and Cutter 1997). A majority of the
Ozarks was completely cutover in late 1800°s and early 1900’s to feed America’s
westward progression. This mass harvest was conducted with little regard for
regeneration (Cunningham and Hauser 1992, Nigh 1992, Guyette and Dey 1997, Guyette
etal. 1999). Frequent fires and accumulations of slash, which resulted in intense fires,
killed pine regeneration and stimulated oak sprouting. This altered disturbance regime
undoubtedly effected on pine regeneration and recruitment (Cunningham and Hauser
1992, Guyette and Dey 1997).

The Missouri Department of Conservation, along with the USDA Forest Service,
began fire suppression began in the 1930’s increasing the calculated fire rotation length

during the period 1970-1989 to about 326 years statewide (Westin 1992). In an adjacent



area, the Arkansas Ozarks, the MFI was greater than 80 years for the period 1921-2000
(Guyette and Spetich 2003). There is evidence that fire exclusion, changing stand
structures, and timber harvest have increased fuel loadings (Guyette 1999). Suppression
created favorable conditions for the development of dense oak forest and allowed fuel
loading to increase, unchecked by periodic fire and controlled only by decomposition.

The composition of present day Ozark forests is much different from that of pre-
settlement composition. The second-growth forests are more dense and contain less pine
than historic stands with hardwoods completely replacing pine in many places
(Cunningham and Hauser 1992, Nigh 1992, Guyette and Dey 1997, Nigh et al. 2000). A
66-percent reduction in relative abundance of pine from historic levels (circa 1900) has
been noted in some areas along with a reduction in range from an estimated 6.6 million
acres to only about 400,000 acres of pine and oak pine forest in 1976 (Cunningham and
Hauser 1992, Guyette and Dey 1997).

Fire has long played a role in the development and maintenance of oak forests.
However, fire, or the lack thereof, has altered vegetative structure as well as midstory and
overstory composition of most oak forests in the United States. Abrams (1992) and
Nuzzo (1986) contend that prairies, woodlands, and savannas have or are becoming dense
oak forest while oak forests are becoming maple forests on more mesic sites. In many
instances, fire is being put back into these ecosystems to restore “natural” pre-European

conditions or to favor oak regeneration.
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Fire Behavior

Fire behavior and its effects is a mixed product of fuels, weather, and topography
that is important to foresters, fire managers, and ecologist alike in both prescribed fire
and suppression efforts. In most cases, fuel, weather, and interval prescriptions should be
formulated to achieve certain fire behavior characteristics that meet management
objectives (Johnson and Miyanishi 1995). It is a well-known fact that the response of an
ecosystem to disturbance is dependant on the severity, frequency, and size of the
disturbance itself (Romme et al. 1998). In the case of fire, severity is a function of
energy released, or intensity (Byram 1959, Brown and Davis 1973, Alexander 1982,

Johnson and Miyanishi 1995).

Correlation of Fire Behavior With Effects

The introduction of fire back into hardwood landscapes may seem like the logical
answer to many of the issues concerning oak forests such as oak decline or successional
replacement. However, it comes with a price. Despite oak’s resistance to fire-caused
mortality though a variety of adaptations, it is still very susceptible to damage that can
degrade the butt log, the most valuable portion of a tree (Paulsell 1957, Scowcroft 1965,
Loomis 1973, 1974, 1977, Loomis and Paananen 1989, Regelbrugge and Smith 1994).
Managers typically utilize “cool” backing fires when conducting “fuel reduction” burns
in hardwood forest under the premonition that cool fires will not damage trees.
Conversely, burns for savanna or woodland restoration are typically “hot” head fires, so

as to kill or damage a portion of the overstory to reduce basal area and stocking (George
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Hartman and Johnny Lindsey, personal conversation'). However, qualitative descriptors
such as “hot” or “cool” are often very difficult to correlate with ecologic response
(Rothermel and Deeming 1980, Alexander 1982, Johnson and Miyanishi 1995). It is
quite possible that backing fires may apply the same, or even more, heat to an area due to
slower rates-of-spread and longer residence times.

The lack of quantification of fire behavior has been a major shortcoming in many
studies of fire effects. However, measures of fire behavior exist that correlate with
effects. The two most common measures used to describe fire intensity are fireline
intensity (FLI) and heat per unit area (HPA) (Rothermel and Deeming 1980, Alexander
1982, Johnson and Miyanishi 1995). FLI (Btu/ft/sec) is the energy released per foot of
the flaming front per second while HPA (Btu/ft?) accounts for the amount of energy
released per unit of area by the flaming front (Byram 1959, Brown and Davis 1973,
Alexander 1982, Johnson and Miyanishi 1995). Another measure of energy release is
total energy release (Btu/unit area). Total energy release accounts for both energy
released by the flaming front and energy released by consumption after the flaming front
(Byram 1959, Rothermel and Deeming 1980). Once calculated, these parameters can be
treated like any other independent variables in regression equations (Rothermel and
Deeming 1980).

FLI has successfully been used for many years as a tool to guide wildfire
suppression tactics (Rothermel 1972, Albini 1976, Anderson 1982). Though success has
been mixed, attempts have been made to correlate fire behavior with ecosystem response.

The understanding of the effects, such as species composition change, mortality, and seed

! Personal conversation with George Hartman, Fire Ecologist, Missouri Department of Conservation,
Resource Science Division, 2002, and Johnny Lindsey, Forest Fire Management Officer, Ozark-St. Francis
and Ouachita National Forest, 2004.
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bank response, from one fire are good to fair while the ecological effects of multiple fires
is poor to fair at best (Agee 1997). Unfortunately, natural ecosystem variability
combined with the variability associated with fire behavior make this task difficult.
However, fire behavior and effects are not so unique that generalizations are impossible

(Rothermel and Deeming 1980, Agee 1997).

Fire Behavior Measures

FLI is derived using one of two methods: (1) observed flame length, and (2)
combining rate-of-spread (ROS) with fuel consumption and fuel “low heat” of
combustion (Byram 1959, Rothermel and Deeming 1980, Alexander 1982, Nelson 1986).
However, both methods have flaws. Flame length and ROS observations are extremely
variable through time and space (Johnson 1982) and rely mostly on human observations,
which can contain bias and perception error, while fuel consumption can include energy
released after the passing of the fire front (Ryan 1981, Alexander 1982). However,
several methods have been developed to remove a significant portion of human
subjectiveness from fire behavior sampling. Ryan (1981), Simard (1989), Finney and
Martin (1992), and Kolaks et al. (2004) have developed or evaluated the use of fire-
retardant treated cotton string or tin/lead solder as passive flame height sensors. Blank
and Simard (1983), and Simard et al. (1984) developed an algorithm that utilizes three
time measurement from buried timers to derive ROS and direction of fire spread across
any triangle.

HPA is simply calculated by dividing FLI by its corresponding ROS. Using HPA

offers a method for analyzing the energy released by the flaming front without a time

13



component (Rothermel and Deeming 1980). This is useful when comparing fires of
differing FLI that have similar or identical effects. Even though FLI may be different,
the HPA may be surprisingly similar. For the same FLI, the faster the ROS, the less heat
will be directed on a site. Conversely, slow moving fires with the same fireline intensity
will concentrate a considerable amount of heat on a site.

Total energy released (TER) is simply calculated by multiplying the weight of all
fuel consumed by the energy content of that fuel, less the heat of vaporization (Byram
1959, Brown and Davis 1973). In some cases the total energy released, or the energy
released after the passing of the flaming front, can be of greater importance than fireline
intensity (Rothermel and Deeming 1980). This situation is likely to occur where heavier
fuels, 1 inch in diameter or greater, ignite and consume for a period of time after the
passing of the flaming front. However, TER does not account for the energy pulse
associated with passing of flaming front. It cannot be considered a part of residence time
or FLI (Rothermel and Deeming 1980). The effect of two fires having identical TER
measurements could be completely opposite based on the proportion of energy that was
released during the short duration of the flaming front verses the longer duration of

glowing combustion.

Current Management Trends
Today federal and state agencies, as well as private organizations and individuals,
are using thinning, harvesting, prescribed fire, or combinations of these treatments as
management tools. In 2002, the same agencies and organizations applied prescribed fire

to more than 60,000 acres throughout Missouri. Also in 2002, the Missouri Department
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of Conservation (2002) alone mechanically treated almost 5,000 acres with about 2,800
of those acres receiving pre-commercial thinning and intermediate, unevenage, and
shelterwood harvest. The trend of using prescribed fire as a management tool increases
every year. By 2010, the Mark Twain National Forest alone plans to burn 40,000 acres a
year (Bennie Terrell, personal conversation?). However, the effects of management
activities on fuels are poorly understood.

There is a need to better understand these effects since these treatments are often
used for restoration of habitat and biodiversity. Thinning is commonly used in
intermediate cuttings, shelterwood systems, and savanna/woodland restoration (Johnson
et al. 2002). Fire is used, often in conjunction with mechanical thinning, to increase
biodiversity and species richness, promote the accumulation of oak regeneration,
stimulate grasses and forbs, prepare seedbeds for naturally or artificially disseminated
seed, control shade tolerant or exotic species, or as a thinning agent itself (Masters 1990,

Whelan 1995, Grabner 1996, Johnson et al. 2002)

2 Personal conversation with Bennie Terrell, Fuels and Urban Interface Specialist, Mark Twain National
Forest, 2004.
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I1l. FUEL LOADING IN THE OZARK HIGHLANDS OF THE
CENTRAL HARDWOOD REGION

Introduction

Little information is available on historic or current fuel loadings in the Central
Hardwood Region of the United States. A recent literature search for such information
yielded very few references that addressed the subject. Most studies were completed
before the development of modern fuel sampling techniques and timelag classes (Brown
1974). Paulsell (1957), Scowcroft (1965), Crosby and Loomis (1974), and Loomis
(1975) all evaluated fuel loading in the Missouri Ozarks before the development of
modern techniques.

Studies completed after the development of modern techniques have been limited.
Anderson (1982) developed 13 standard fuel loading models with the use of modern
techniques, which are used by the fire behavior prediction model BEHAVE. These
models include general fuel loading values for oak-hickory (Quercus-Carya) leaf litter
(fire behavior fuel model 9) and hardwood slash (fire behavior fuel model 6) in the
eastern United States. Grabner (1999) attempted to characterize fuel loading using
ecological landtypes in Missouri Ozarks but was hindered by small and unequal
sampling. Ottmar and Vihnanek (1999) developed a stereo photo series for quantifying
natural fuels in mixed oak types located in the central states. However, reported fuel
loadings are only representative of the area that falls within the view of the camera and
no stereo photos were developed for the portion of the Central Hardwood Region that

extends west of the Mississippi River.
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However, it is believed that fuel loading and vegetative structure have been
altered from pre-settlement conditions. Most accounts of the Missouri Ozarks prior to
Euro-American settlement describe open woodlands with little to no underbrush (Ladd
1991, Nigh 1992). This open forest structure was the result of an anthropogenic fire
regime, dominated by light surface fires, maintained by Native Americans. The mean
fire-free interval (MFI) during the period of Native American depopulated (1580-1700)
and repopulation (1701-1820) periods were MFI=17.7 and 12.4 years, respectively
(Guyette and Cutter 1997, Guyette and Dey 1997).

Beginning in the early to mid 1800’s, westward settlement began to substantially
effect the Missouri Ozarks. The MFI decreased to 3.7 years during the period of Euro-
American settlement (1821-1940) (Guyette and Cutter 1997). A majority of the Ozarks
was completely cutover in late 1800°s and early 1900’s to feed America’s westward
expansion (Cunningham and Hauser 1992, Nigh 1992, Guyette and Dey 1997). By 1910,
a most of the Missouri Ozarks had been logged, especially shortleaf pine, without any
regard to future forest (Cunningham and Hauser 1992, Guyette and Dey 1997, Guyette et
al. 1999). Frequent fires and accumulations of slash, which resulted in intense fires that
killed pine regeneration and stimulated oak sprouting, undoubtedly effected pine
regeneration and recruitment (Cunningham and Hauser 1992, Guyette and Dey 1997).

The composition of present day Ozark forests is much different from that of pre-
settlement composition. The second-growth forests are more dense and contain less pine
than historic stands with hardwoods completely replacing pine in many places
(Cunningham and Hauser 1992, Nigh 1992, Guyette and Dey 1997, Nigh et al. 2000). A

66-percent reduction in relative abundance of pine from historic levels (circa 1900) has
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been noted in some areas along with a reduction in range from an estimated 6.6 million
acres to only about 400,000 acres of pine and oak pine forest in 1976 (Cunningham and
Hauser 1992, Guyette and Dey 1997). Fire suppression began in the 1930’s increasing
the calculated fire rotation length during the period 1970-1989 to about 326 years
statewide (Westin 1992). In an adjacent area, the Arkansas Ozarks, the MFI was greater
than 80 years for the period 1921-2000 (Guyette and Spetich 2003). There is evidence
that fire exclusion, changing stand structures, and timber harvest have increased fuel
loadings (Guyette 1999). Suppression created favorable conditions for the development
of dense oak forest and allowed fuel loading to increase, unchecked by periodic fire and

controlled only by decomposition.

Purpose

Currently federal and state agencies, as well as private organizations and
individuals, use prescribed fire, thinning, harvesting, or combinations of these treatments
as management tools. In many cases these treatments are used for restoration of habitat
and biodiversity. In 2002, state and federal agencies as well as private organizations
applied prescribed fire to more than 60,000 acres throughout Missouri. There is evidence
that fire exclusion and timber harvest have increased fuel loadings (Guyette 1999).
However, the effects of management activities on fuels are poorly understood. Even
baseline loadings in mature oak-hickory and oak-pine stands are not known for the area.

Fuel loading data were collected in southeast Missouri as part of a cooperative
study funded by the Joint Fire Science Program. The project cooperators include the

USDA Forest Service North Central Research Station, U.S. Geological Survey Northern
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Prairie Wildlife Research Station, University Of Missouri - Columbia, and the Missouri
Department of Conservation. The purpose this study is to determine existing fuel loads
and whether aspect (south and west facing slopes (exposed), no slope (ridge), and north
and east facing sloes (protected)) has an effect on fuel loading in stands that will receive
thinning, prescribed fire, both thinning and prescribed fire, or no management (control).

This study is the most ambitious of is kind in this area.

Study Area

The study area is located in the southeastern Missouri Ozarks near Ellington, MO,
USA, on land managed by the Missouri Department of Conservation (Figure 1). In an
effort to minimize variation caused by potential vegetative differences, study sites were
all installed within the Black River Oak/Pine Woodland/Forest Hills Landtype
Association (Black River Hills LTA) utilizing the Missouri Ecological Classification
System, which uses the US Forest Service National Hierarchy of Ecological Units for
landscape classification (Meinert et al. 1997, Nigh et al. 2000, Nigh and Shroeder 2002).
LTAs are landscape scale ecological units, 10-100s of square miles in size, that lie in the
lower levels of the hierarchical Ecological Classification System. LTA delineation is
based on variations in local landform, relief, geologic parent material, soils, and
vegetation patterns which make them appropriate for local planning and assessment, i.e.

counties, watersheds, ranger districts (Nigh and Shroeder 2002).
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Figure 1. Location of study sites within the United States and arrangements of treatments

(blocks 3 used as an example).

The Black River Hills LTA is characterized by strongly rolling to hilly lands with

steep slopes and flat land found only in creek and river bottoms. Historically oak and

oak-pine woodlands and forest comprised the area. These forests types still dominate,

however, woodlands are second growth and have grown less open due to fire suppression

(Nigh and Shroeder 2002). The Black River Hills LTA is in the center of one of the
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largest blocks of forest in the Midwest which also supports a substantial timber industry

(Nigh et al. 2000).

Methods

Site Selection

Stands chosen for the study had no management or documented fire for 30 years.
All stands were fully stocked and composed primarily of oak-hickory and oak-pine forest
types. The study was replicated across three complete blocks of 12 stands (3 aspect
classes and 4 treatments) with each stand being an aspect/treatment unit. Aspect classes
included exposed backslopes (135-315 degrees), ridge, and protected backslopes (315-
135 degrees) (Nigh et al. 2000). Treatments were randomly assigned and included

thinning, prescribed fire, both thinning and prescribed fire, and no treatment (control).

Data Collection

Data were collected from 15 points within each stand. These points were along a
main transect placed at a random azimuth in each stand. The 15 points were installed at
randomly-chosen 20-meter intervals along the main transect.

Fuels were inventoried from each of the 15 sampling points using a modified
transect intercept method. Woody fuels were separated into four size classes: 0.0 to 0.25
in (1-hour), 0.25 to 1.0 in (10-hour), 1.0 to 3.0 in (100-hour), and greater than 3 in (1000-
hour). 1000-hour fuels were further separated into rotten and solid categories. From
each sample point, 1 and 10-hour fuels were inventoried along a 6 ft segment, 100-hour

fuels along a 12 ft segment, and 1000-hour fuels along the entire 50 ft length of the
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transect. Fuel height, litter and duff depths were measured at 5 ft intervals along the fuel
transect starting 1 ft from the origin (Brown 1974, Brown et al. 1982, Grabner 1996,
National Park Service 2001). Litter and herbaceous samples were collected from a 2.0 ft?
clip-plot located at the end of each fuel transect. Samples were then dried to a constant

weight at 60° C and reported on a dry-weight basis (Grabner 1996).

Data Analysis

For analysis, the pretreatment fuel data were organized into the following categories:
litter, 1-hour, 10-hour, 100-hour, all fuel < 1/4" in (litter and 1-hour woody fuel), all fuel
< 3in, 1000-hour solid, 1000-hour rotten, total fuel load, fuel height, litter depth, and
duff depth. Reliable fuel loading constants, specific gravities and squared average-
quadratic-mean diameters, could not be found for species in the Central Hardwoods. To
compute fuel loadings in the 1, 10, and 100-hour time lag classes, fuel loading constants
for northern red oak were used (Quercus rubra L.) (Fire Management Handbook
Software, USDI National Park Service). For 1000-hour rotten fuels, the average specific
gravity for northern red oak decay classes 1-3 (Adams and Owens 2001) were used. We
used these constants because the specific gravity of northern red oak is similar to black
oak (Q. velutina Lam.), the most abundant species in our study area.

Analysis of variance was utilized to determine if differences in fuel loading were

related to aspect. Data were analyzed using the Proc MIXED procedure in SAS. This
procedure was used because it allows covariates to vary within a subject (Wolfinger and

Chang 1995). An a-level < 0.05 was considered significant.
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Results and Discussion
Fuel loading by timelag categories did not substantially vary between aspects. The 1000-
hour solid fuels were an exception. 1000-hour solid fuels were significantly greater
(p=0.007) on protected slopes when compared to both ridges and exposed slopes. On
average there was a progression of increasing total fuel load from exposed, to ridge, and
finally to protected slopes (Figure 2), which could be caused by slower decomposition
and greater productivity on protected slopes. Litter, 1, 10, 100-hour, 1000-hour rotten,
and the sum of all fuels < 3.0 in did not vary greatly between aspects (Figure 2 and Table
1). However, some differences worth noting occurred between exposed slopes and ridges
in 10-hour fuels, exposed and protected slopes in total fuel loading (p=0.070), between
exposed and protected slopes (p=0.059) as well as exposed slopes and ridges (p=0.081) in
fuel height, and exposed and protected slopes in litter depth (p=0.059) (Figure 2 and
Table 1). Because finer fuels primarily drive fire behavior, particularly rate-of-spread,
total fuel loading probably is not the best indicator of potential fire behavior (Davis 1959,

Brown 1970, Brown and Davis 1973, Anderson and Brown 1987).
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Figure 2. Fuel loading by size class and aspect.
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The increased levels of 1000-hour solid fuels could increase residence time and
overall intensities on protected slopes. Anderson (1969) found that residence was
approximately 8 times the fuel particle diameter or thickness in inches. The burnout of
larger fuels can result in two waves of heat passing over an area with the second wave
possibly having a greater effect than the initial (Brown 1972, Rothermel and Deeming
1980). An increased risk of mortality or damage to standing timber may exist on

protected slopes.

Table 1. Fuel loading and vertical structure by size class and aspect.

Vertical
Fuel Loading (tons/acre) Structure (feet)
1000-hour 1000-hour
Litter 1-hour 10-hour 100-hour  Solid* Rotten Total Fuel Height  Litter Depth  Duff Depth
Block1 E 3.06 0.44 0.17 0.96 0.44 1.55 6.61 0.21 0.20 0.029
R 2.76 0.39 0.32 1.01 0.56 4.44 9.99 0.24 0.22 0.045
P 285 043 0.24 1.18 2.39 1.99 9.08 0.25 0.22 0.048
Block2 E 3.38 0.54 0.40 1.25 0.57 1.54 7.56 0.20 0.19 0.070
R 351 046 0.41 1.00 0.96 0.43 6.71 0.20 0.19 0.066
P 2.89 0.51 0.45 1.56 2.73 0.43 8.57 0.22 0.21 0.078
Block3 E 261 0.39 0.24 0.86 1.25 0.96 6.32 0.21 0.19 0.038
R 3.30 0.37 0.47 1.07 1.18 0.61 7.00 0.32 0.26 0.069
P 3.01 0.34 0.22 191 1.39 131 8.24 0.27 0.26 0.054
Overall Average
Exposed 3.02a 0.45a 0.27a 1.02a 0.76a 1.35a 6.83a 0.21a 0.19a 0.045a
Ridge 3.19a 0.40a 0.40a 1.03a 0.90a 1.82a 7.90a 0.25a 0.22a 0.060a
Protected 292a 0.43a 0.30a 1.55a 2.17b 1.24a 8.63a 0.25a 0.23a 0.060a

* significant difference among aspect found only in 1000-hour solid(p=0.007).
E = Exposed, R = Ridge, P = Protected
Standard deviations for average fuel loadings available in Appendix A, Table 1.
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Comparisons were made with fuel loading estimates reported by Scowcroft
(1965) and Grabner et al. (1999). Unfortunately sample sizes were small (n=5 and n=30
respectively where n = number of samples), and Scowcroft’s study predated modern
sampling techniques. Accurate comparisons with work done by Crosby and Loomis
(1974) and Loomis (1975) could not be made since these authors did not remove woody
debris from litter samples. Total fuel loading estimates and vertical structure were
similar (Table 2). However, Scowcroft (1965) and Paulsell (1957) attributed about twice
as much of the total fuel loading to litter as this study (Table 2). Grabner et al. (1999)
had similar results in most categories. Compared to Grabner et al. (1999), this study
found nearly 1.75 times more litter and 10 times more 1-hour fuels which explains the

increase observed in total fuel loading (Table 2).

Table 2. Comparison of fuel loading by size class with previous studies.

Fuel Loading Vertical
(tons/acre) Structure (in)
Litter 1-hour  10-hour  100-hour 1000-hour Total Fuel Height  Litter Depth  Duff Depth
Pualsell (1957) 6.10 6.69
Scowcroft (1965) 5.40 6.60 291
Grabner (1999) 1.80 0.02 0.42 0.70 2.38 5.29 1.78
This Study*  3.04 0.43 0.33 1.20 2.77 7.79 2.83 2.56 0.66

* All aspects averaged for each time lag category

The results of this study were also compared to fuel loading estimates used in the
BEHAVE model, and fire behavior prediction model, for hardwood leaf litter, fire
behavior fuel model 9 (Anderson 1982). Fuel loading in the 1-hour timelag class was
similar, but on average 18 percent greater (Table 3). Fuel loading in the 100-hour and
smaller category was found to be nearly 1.5 times, or 44 percent greater than that

assumed by the BEHAVE model (Table 3). This discrepancy could result in an
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underestimation of both flame length and rate-of-spread by BEHAVE when using fuel

model 9 in hardwood stands of the Missouri Ozarks that have not been recently burned.

Table 3. Comparison of fuel loading among aspect classes and fire behavior fuel model 9
(Anderson 1982), used by BEHAVE.

Fuel Loading (tons/acre)
<Y in (1-hr) < 3.0in (100 -hr)
Anderson (1982)

2.90 3.50

This Study
E 3.47a 4.76a
R 3.59a 5.02a
P 3.35a 5.20a

E = exposed, R = ridge, P = protected
Standard deviations found in Appendix A,
table 2.

Conclusion
Aspect does not significantly affect total fuel loading, but does affect 1000-hour
fuel loading under fully stocked forested conditions in the Ozark Highlands of Missouri.
With exception to 1000-hour solid fuels, a single fuel loading value for each timelag class
may reliably be used to predict fire behavior on any aspect. However, significant
changes in fuel loading due to position in the landscape may exist at smaller scales of
ecological classification. Further research is also needed in developing constants for

calculating fuel loadings in the Central Hardwoods Region.
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IV. THE EFFECT OF THINNING AND PRESCRIBED FIRE ON FUEL
LOADING IN THE CENTRAL HARDWOOD REGION OF MISSOURI

Introduction

Little information is available on fuel loading, let alone the effects of harvesting
or fire on fuel loading, in the Central Hardwood Region of the United States. A recent
literature search for such information yielded few references that addressed the subject in
the region. Most studies were completed before the development of modern fuel
sampling techniques and timelag classes (Brown 1974). Paulsell (1957), Scowcroft
(1965), Crosby and Loomis (1974), and Loomis (1975) all evaluated fuel loading in the
Missouri Ozarks before the development of modern techniques. Crosby and Loomis
(1967) and Loomis and Crosby (1968, 1970) evaluated the effect of thinning on fuel
loading and the contribution of hardwood fuels after aerial herbicide application in pine
stands located in southeast Missouri, also before the development of modern techniques.

Anderson (1982) developed 13 standard fuel models using modern techniques
which are used by the fire behavior prediction model BEHAVE. These models include
general fuel loading values for oak-hickory (Quercus-Carya) leaf litter and hardwood
slash in the eastern United States. Ottmar and Vihnanek (1999) developed a stereo photo
series for quantifying natural fuels in mixed oak types located in the central states.
However, reported fuel loadings are only representative of the area that falls within the
view of the camera and no stereo photos were developed for the portion of the Central
Hardwood Region that extends west of the Mississippi River.

It is believed that fuel loading and vegetative structure have been altered from

pre-settlement conditions and that they are still changing. Most accounts of the Missouri
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Ozarks prior to Euro-American settlement describe open woodlands with little to no
underbrush (Ladd 1991, Nigh 1992). This open forest structure was the result of an
anthropogenic fire regime, dominated by light surface fires, maintained by Native
Americans. The mean fire-free interval (MFI) during the Native American depopulated
(1580-1700) and repopulation (1701-1820) periods were 17.7 and 12.4 years,
respectively (Guyette and Cutter 1997, Guyette and Dey 1997).

Beginning in the early to mid 1800’s, settlement began to substantially affect the
forest structure, fire regime, and fuel loading of the Missouri Ozarks. The MFI decreased
to 3.7 years during the period of Euro-American settlement (1821-1940) (Guyette and
Cutter 1997). A majority of the Ozarks was completely cutover in late 1800°s and early
1900’s to feed America’s westward progression, and was conducted with little regard for
regeneration (Cunningham and Hauser 1992, Nigh 1992, Guyette and Dey 1997, Guyette
et al. 1999). Frequent fires and accumulations of slash, which resulted in intense fires,
killed pine regeneration already in place and stimulated oak sprouting. This altered
disturbance regime undoubtedly affected pine regeneration and recruitment (Cunningham
and Hauser 1992, Guyette and Dey 1997).

The composition of present day Ozark forests is much different from that of pre-
settlement composition. The second-growth forests are more dense and contain less pine
than historic stands with hardwoods completely replacing pine in many places
(Cunningham and Hauser 1992, Nigh 1992, Guyette and Dey 1997, Nigh et al. 2000). A
66-percent reduction in relative abundance of pine from historic levels (circa 1900) has
been noted in some areas along with a reduction in range from an estimated 6.6 million

acres to only about 400,000 acres of pine and oak pine forest in 1976 (Cunningham and
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Hauser 1992, Guyette and Dey 1997). Fire suppression began in the 1930’s increasing
the calculated fire rotation length during the period 1970-1989 to about 326 years
statewide (Westin 1992). In an adjacent area, the Arkansas Ozarks, the MFI was greater
than 80 years for the period 1921-2000 (Guyette and Spetich 2003). There is evidence
that fire exclusion, changing stand structures, and timber harvest have increased fuel
loadings (Guyette 1999). Suppression created favorable conditions for the development
of dense oak forest and allowed fuel loading to increase, unchecked by periodic fire and

controlled only by decomposition.

Purpose

Today federal and state agencies, as well as private organizations and individuals,
use thinning, harvesting, prescribed fire, or combinations of these treatments as
management tools. In 2002 the Missouri Department of Conservation alone
mechanically treated almost 5,000 acres with about 2,800 of those acres receiving pre-
commercial thinning and intermediate, unevenage, and shelterwood harvest (2002). Also
in 2002, the same agencies and organizations applied prescribed fire to more than 60,000
acres throughout Missouri. However, the effects of management activities on fuels are
poorly understood. There is a need to better understand these effects since these
treatments are often used for restoration of habitat and biodiversity.

Fuel loading data were collected in southeast Missouri as part of a cooperative
study funded by the Joint Fire Science Program. The purpose this study was to determine
existing fuel loads and whether aspect (south and west facing slopes (exposed), no slope

(ridge), and north an east facing slopes (protected)) has an effect on fuel loading in stands
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that received thinning, prescribed fire, both thinning and prescribed fire, or no

management (control). This study is the most ambitious of its kind in this area to date.

Study Area

The study area is located in the southeastern Missouri Ozarks near Ellington, MO
on land managed by the Missouri Department of Conservation (Figure 1). In an effort to
minimize variation caused by potential vegetative differences, study sites were all located
within the Black River Oak/Pine Woodland/Forest Hills Landtype Association (Black
River Hills LTA) utilizing the Missouri Ecological Classification System, which uses the
US Forest Service National Hierarchy of Ecological Units for landscape classification
(Meinert et al. 1997, Nigh and Shroeder 2002).

This LTA is characterized by strongly rolling to hilly lands with steep slopes and
flat land found only in creek and river bottoms. Historically oak and oak-pine woodlands
and forests comprised the area. These forest types still dominate, however, woodlands
are second growth and have grown more closed due to fire suppression (Nigh and
Shroeder 2002). The Black River Hills LTA is in the center of one of the largest blocks
of forest in the Midwest which also supports a substantial timber industry (Nigh et al.

2000).
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Figure 1. Location of study sites within the United States and arrangements of treatments
(block 3 used as an example).

Methods
Site Selection
Stands selected for the study had no management or documented fire for 30 years.
All stands were fully stocked and composed primarily of oak-hickory and oak-pine forest
types. The study was replicated across three complete blocks of 12 stands (3 aspect

classes and 4 treatments) with each stand being an aspect/treatment unit. Aspect classes
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included exposed backslopes (135-315 degrees), ridge, and protected backslopes (315-

135 degrees) (Nigh et al. 2000).

Treatments

Treatments were randomly assigned and included thinning, prescribed burning,
both thinning and prescribed burning, and no treatment (control). Commercial thinning
of the overstory occurred during the summer and early fall 2002. Thinning was
accomplished using a mark-leave method. Preference was given to individuals having
fire tolerance, good form, and canopy dominance. Leave trees were marked and a logger
was allowed to harvest the remaining trees. Any remaining unmarked trees were slashed
after the harvest was complete. Stocking was reduced to 60-percent based on the
Gingrich (1967) stocking chart. This stocking level is commonly used in intermediate
cuttings, shelterwood systems, and savanna/woodland restoration (Johnson et al. 2002).
Prescribed burns were completed in spring 2003 utilizing a modified ring fire method
while simultaneously igniting the ridges under a prescription commonly used in the

region (Table 1).

Table 1. Weather parameter and fuel moisture prescription used for prescribed burning
and observed values.

Observed Observed

Attribute Prescription  Average Range

Temp (°F) 45-65 64 45-74

Mid Flame Wind (mph) 0-7 2.5 0-7.5
Rel. Humidity (%) 25-45 22.4 9-46

Fuel Moisture:

1-hr. 5-10 5.4 5-6

10-hr. 8-15 9.8 8-12

100-hr. 12-18 13.7 13-18
1000-hr. > 20 17.6 17-20

33



Data Collection

Data were collected at 15 points within each stand prior to and after treatments
were applied. These points were along a main transect placed at a random azimuth in
each stand. The fifteen points were installed at randomly-chosen 20-meter intervals
along the main transect. Pre-thinning data, including controls, were collected
winter/spring 2002. Post-thinning and pre-burn data collection occurred during
winter/spring 2003. Post-burn and 2™ year control data collection was completed after
the burns in spring 2003.

Fuels were inventoried from each of the 15 sampling points using a modified
transect intercept method. Woody fuels were separated into four size classes: 0.0 to 0.25
in (1-hour), 0.25 to 1.0 inch (10-hour), 1.0 to 3.0 inch (100-hour), and greater than 3 in
(1000-hour). 1000-hour fuels were further separated into rotten and solid categories.
From each sample point, 1 and 10-hour fuels were inventoried along a 6 foot segment,
100-hour fuels along a 12 foot segment, and 1000-hour fuels along the entire 50 ft length
of the transect. Fuel height, litter and duff depths were measured using a yard stick at 5
foot intervals along the fuel transect starting 1 foot from the origin (Brown 1974, Brown
et al. 1982, Grabner 1996, National Park Service 2001). Litter and herbaceous samples
were collected from a 2.0 ft? clip-plot located at the end of each fuel transect. Samples
were then dried to a constant weight at 140° F (60° C) and reported on a dry-weight basis

(Grabner 1996).
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Data Analysis

For analysis, fuel data were organized into the following categories: litter, 1-hour,
10-hour, 100-hour, all fuel < ¥ inches (litter and 1-hour fuel), all fuel < 3 inches (litter
and all woody fuel up to and including 100-hour), 1000-hour solid, 1000-hour rotten,
total fuel load, fuel height, litter depth, and duff depth. Reliable fuel loading constants,
specific gravities and squared average-quadratic-mean diameters, could not be found for
species in the Central Hardwood Region. To compute fuel loadings in the 1, 10, and 100-
hour time lag classes, we used fuel loading constants for northern red oak (Quercus rubra
L.) taken from the National Park Service’s Fire Management Handbook Software (USDI
National Park Service). For 1000-hour rotten fuels, the average specific gravity for
northern red oak decay classes 1-3 (Adams and Owens 2001) was used. We used these
constants because the specific gravity of northern red oak is similar to black oak (Q.
velutina Lam.), the most abundant species in our study area. Specific gravities for 1000-
hour solid fuels were taken from the Wood Handbook (Forest Products Laboratory 1999).

Analysis of variance was used to determine if differences in fuel loading were
related to treatment and aspect. Data were analyzed using the Proc MIXED procedure in
SAS. This procedure was used because it allows covariates to vary within a subject

(Wolfinger and Chang 1995). An a-level < 0.05 was considered significant.

Results and Discussion
Pretreatment Fuel Loading
With the exception of 1000-hour solid fuels, pretreatment fuel loading by timelag

categories did not significantly vary between aspects (p = 0.007) (Kolaks et al. 2003). On
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average there was a progression of increasing total fuel load from exposed, to ridge, and
finally to protected slopes. Differences worth noting occurred between exposed slopes
and ridges in 10-hour fuels, exposed and protected slopes in total fuel loading, between
exposed and protected slopes as well as exposed slopes and ridges in fuel height, and

exposed and protected slopes in litter depth (Table 2) (Kolaks et al. 2003).

Table 2. Pretreatment fuel loading and vertical structure.

Fuel loading (tons/acre) Vertical structure (in)
1000-hour Fuel Litter Duff
Litter 1-hour 10-hour 100-hour Solid Rotten Total Height Depth Depth
E 3.0a 0.5a 0.3a 1.0a 0.80a l4a 6.8a 252 23a 0.6a
R 3.2a 0.4a 0.4a 1.0a 0.9a 18a 7.9a 3.0a 27a 0.7a
P 29 04a 0.3a 1.6a 2.1b 1l2a 8.6a 30a 27a 0.7a
Aspects: E = exposed, R = ridge, P = protected

Different letters within columns indicate significant difference.
Standard deviations located in Appendix A, Table 1.

Changes Caused by Thinning

Commercial thinning reduced litter weight, all fuel < % in, litter depth, and duff
depth (Table 3). All other categories showed an increase with 1000-hour solid fuels
contributing the most followed by 100-hour fuels. However, the change in all fuel < %
in, 1000-hour rotten, and duff depth on any aspect, as well as litter weight on ridges was
not significantly different from pretreatment levels.

Increases were significantly higher on ridges and protected slopes than on
exposed slopes in the 100-hour (p=0.009 and 0.025, respectively) and all fuel < 3 in
(p=0.008 and 0.008, respectively) categories. Fuel height increases were also

significantly higher (p=0.040) on protected slopes as opposed to exposed slopes. Though
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not significant, the differences between exposed slopes and ridges in 1-hour (p=0.054)

and 10-hour fuel loading (p=0.093) are noteworthy.

Table 3. Fuel loading differences in tons/acre as result of commercial thinning.

Fuel loading (tons/acre) Vertical structure (in)
1000-hour Fuel Litter Duff
Litter  1-hour 10-hour 100-hour <1/4in <3in Solid Rotten  Total Height  Depth  Depth
E -0.7a 04ab 0.4a l4a  -0.37a* lda* 13.1a  15a* 14.6a 9.1ab -0.9a -0.20a*
R -0.2a* 0.7a 0.8a 3.8b 0.42a* 4.5b 13.3a 1l.2a* 18.3a 9.8a -1.la  0.la*

P -0.7a 0.7ac 0.7a 3.3b  -0.02a* 4.5b 13.3a  1.6a* 19.6a 128ac  -1.0a  -0.3a*
Aspects: E = exposed, R = ridge, P = protected
Different letters within columns indicate significant (¢=0.05) difference.

*Differences not significant (¢=0.05).
Standard deviations located in Appendix B, Table 1.

Reduction in litter weight, litter depth, and duff depth is most likely the result of
the mechanical harvesting operation (rubber-tire skidder) that moved litter and duff
laterally across the landscape. Many areas were completely devoid of litter and duff due
to skid trails and landings. In addition, a more open overstory allows greater wind
velocities at ground level that could remove or concentrate loose leaf-litter making it less
likely to be sampled. Though not significant, the increase in duff depth on ridges could
be attributed to uphill skidding during harvesting operations that deposited organic

material from the surrounding exposed and protected slopes.

Post-Thinning Fuel Loading

There was an increase, albeit non-significant, in total fuel load from exposed

slopes, < ridge, < protected slopes (Table 4). The end result of thinning was an increase
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in total fuel loading of about 300% from pretreatment conditions (Table 2). 1000-hour
solid fuel replaced litter as the heaviest component of total fuel loading. 10-hour fuel
loading was significantly higher on ridges than on exposed slopes (p=0.035). Both ridges
and protected slopes showed significantly higher fuel loading than exposed slopes in 100-
hour (p=0.004 and 0.007, respectively) and all fuel < 3 inches categories (p=0.059 and
0.007, respectively) (Table 4 and 5). Fuel height was also significantly higher on
protected slopes as opposed to exposed (p=0.022). Nearing significance was the
differences in exposed and protected slopes for 1-hour fuels (p=0.073). Differences
among aspect trends were similar to those found in pre-treatment fuel loading;

progressing from exposed, < ridge, < protected.

Table 4. Post-thin fuel loading and vertical structure.

Fuel Loading (tons/acre) Vertical Structure (in)
1000-hour Fuel Litter Duff
Litter 1-hour' 10-hour 100-hour  Solid  Rotten Total Height Depth Depth
E 26a 09 0.8ab 2.4a 14.3a 27a 225a 12.4a 1.8a 0.6a
R 26a 1lla 1lZ2ac 4.7b 14.6a 22a 25.7a 13.2a 1.9a 1.1a
P 27a 1l2a 1.1a 4.5b 17.3a 2.3a 28.4a 16.3a 1.9a 0.7a

Aspects: E = exposed, R = ridge, P = protected

Different letters within a column indicate sig. («=0.05) difference.

! Difference between P and E slopes approaching significance (0.05<p<0.10).
Standard deviations located in Appendix C, Table 1.

Fuel descriptions for any of the 13 standard fuel models did not accurately
describe our post-thinning fuel loadings (Anderson 1982) (Table 5). Post-thinning fuel
load for all fuel < 1/4 in are most closely approximated by fuel model 9, hardwood leaf
litter; 10, timber; and 12, medium logging slash. For all fuel < 3 in, fuel model 11, light

logging slash, most closely describes ridges and protected slopes while fuel model 6,
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dormant brush and hardwood logging slash, best describes exposed slopes. Since
significant difference exist between aspects in all fuel < 3 in, a different fuel model may
need to be utilized on exposed slopes than on ridges and protected slopes. Also, since no
single fuel model best describes overall post-thinning fuel loading, the selection of a fuel

model based on fire behavior may be warranted (Ryan 1981, Anderson 1982).

Table 5. Post-thinning fuel loading in timelag classes used by BEHAVE and
comparisons with loadings assumed by BEHAVE (Anderson 1982).

Fuel loading (tons/acre)
< 1/4in (1-hr) <3.0in (100 -hr)

Anderson (1982)

Fuel Model 6 1.5 6.0
Fuel Model 9 2.9 35
Fuel Model 10 3.0 12.0
Fuel Model 11 1.5 115
Fuel Model 12 4.0 34.6
This Study

Exposed 3.5a 6.74a
Ridge 3.4a 9.51b
Protected 3.9a 9.43b

Different letters within a column indicate significant
(0=0.05) difference for this study only.
Standard deviations located in Appendix C, Table 2.

Prescribed Burning

Consumption:

For the most part, all burns were conducted within prescription. Average relative
humidity (RH) was below prescription, however, ignition operations were completed
before the RH dropped below the lower threshold (Table 1). Weather and 10-hour fuel
moisture were taken by an on-site automated weather station. One, 100, and 1000-hour

fuel moistures were calculated using data from 2 automated weather stations that
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experienced similar weather patterns located in relatively close proximity (9 and 15
miles).

Average flame length was greater in the burn-thin treatment, 23 in, than in the
burn only treatment, 18 in. However, the difference between treatments was not
significant except when accumulations of slash were encountered. Flame length from
slash accumulations ranged from 5 to 50 ft with 14 ft being average. Average flame were
from 21 to 27 in on protected and exposed slopes respectively, and 13 in on ridges.
Observed rates-of-spread were higher on the slopes than on ridges.

Prescribed burning reduced fuel loading and vertical structure in all categories in
both thinned and unthinned treatments (Table 6 and 7). Fuel consumption decreased as
timelag size class increased (Table 6 and 7). Consumption did not significantly vary
among aspects for either treatment. However, the data suggest that a greater proportion
of consumption occurred on exposed slopes in 1, 10, and 100-hour timelag classes than
on ridges and protected slopes.

In all cases nearly 100 percent of litter was consumed. Litter was responsible for
the consumption of about 90 percent of all fuel < % in and about 75 percent of all fuel < 3
in for un-thinned sites as well as 75 and 50 percent, respectively, for thinned sites.
Scowcroft (1965) found somewhat similar results reporting that 90 to 85 and 80 to70
percent of leaf litter was consumed on unthinned annually burned and periodically burned

(every five years) sites, respectively.
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Table 6. Consumption of fuel for the burn-only treatment by aspect .

Fuel Loading (tons/acre) Vertical Structure (in)
1000-hour Fuel Litter Duff

10- 100-
Aspect® Litter 1-hour hour hour* <%in <3in Solid* Rotten* Total Height Depth Depth
E -29a -03a -0.2a -0.3a -3.2a -3.7a -0.la -0.5a -39a -24a -2.1la -0.3
Percent 99 60 45 35 93 78 30 60 67 91 98 45a

R -3.0a -0.2a* -0.1a -0.1a -3.2a -3.6a -0.la -0.2a -3.5a -2.8a -1.9a -0.3a*
Percent 97 48 19 16 92 79 12 9 49 91 97 35

P -25a -0.3a -0.1a -0.3a -28a -3.0a -0.1la -l1.1a -35a -2.5a -2.0a  -0.2a*
Percent 96 27 16 19 89 62 37 41 47 90 96 27
Aspects: E=exposed, R=ridge, P=protected
Different letters within a column designate significant (0=0.05) difference.

*Consumption not significant (a¢=0.05) for individual value or entire category.
Standard deviations located in Appendix B, Table 3.

Table 7. Consumption of fuel by aspect for the burn-thin treatment aspect.

Fuel Loading  (tons/ acre) Vertical Structure (in)
1000-hour Fuel Litter  Duff

10- 100-
Aspect! Litter 1-hour hour hour <1/4in <3in Solid Rotten* Total Height Depth Depth

E -2.8a -0.5a -0.4a* -.1la* -3.3a -4.6a -1.7a -1.0a -6.0a -7.0a -1.9a -0.30a*
Percent 100 56 53 5 89 66 12 51 28 50 98 38

R -27a -09a -10a -l6a -3.6a -6.la -0.7a* -05a -7.2a -6.4a -20a -1.0a
Percent 97 75 66 30 91 57 5 3 27 41 93 68

P -3.0a -10a -0.6a*-1.1a* -39a -5.6a -1.3a* -1.0a -6.6a -8.0a -2.1a -0.40a*
Percent 100 73 57 26 91 58 7 39 24 43 99 45
!Aspects: E=exposed, R=ridge, P=protected
Different letters within a column indicate significant (¢=0.05) difference

*Consumption not significant (a=0.05) for individual value or entire category.
Standard deviations located in Appendix B, Table 2.

The near 100 percent consumption of leaf litter along with the remaining

percentages of fine fuel (all fuel < 3 in) eliminated surface fuel continuity, and a major
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influence on fire behavior (Davis 1959, Brown and Davis 1973, Anderson and Brown
1987) making the potential for immediate reburn virtually nonexistent. However, reburn
can occur shortly after the first leaf-fall. Scowcroft (1965) reported that in the three years
following a burn, 4 tons/acre of litter accumulated. He also reported an increased
percentage of woody fuel on burned sites that fell from trees killed by the fire. With 50
percent of equilibrium litter accumulation being regained in 2.5 years, and 75 percent in
five years after a fire (Guyette 1999), surface fuels and horizontal continuity return
quickly.

One hundred, 1000-hour solid, 1000-hour rotten, and duff depth consumption
resulting from the burn was not significant for both treatments on most aspects (Tables 6
and 7). Burn-only treatment data suggest that a greater percentage of 1000-hour fuels
were consumed on slopes of either aspect than on ridges. Higher intensity fires on the
slopes likely caused this result while fire behavior on the ridges was mostly only wind
driven. However, this effect was not observed in the burn-thin treatment.

The lack of consumption indicates that, under weather conditions conducive to
prescribed burning, larger woody debris and duff will not be substantially reduced.
However, wildfire during high-risk conditions such as high temperatures, low relative
humidity (< 20 percent), and low 1000-hr fuel moistures (< 15 percent) could yield
different results. Our prescribed burn consumption results are contrasted by memorable
fire seasons in Missouri, 1980 (Westin 1992) and 1999-2000, when 1000-hour fuels were
readily consumed. This consumption was mostly likely the result of high wildfire risk
conditions brought on by prolonged drought. Prescribed burning under these conditions

could compromise objectives and holding efforts.
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If prescribed fire is used as a site preparation tool for shortleaf pine regeneration
several applications may be needed for sites that have not been previously burned.
Burning only reduced the duff layer an average of 46 percent (Table 6 and 7). A layer of
duff about %% in thick (Table 8) remained after the burn on all aspects and in both
treatments. This could possibly inhibit the establishment of pine seedlings from natural
regeneration or direct seeding (Burns and Honkala 1990).

Overall burning reduced total fuel loading by about 50 percent on burn-only
stands and 25 percent on burn-thin stands (Table 6 and 7). Seventy percent of all fuel <3
in was consumed in burn-only stands and 60 percent in burn-thin stands compared to 50
percent consumption of fuel < 3.15 in reported by Clinton et al. (1998) in mixed white
pine-hardwood stands of the southern Appalachians. In general, consumption in all
categories except litter was less than what occurs in timbered stands of the western US

(Kauffman and Martin 1989).

Table 8. Post burn fuel loading by aspect for burn-only and burn-thin treatments.

Fuel Loading (tons/acre) Vertical Structure (in)
1000-hour Fuel Litter  Duff
'Aspect Litter 1-hour 10-hour 100-hour <1/4in <3in Solid Rotten Total  Height Depth Depth
Burn-only
E 0.03a 0.2a 0.2a 0.6a 2a 10a 02a 03a 1.9a 0.2a 0.05a 0.4a
R 0.08a 0.2a 0.2a 0.5a .3a 1.0a 08a 1.5a 3.7a 0.3a 0.06a 0.5a
P 0.10a 0.8a 0.3a 1.3a Aa 19a 0.1a 1.6a 4.0a 0.3a 0.08a 0.6a
* * * * * *
Burn-thin
E 0.01a 0.4a 0.4a 1.5a Aa 2.3a 12.2a 1.0a 15.6a 7.1ab 0.04a 0.5a
R 0.08a 0.3a 0.5a 3.8b 4a  46b 13.3a 1.7a 19.5a 9.4a 0.14b  0.5a

P 0.00a 0.4a 0.5a 3.2b 4a 40b 156a 1.6a 21.3a 10.8ac 0.03a 0.5a

Aspects: E = exposed, R = ridge, P = protected

Different letters within a column indicate significant (¢=0.05) difference
*Differences between treatments not significant (¢=0.05) for category
Standard deviations located in Appendix C, Table 3 and 4.
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The Effect of Aspect on Post-Burn Fuel Loading:

There were no post-burn significant differences among aspects in all categories of
the burn-only treatment (Table 8). Several categories exhibited post-burn differences
between aspects in the burn-thin treatment (Table 8) including 100-hour between exposed
and both protected slopes (p=0.023) and ridges (p=0.005), all fuel < 3 in between
exposed and both protected slopes (p=0.031) and ridges (p=0.007), fuel height between
exposed and protected slopes (p=0.014), and litter depth between ridges and both exposed
and protected slopes (p=0.001 for both). Since 100-hour fuels are a component of all
fuels < 3 in, it was not surprising that both categories were greater on protected slopes
and ridges than on exposed slopes (Table 8). These differences are almost identical to
those observed after thinning (Table 3). However, burning also produced a near
significant difference in total fuel loading (p=0.083) between exposed and protected
slopes, not observed pre-burn.

Fuel height was greater on protected slopes compared to exposed slopes after
burning in the thinning treatment. Although not indicated in post-thinning data, litter
depth on ridges was greater than both protected and exposed slopes after the burn (Table
8). This greater depth was most likely the result of greater fragmentation of horizontal
continuity observed on ridges from increased mechanical harvesting traffic. Small
islands of unburned fuel were common in high traffic areas and could have affected litter
depth compared to areas where consumption and surface fuel continuity were more

uniform.
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There was no significant difference between the burn-only and burn-thin
treatments in litter, 1-hour, all fuel < % in, 1000-hour rotten, litter depth, and duff depth
categories following the burn (Table 8). This is not surprising considering that many of
the same categories were not significantly different from pre to post-thinning conditions

(Table 3).

Conclusion

Aspect affects some categories of fuel loading in unburned and unthinned stands
as well as thinned stands. Thinning significantly alters 1, 10, 100-hour, and 1000-hour
solid fuel loading while not affecting the others. In both thinned and unthinned stands
there is a progression in fuel loading from exposed slopes, < ridge, < protected slopes.
Significant changes in fuel loading due to position in the landscape could be more
prevalent at smaller scales of ecological classification. Further research is also needed in
developing constants for calculating fuel loadings in the Central Hardwood Region.

Consumption during prescribed fires was not significantly affected by aspect.
Post-burn aspect differences were almost identical to pre-burn differences found
primarily in heavy fuels not significantly affected by burning. With litter making up 50
percent or greater of all fuel < 3 in, prescribed burning will only temporarily reduce the
threat of fire in the Central Hardwood Region. Since fine fuels return fairly quickly
surface fuel continuity will soon be restored. One and 10-hour fuels are likely to increase
after the burn due to the contribution of branch wood from trees killed by the fire
(Scowcroft 1965). This combined with the additional curing time of 100 and 1000-hour

fuels not consumed by the first fire, could result in high intensity fires in the near future.
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V. EVALUATION OF PASSIVE FLAME HEIGHT SENSORS FOR THE
CENTRAL HARDWOOD REGION

Introduction

Fire behavior is important in the study of ecological effects of fire as well as in
suppression and prescribed fire activities. It is a well-known fact that the response of an
ecosystem to disturbance is dependant on the severity of the disturbance itself (Romme et
al. 1998). In the case of fire, severity is a function of energy released, or intensity
(Byram 1959, Brown and Davis 1973, Alexander 1982, Johnson and Miyanishi 1995).
Van Wagoner (1977: 349-350) noted that “...fire intensity thus conceived contains about
as much information about a fire’s behavior as can be crammed into one number.” For
years fire behavior nomograms, which estimate fire intensity, flame length, and rate-of-
spread (Albini 1976), have been used to guide suppression technigques and resource
allocation using what is affectionately known as the “haul chart”, a nomogram that
correlates flame length, fireline intensity, and tactics. Alexander (1982: 350) noted that
“...the single most valid characteristic of a fire’s general behavior and direct impact on

above ground vegetation is “fire intensity’.”
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Fireline intensity is an aspect of fire behavior that can be related to effects (Rothermel
and Deeming 1980). Fireline intensity is expressed as Btu/second/ft or KW/m and is

obtained using Equation (1) (Byram 1959, Brown and Davis 1973, Alexander 1982):

| = HWR (1)
where: | = fireline intensity (Btu/sec/ft or KW/m)
H = yield per unit mass of fuel (Btu/lb of fuel consumed or J/g)
W = weight of fuel consumed (Ib/ft® or g/m?)

R = rate of spread (ROS) (ft/sec or m/sec)

This equation, however, has some identified shortfalls (Ryan 1981, Alexander 1982,
Anderson 1982, Finney and Martin 1992). The most problematic is that it relies on a
precise figure of the amount of fuel consumed in the active combustion zone of a passing
fire front. For fuel models containing other than fine fuels, such as logging slash,
standing or downed timber, and shrubs, consumption of fuel after the passing of the
active combustion zone inflates intensity estimates (Alexander 1982, Anderson 1982,
Finney and Martin 1992). Ryan (1981) also reports that H in equation 1 is affected by the
physical and chemical properties of the fuel as well as factors that affect combustion
efficiency such as fuel moisture.

Because of the problems associated with equation 1, researchers sought a method
to predict fireline intensity (1) that was not dependent on the troublesome parameters H
and W. Subsequently, they identified a relationship between average flame length and

fireline intensity(Byram 1959, Nelson 1980, 1986). The equations that have been
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developed are of the same form with constants, a and b, specific to the local fuel type or

conditions (Byram 1959, Nelson 1980, 1986, Finney and Martin 1992) (Equation 2):

| =aL® (2)
where: | = fireline intensity (Btu/ft/sec or kW/m)
a = constant
b = constant

L= flame length (ft or m)

Reliance on flame length for estimating fireline intensity controlled calculation
bias, but exacerbated measurement error. Ocular estimation is often the method used to
collect flame length data. Unfortunately, it is impossible to establish the accuracy or
precision of data collected in this manner (Ryan 1981). In addition, the concept of flame
length is often misunderstood. Often this misunderstanding lies within the definition of
flame length itself, which adds to the potential for bias or inflated measurement error.
Flame length is defined as the distance between the tip of the flame and the ground (or
surface of the remaining fuel) midway in the zone of active flaming, not vertical height.
Thus, an individual must estimate the length of an erratically pulsating flame front over a
period of time (Rothermel and Deeming 1980, Simard et al.1989). Other factors leading
to increased variability include impaired flame length perception across varying distances
and the potential for less than optimal viewing angle (Ryan 1981).

In an attempt to reduce the measurement error attributable to ocular estimation,

determination of flame height using remote methods has been evaluated. Once estimated,
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flame height can be converted into flame length by measuring and applying the slope of
the landscape and flame tilt angle. Both of the additional measurements are much easier
to estimate than flame length and can be done at a safe distance (Ryan 1981).

Remote methods of measuring flame length include using passive flame height
sensors or measuring the height of stem-bark char. However, tests revealed that stem
bark char should not be used as a substitute for flame length since it is inaccurate and, on
average, underestimated flame height by half (Cain 1984). Past studies have shown
passive flame height sensors to be a practical and accurate indicator of flame height
(Ryan 1981, Simard et al. 1989, Finney and Martin 1992). Passive flame height sensors,
usually wire solder or cotton string treated with fire retardant, are suspended in the burn
area prior to ignition. Advantages include the elimination of bias associated with both
human perception and variable flame characteristics (Finney and Martin 1992, Ryan
1981). Another advantage includes the reduced need to have multitude of observers
during a burn, which can be costly and hazardous (Ryan 1981). Although several
materials that have been tested and calibrated for use as passive flame height sensors in a
variety of fuel types, a recent literature search revealed that there has been only limited

testing and calibration in hardwood leaf litter.

Purpose
We designed a study to evaluate the effectiveness of passive flame height sensors
under field conditions in the Ozark Highlands of the Central Hardwood Region, for
possible use in a fire behavior study. Because of the size and multiple locations of the

burn areas and the number of sample plots that needed to be measured, using a multitude
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of human observers would be unsafe and impractical. When combined with the
previously mentioned biases and error introduced by observers, the need for an
inexpensive and accurate passive flame height sensor was essential if the fire behavior
study were to prove feasible.

The two most common materials used for passive flame height sensors, fire-
retardant treated cotton string and wire solder, were tested in hardwood leaf litter typical
of the Central Hardwoods Region that lies west of the Mississippi River. This study was
conducted to determine which sensor material would best indicate average flame height

(Byram 1959, Adkins 1995) under field conditions in the Missouri Ozark Highlands.

Methods and Materials

Site Selection

The study was conducted at the Thomas S. Baskett Wildlife Research and
Education Center located approximately three miles east of Ashland in Central
Missouri’s Boone County. The center is approximately 2,250-acres in size with forest
cover best described as mature second growth oak-hickory interspersed with old fields in
various stages of succession. This vegetative structure is typical of central Missouri and
the Ozark Highlands. The burn site was located on the shoulder of a large ridge generally
oriented north to south. The study area had a southwest topographic aspect and the slope
varied between 2% and 6%. Overstory canopy was dominated by black (Quercus
velutina), white (Q. alba), and post oak (Q. stellata). Midstory associates included

flowering dogwood (Cornus florida), redbud (Cercis Canadensis), and ironwood
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(Carpinus caroliniana). The fuel bed was continuous and typical of hardwood leaf litter
in the Ozark Highlands of Missouri.

The burn was conducted in early May, prior to leaf-out, and approximately five
days since the last rain. At the time of ignition, the dry bulb was 78°F, relative humidity

was 49%, and the winds were out of the southwest at 2 to 6 miles per hour.

Materials

In previous studies, fire-retardant treated cotton string and 18 gauge 60/40 tin/lead
solder were used (Finney and Martin 1992, Ryan 1981, Simard et al. 1989). With wire
solder, this combination of gauge and composition overestimated average flame height.
Simard et al.(1989) speculated that 14 gauge 60/40 solder would most accurately estimate
average flame height. Fourteen gauge 60/40 solder, however, was not commercially
available at the time of this test. However, 16 gauge solder was readily available in many
different compositions. Each composition has a different corresponding melting

temperature (Table 1).

Table 1. Temperatures at which different compositions of solder become plastic and melt
(www.kester.com).

Composition Plastic Melting

tin/lead Temp. C Temp. C
63/37 183 183
60/40 183 188
50/50 183 212
40/60 183 234
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It was decided to use four different compositions of 16 gauge solder.
Compositions included 63/37, 60/40, 50/50, and 40/60 tin/lead solder. Number 36 cotton
twine was soaked for 24 hours in a ten percent by weight solution of ammonium
phosphate dibasic, otherwise known as diammonium phosphate (Ryan 1981). After
soaking, the string was air-dried for 24 hours and then spooled. Nylon masons twine was
also evaluated. This product was readily available, required no pretreatment, and if

successfully calibrated, could be placed days in advance since it would not degrade.

Methods

Within the burn area were three replicates each of a head fire situation and
backing fire. Each replicate contained four individual strands of all the sensors; string,
masons twine, and the four different compositions of solder. However, due to human
error, one of the head fires did not receive any 63/37 solder. In each replicate the sensors
were strung between two strands of wire that were affixed to trees. The top strand was 6
ft above the fuel bed while the bottom strand ran approximately 1-6 inches above the fuel
bed depending on topography. The sensors were attached to the bottom wire utilizing a
“trailer” that extended down into the fuel bed to indicate flame height below the bottom
wire. Individual strands were approximately 8 inches apart horizontally.

At the end of each replicate two height poles were situated within the view of a
video camera. The poles were marked in two-inch increments. Fire was then applied to

the sensors with the flaming front advancing perpendicular to the orientation of the
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replicate. Three replicates received a backing fire while the other three received a head
fire. The fire was video taped for its entire duration through each replicate.

Indicated flame height was measured differently for each type of sensor. The
string was measured at the point where it was uniformly blackened (Finney and Martin
1992) instead of charred height to minimize the effect of a lingering fire. Solder and
twine sensors were measured to the point where they were melted. Sensor heights were
measured to the nearest ¥4 inch. The video was analyzed by freezing the image
approximately four times a second and deriving the flame height as the flaming front
passed under the sensors (Finney and Martin 1992, Adkins 1995). Flame height was
measured to the nearest 2 inches from the video. String blackening, solder and twine

melt, and video flame height where all measured from the top of the burnt surface.

Data Analysis

Because fire by nature is an extremely variable phenomenon, averages for each
sensor type were computed for each replicate. The averages for each replicate were then
regressed on actual average flame height measured from the video for each replicate in a
simple linear regression model (Simard et al. 1989, Finney and Martin 1992, Adkins
1995) with no intercept. No intercept was used based on the premise that the sensors
could only indicate flame height if there was indeed a flame. Using an intercept could
result in an overestimation of particularly small flame heights (< 3 in) present in creeping
fires. Not using an intercept redefines the interpretation of R%. Therefore, R* was used in

conjunction with predicted residual sum of squares (PRESS) to determine which sensor
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material best explains variation in average flame height. Proc REG in SAS was used to

analyze the results.

Results and Discussion

Analysis indicated that fire-retardant treated cotton string performed the best
having a R?, 0.99, and the lowest PRESS, 1.58, (Average Flame Height = [.52]*[Average
Uniformly Blackened String Height]). All compositions of solder had R? > 0.96, with
50/50 solder having a R? of 0.98 (Table 2), [Average Flame Height = (X)*(Average
Melted Off Height)]. However, the smallest PRESS produced by the solders was only
16.4, from 40/60 solder. With exception to masons twine (p=0.002), all sensors had a p-
value of <.001. Masons twine had the highest PRESS, 63.78, and R?, 0.92. Residual
plots for the string appeared normal. However, residual plots for the solders appeared
skewed, with most residuals being > 0 (Figure 2).

Ryan(1981) found somewhat similar results in Douglas-fir logging residues with
fire-retardant treated cotton string indicating flame heights 5 to 7 percent above the
observed average flame height when measured at the point of complete charring. Since
we measured string above this point, uniformly blackened, average flame heights 50% of
average sensor heights is realistic. Discrepancies could also lie within the determination
of actual average flame height. Ryan (1981) used observers to determine average flame

height and not video analysis.

55



Table 2. Sensor type and associated statistics.

Sensor Flame Height

Type R® PRESS Parameter
cotton twine 0.990 1.9 0.52

63/37 0.967 19.0 0.47

60/40 0.969 235 0.5

50/50 0.978 17.8 0.53

40/60 0.973 16.4 0.54
nylon twine 0.919 63.8 0.28

Average Flame Height and 63/37 50/50 Solder and Average Flame
Solder Height
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Figure 2. Data and regression lines for 63/37, 50/50, and cotton string (see appendix D,
Table 1 for individual sensor material and video derived flame height standard
deviations).

Simard et al. (1989) reported that 18-gauge 60/40 tin/lead solder indicated

average flame height 2.7 inches greater than actual flame height with flame heights
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ranging from 13 to 39 in during 13 experimental fires. We found this to be true only in
situations where average flame heights were about 6 inches, for solder and string.
Greater flame heights proportionally increased the margin between indicated and actual
flame height and decreased for lesser flame heights.

Finney and Martin (1992) reported that string and solder sensor readings were
equal to an average of 63.9% and 73.7%, respectively, of maximum flame height while
neglecting to report findings in terms of average flame height. Finney and Martin also
suggested that the tallest flames may collectively be important to canopy temperatures if
flames “consistently reach maximum heights.” Although trees may be killed by heat in
the crown or on the lower bole, hardwoods are less likely to be affected by crown damage
given that foliage is not available for exposure during the dormant season, when a
majority of burning occurs, and convective heat dispersal is probably more effective
when hardwoods are not in leaf than during the growing season (Loomis 1973). Heat
absorbed by cambium in the lower portion of hardwood trees is of greater concern given
that survival and damage are inversely related to diameter and directly related to wound
size of the bole (Loomis 1973, 1974, Johnson et al. 2002).

For solder, evaluation of the residuals, with no intercept, suggest that convective
and radiant heat may have lead to melting of the solder without flame contact. Residuals
associated with smaller flame heights, characterized by slower moving fires with greater
residence times, were higher than the regression line compared to that of taller flame
heights which are often associated with faster moving, low residence time fires. The
residuals were normally distributed about the regression line for string suggesting that it

less influenced by convective and radiant heat (Figure 2). For large applications, such as
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landscape scale burns, string is also considerably cheaper than solder. However, it has its
drawbacks. Rain or heavy dew can cause the retardant to leach out rendering the sensor
useless. Solder can be deployed days or weeks before a burn without any effect from the
environment on its ability to indicate flame height. Masons twine, also deployable days
before a burn, was judged to be less desirable due to its high PRESS.

Selecting a solder with a higher melting point could also remedy a portion, if not
all, of the influence of convective and radiant heat. The residuals from the 40/60 solder,
the solder having the highest melting temperature, appeared to be more normal than
solder with lower melting temperatures (i.e. 63/37) (Figure 2) as well as having the
smallest PRESS. This suggests that using solder with higher melting temperatures may
better indicate average flame height than solders with lower melting temperatures. The
use of a solder gauge and composition that performed as well as the string in respects to
normality would enable a sensor to be deployed days before a burn. This would be
especially helpful considering the uncertainty involved when scheduling a prescribed fire.

A rough approximation of average flame height can be quickly obtained in the
field by dividing the height of solder or uniformly blackened string by 2. Though this
reduction factor is similar to that found by using stem-bark char (Cain 1984), it is an
accurate (Table 2) and handy estimate to use considering its ease of computation. Field
personnel, managers, and scientist alike could find this method useful considering the

results can be easily obtained without compromising safety or introducing human bias.
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Conclusion

For larger applications, such as landscape scale burns, fire-retardant-soaked cotton string
is the most cost effective passive flame height sensor. Despite high initial cost, the same
fire retardant solution can be used multiple times to treat long lengths of string.
However, treating the string is labor intensive and rain or heavy dew could leach out the
fire retardant. For smaller applications or where preparation time may be a constraint,
50/50 or 40/60 solder is recommended. Further testing of solder compositions having
higher melting temperatures might yield a solder that directly measures average flame

height.
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VI. THE EFFECT OF THINNING AND ASPECT ON FIRE BEHAVIOR
IN THE CENTRAL HARDWOOD REGION

Introduction

Fire behavior and its effects is a mixed product of fuels, weather, and
topography that is important to foresters, fire managers, and ecologist alike in both
prescribed fire and suppression efforts. In most cases, fuel, weather, and interval
prescriptions should be formulated to achieve certain fire behavior characteristics that
meet management objectives (Johnson and Miyanishi 1995). The response of an
ecosystem to disturbance is dependant on the severity, frequency, and size of the
disturbance itself (Romme et al. 1998). In the case of fire, severity is a function of
energy released, or intensity (Byram 1959, Brown and Davis 1973, Alexander 1982,
Johnson and Miyanishi 1995).

Fire has long played a role in the development and maintenance of oak forests.
However, fire, or the lack there of, has altered vegetative structure as well as mid and
overstory composition of most oak forest in the United States. Abrams (1992) and Nuzzo
(1986) contend that prairies, woodlands, and savannas have or are becoming dense oak
forest while oak forests are becoming maple forests on more mesic sites. In many
instances, fire is being put back into these ecosystems to restore “natural” pre-European
conditions or to favor oak regeneration.

Introducing fire back into hardwood landscapes may seem like the logical answer
to many of issues concerning oak forest such as oak decline or successional replacement.

However, it comes with a price. Though oak is resistant to fire-caused mortality though a
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variety of adaptations, it is still very susceptible to damage that can degrade the butt log,
the most valuable portion of a tree (Paulsell 1957, Scowcroft 1965, Loomis 1973, 1974,
1977, Loomis and Paananen 1989, Regelbrugge and Smith 1994). Managers typically
utilize “cool” backing fires when conducting “fuel reduction” burns in hardwood forest
under the premonition that “cool” fires will not damage trees. Conversely, burns for
savanna or woodland restoration are typically “hot” head fires, so as to kill or damage a
portion of the overstory to reduce basal area and stocking (George Hartman and Johnny
Lindsey, personal conversation®). However, qualitative descriptors such as “hot” or
“cool” are often difficult to correlate with ecologic response (Rothermel and Deeming
1980, Alexander 1982, Johnson and Miyanishi 1995). It is quite possible that backing
fires may apply the same, or even more, heat to an area due to slower rates-of-spread and
longer residence times.

The lack of quantification of fire behavior has been a major shortcoming in many
studies of fire effects. However, measures of fire behavior exist that correlate with
effects. The two most common measures used to describe fire intensity are fireline
intensity (FLI) and heat per unit area (HPA) (Rothermel and Deeming 1980, Alexander
1982, Johnson and Miyanishi 1995). FLI (Btu/ft/sec) is the energy released per foot of
the flaming front per second while HPA accounts for the amount of energy released per
unit of area by the flaming front (Byram 1959, Brown and Davis 1973, Alexander 1982,
Johnson and Miyanishi 1995). Another measure of energy release is total energy release

(Btu/unit area). Total energy release accounts for both energy released by the flaming

® Personal conversation with George Hartman, Fire Ecologist, Missouri Department of Conservation,
Resource Science Division, 2002, and Johnny Lindsey, Forest Fire Management Officer, Ozark-St. Francis
and Ouachita National Forest, 2004.
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front and energy released by consumption after the flaming front (Byram 1959,
Rothermel and Deeming 1980).

FLI has successfully been used for many years as a tool to guide wildfire
suppression tactics (Rothermel 1972, Albini 1976, Anderson 1982). Though success has
been mixed, attempts have been made to correlate fire behavior with ecosystem response.
The understanding of the effects from one fire are good to fair while the ecological
effects of multiple fires is poor to fair, at best (Agee 1997). Unfortunately, natural
ecosystem variability combined with the variability associated with fire behavior make
this task difficult. However, fire behavior and effects are not so unique that
generalizations are impossible (Rothermel and Deeming 1980, Agee 1997).

FLI is derived using one of two methods: (1) observed flame length, and (2)
combining rate-of-spread (ROS) with fuel consumption and fuel “low heat” of
combustion (Byram 1959, Rothermel and Deeming 1980, Alexander 1982, Nelson 1986).
However, both methods have flaws. Flame length and ROS observations are extremely
variable thru time and space (Johnson 1982) and rely mostly on human observations,
which can contain bias and perception error, while fuel consumption can include energy
released after the passing of the fire front (Ryan 1981, Alexander 1982). However,
several methods have been developed to remove a significant portion of human
subjectiveness from fire behavior sampling. Ryan (1981), Simard (1989), Finney and
Martin (1992), and Kolaks (2004) have developed or evaluated the use of fire-retardant
treated cotton string or tin/lead solder as passive flame height sensors. Blank and Simard

(1983) and Simard et al. (1984) developed an algorithm that utilizes three time
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measurements from buried timers to derive ROS and direction of fire spread across any
triangle.

Total energy released (TER) is calculated by multiplying the weight of all fuel
consumed by the energy content of that fuel, less the heat of vaporization (Byram 1959,
Alexander 1982). In some cases the total energy released, or the energy released after the
passing of the flaming front, can be of greater importance than fireline intensity
(Rothermel and Deeming 1980). This situation is likely to occur where heavier fuels (1
inch in diameter or greater) ignite and consume for a period of time after the passing of
the flaming front. However, TER does not account for the energy pulse associated with
passing of flaming front. It cannot be considered a part of residence time or FLI
(Rothermel and Deeming 1980). The effect of two fires having identical TER
measurements could be completely opposite based on the proportion of energy that was
released during the short duration of the flaming front verses the longer duration of

glowing combustion.

Purpose
In an attempt to better quantify fire behavior under known fuel and weather
conditions we used mostly objective methods to collect fire behavior data during
prescribed burns in the Central Hardwood Region of Missouri. This was done as part of
a larger cooperative study funded by the Joint Fire Science Program. The project
cooperators include the USDA Forest Service North Central Research Station, U.S.
Geological Survey Northern Prairie Wildlife Research Center, University Of Missouri -

Columbia, and the Missouri Department of Conservation. The purposes of this study are
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to determine existing fuel loads and whether aspect (south and west facing slopes
(exposed), no aspect (ridge), and north and east facing slopes (protected)) effected fuel
loading, and fire behavior where applicable, in stands that received thinning, prescribed

fire, both thinning and prescribed fire, or no management (control).

Study Area

The study area is located in the southeastern Missouri Ozarks near Ellington, MO
on land managed by the Missouri Department of Conservation (Figure 1). In an effort to
minimize variation caused by potential vegetative differences, study sites were all located
within the Black River Oak/Pine Woodland/Forest Hills Landtype Association (Black
River Hills LTA) utilizing the Missouri Ecological Classification System, which uses the
US Forest Service National Hierarchy of Ecological Units for landscape classification
(Meinert et al. 1997, Nigh and Shroeder 2002).

This LTA is characterized by strongly rolling to hilly lands with steep slopes and
flat land found only in creek and river bottoms. Historically oak and oak-pine woodlands
and forests comprised the area. These forest types still dominate, however, woodlands
are second growth and have grown more closed due to fire suppression (Nigh and
Shroeder 2002). The Black River Hills LTA is in the center of one of the largest blocks
of forest in the Midwest which also supports a substantial timber industry (Nigh et al.

2000).
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Methods
Site Selection
Stands selected for the study had no management or documented fire for 30 years.
All stands were fully stocked and composed primarily of oak-hickory and oak-pine forest
types. The study was replicated across three complete blocks of 12 stands (3 aspect

classes and 4 treatments) with each stand being an aspect/treatment unit. Aspect classes

Current River Hills
Subsection

Block 3

Prescribed Fire
and Thinning

—
NZZL
N

=

:f;f’,j';, Thinning

Control

Figure 1. Location of study sites within the United States and arrangements of treatments
(block 3 used as an example).
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included exposed backslopes (135-315 degrees), ridge, and protected backslopes

(315-135 degrees) (Nigh et al. 2000).

Treatments

Treatments were randomly assigned and included thinning, prescribed burning,
both thinning and prescribed burning, and no treatment (control). Commercial thinning
of the overstory occurred during the summer and early fall 2002. Thinning was
accomplished using a mark-leave method. Preference was given to individuals having
fire tolerance, good form, and canopy dominance. Leave trees were marked and a logger
was allowed to harvest the remaining trees. Any remaining unmarked trees were slashed
after the harvest was complete. Stocking was reduced to 60-percent using the Gingrich
(1967) stocking chart. This stocking level is commonly used in intermediate cuttings,
shelterwood systems, and savanna/woodland restoration (Johnson et al. 2002).
Prescribed burns were conducted during spring 2003 using the prescription conditions
shown in Table 1. These conditions are commonly prescribed in this section of the
Missouri Ozarks. Actual ignitions were done using a ring fire method while
simultaneously igniting the ridges. This firing method was used since it is the most
commonly utilized firing technique used the region. The objectives of the prescription

were to reduce fuels and kill woody stems less than 1.5 in dbh.
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Table 1. Weather parameter and fuel moisture prescription used for prescribed burning
and observed values.

Observed
Attribute Prescription  Average Range
Temp (°F) 45-65 64 45-74
Mid Flame Wind (mph) 0-7 25 0-7.5
Rel. Humidity (%) 25-45 22.4 9-46
Fuel Moisture:
1-hr. 5-10 5.4 5-6
10-hr. 8-15 9.8 8-12
100-hr. 12-18 13.7 13-18
1000-hr. > 20 17.6 17-20

Data Collection
Fuel Loading:

Fuel loading data were collected at fifteen points within each stand prior to and
after treatments were applied. These points were along a main transect placed at a
random azimuth in each stand. The fifteen points were installed at randomly-chosen 20-
meter intervals along the main transect. Post-thinning and pre-burn data collection
occurred during winter/spring 2003. Post-burn sampling was completed after the burns
in spring 2003.

Fuels were inventoried from each of the 15 sampling points using a modified
transect intercept method. Woody fuels were separated into four size classes: 0.0 to 0.25
in (1-hour), 0.25 to 1.0 inch (10-hour), 1.0 to 3.0 inch (100-hour), and greater than 3 in
(1000-hour). 1000-hour fuels were further separated into rotten and solid categories.
From each sample point, 1 and 10-hour fuels were inventoried along a 6 foot segment,
100-hour fuels along a 12 foot segment, and 1000-hour fuels along the entire 50 ft length

of the transect. Fuel height, litter and duff depths were measured using a yard stick at 5
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foot intervals along the fuel transect starting 1 foot from the origin (Brown 1974, Brown
et al. 1982, Grabner 1996, National Park Service 2001). Litter and herbaceous samples
were collected from a 2.0 ft? clip-plot located at the end of each fuel transect. Samples
were then dried to a constant weight at 140° F (60° C) and reported on a dry-weight basis

(Grabner 1996).

Rate of Spread, Flame Height, and Flame Tilt Angle:

Modified ROS clocks and passive flame height sensors were used to collect ROS
data and flame height data from 3 randomly chosen plots out of the 15 pre-existing plots
within each stand. In order to objectively determine flame length, two measures were
recorded at each fire behavior plot. First, flame height was recorded by an array of
passive flame height sensors calibrated for use in the Central Hardwood Region (Kolaks
et al. 2004). Each array was composed of 12 strands of fire-retardant treated cotton string
suspended between two wires, one at fuel bed height and the other approximately 7 feet
above the fuel bed. Second, trained observers used visual aids to determine flame-tilt
angle as the fire front passed through the flame height sensor arrays. Visual aids included
the clinometer in a Silva Ranger compass and a clear sheet of plastic equipped with a
bubble level and marked with various angles from 0° to 90°. Flame-tilt angle, which is
combined with flame height to derive flame length, can be measured at a greater distance
by fewer observers than direct observation of flame length (Ryan 1981).

Average flame lengths were then derived by averaging flame heights indicated by
each individual sensor within a plot (array) (Kolaks et al. 2004) and applying the

corresponding flame-tilt angle (Ryan 1981). Estimated maximum flame length was

69



derived using the tallest flame height recorded by a sensor array and applying the flame
tilt angle. Utilizing these methods eliminated a large component of variation imposed via
human observations by removing subjectivity and perception discrepancies.

To measure ROS, five clocks were located in each plot, one at plot center and the
others 50 feet in each cardinal or sub-cardinal (NE, SW, etc.) direction, depending on the
locations of fire spread obstructions such as logs and rock outcroppings. Using five
clocks, instead of three, provided a backup incase one or two clocks fail to operate
properly and the ability to evaluate variability in rate and direction of the fire across the
plot if more than 3 clocks operate properly. ROS and direction were calculated using at
least 3 measurements from the buried ROS or the average of all the triangle
combinations, if more than three clocks activated and worked properly (Simard et al.
1984). With our plot configuration, 3 clocks yielded 1 triangle, 4 clocks yielded 3
triangles, and 5 clocks produced 8 triangles.

Unfortunately, only a fraction of the ROS clocks worked properly. Over two-
thirds of the clocks endured cold temperatures and precipitation for several days after the
burn due to circumstances beyond our control. Clocks recovered immediately after the
burn worked properly and provided good data. However, sufficient data was not
available to conduct statistical analysis or draw inferences from. Given that the FLI can
be determined by two methods, and that the two methods are correlated with each other
(Byram 1959, Nelson 1986), estimates of ROS were derived by dividing FLI by energy
released by 1-hour woody and litter fuels (Equation 1). It was assumed that only litter

and 1-hour woody fuels were consumed by flaming front.
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Equation 1. Calculation of FLI into estimated ROS.

Given that | = HWR (Byram 1959),
R=1/HW

Where:

| = FLI(Btu/ft/sec)

H = low heat combustion (8039.56 Btu/lb)

W = weight of fuel consumed (1-hour woody and litter in pounds)
R = rate of spread (ft/min)

Environmental Measurements:

Shading was not a factor since burning took place in deciduous hardwood stands
during the dormant season. Weather was measured and recorded every fifteen minutes
with a Campbell Scientific automated weather station. Parameters measured include eye
level wind speed and direction, 10-hour fuel moisture and temperature, relative humidity
(RH), and air temperature. The station was placed on a ridge upwind and adjacent to the
sites under the leafless canopy. One, 100, and 1000-hour fuel moistures were calculated
using data from 2 automated weather stations that experienced similar weather patterns

located in relatively close proximity (9 and 15 miles).

Fireline Intensity, Heat Per Unit Area and Total Energy Release:

FLI and HPA were calculated using average flame lengths for each of the fire
behavior plots. Both Byram’s (1959) and Nelson’s (1986) FLI equations were used
(Equation 2 and 3). HPA was calculated using the estimated ROS (Equation 4) for each
of the fire behavior plots. Using average flame length alleviates issues associated with

consumption of fuels after the passing of the flaming front.
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Equation 2. —Nelson’s fireline intensity.
| = (483 F%%) / 3.4592

Where:

| = FLI(Btu/ft/sec)

FL = flame length in meters
3.4592 = conversion factor from kW/m to Btu/ft/sec (Alexander 1982)

Equation 3. -Byram’s FLI
| = (258 F_%'") /3.4592
Where:

| = FLI(Btu/ft/sec)

FL = flame length in meters
3.4592 = conversion factor from kW/m to Btu/ft/sec (Alexander 1982)

To obtain TER, post-burn fuel loading was subtracted from pre-burn fuel loading
(Kolaks et al. 2004). Using methods outlined by Byram (1959) and Brown and Davis
(1973) TER was derived for each timelag class (Equation 4). Fuel moisture was assumed
to be applicable over the entire site for a given day. TER was then grouped into 1-hour
fuel loading (litter and 1-hour woody fuels), all fuel, and the percentage of total TER that
was released by 1-hour fuels. A reduction for radiation, suggested by the original
methodology (Byram 1959), was not made. There is no sound basis available for
estimating radiant heat as a proportion of the total energy output and heat “losses” from

radiation actually contribute greatly to fire behavior (Alexander 1982).
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Equation 4. —Calculation of total energy release for each individual timelag class (Brown
and Davis 1973).

HPA = Weight of fuel consumed * (Heat of combustion for oak - heat of vaporization)
Where:

Heat of combustion for Oak = 8316 Btu/oven-dry pound
Heat of vaporization (Btu) = 10.95 Btu * (fuel moisture %) + 543 Btu

All intensities are reported in British thermal units (Btu). Despite kilowatts/meter
being the recommended Sl unit for FLI, managers in the Missouri Ozark region
commonly use Btu’s. However, FLI can be easily converted from Btu/ft/sec to kW/m by
multiplying by 3.4592 (Alexander 1982). HPA, TER and 1-hour TER can be multiplied

by 1.0551 to derive KW/m?.

Data Analysis

Analysis of variance was used to determine if differences in fuel loading and fire
behavior differed due to treatment and aspect. Data were analyzed using the MIXED
procedure in SAS. This procedure was used because it allows covariates to vary within a
subject (Wolfinger and Chang 1995). An a-level <0.05 was used to test TER. Because
we did not include weather factors or slope (see Appendix E, Table 1) as explanatory
variables, and because of fire behavior’s variable nature, an a-level < 0.10 was used for

AFL, MFL, HPA, and ROS and ROS.

Results and Discussion
Though data may appear “well behaved” and decisive, it is important to

remember that, due to fire behavior’s variable nature, the results of this study are only
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representative of the given fuel, weather, and topographic conditions. Variables not
taken into account during this analysis, such as possible differences in slope of the
protected and exposed backslopes, may account for some variation. Burning under any
other conditions, even the same fuel conditions with differing weather conditions, may
yield surprisingly different results. Furthermore, the estimation of ROS from the back-
calculation of an empirical formula should cast a degree of uncertainty regarding ROS
and HPA.

For the most part, all burns were conducted within prescription. Average relative
humidity (RH) was below prescription, however, ignition operations were completed
before the RH dropped below the lower threshold (Table 1). Winds were primarily out of
the NNW. However, prevailing wind direction for the Missouri Ozarks is south or
southwest. Since exposed slopes are typically drier (Nigh et al. 2000) differences in all
fire behavior parameters, especially between exposed and protected slopes, may have

been more pronounced had there been a southerly wind.

Fuel Loading:

In unthinned stands, total fuel loading varied from 6.8 to 8.6 tons/acre (Table 2).
Significantly different loading due to aspect was only present in 1000-hour solid fuels.
All other timelag classes including fine fuels (litter and 1-hour woody), did not

significantly vary by aspect (Kolaks et al. 2003).
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Table 2. Pretreatment fuel loading and vertical structure.

Fuel loading (tons/acre) Vertical structure (in)
1000-hour Fuel  Litter  Duff
Litter  1-hour 10-hour 100-hour  Solid Rotten  Total Height Depth Depth
E 3.0a 0.5a 0.3a 1.0a 0.80a 1l.4a 6.8a 2.5a 2.3a 0.6a
R 3.2a 0.4a 0.4a 1.0a 0.9a 1.8a 7.9a 3.0a 2.7a 0.7a
P 2.9a 0.4a 0.3a 1.6a 2.1b 1.2a 8.6a 3.0a 2.7a 0.7a
Aspects: E = exposed, R = ridge, P = protected

Different letters within columns indicate significant (a=0.05) difference.
Standard deviations located in Appendix A, Table 1.

In thinned stands, total fuel loading ranged from 22.5 to 28.4 tons/acre (Table 3).
Significant differences did not exist in fine fuels between aspects. However, significant
differences existed in the 10-hour timelag class between exposed slopes and ridges, and
the 100-hour timelag class between exposed slopes and both ridges and protected slopes.
On average, fuel height was 10.5 inches greater while litter depth was 1.0 inches lower

following thinning (Kolaks et al. 2004).

Table 3. Post-thin fuel loading and vertical structure.

Fuel Loading (tons/acre) Vertical Structure (in)

1000-hour Fuel Litter Duff
Litter  1-hour’ 10-hour 100-hour  Solid Rotten  Total Height Depth  Depth

E 2.6a 0.9a 0.8ab 2.4a 14.3a 2.7a 22.5a 12.4a 1.8a 0.6a
R 2.6a 1.1a 1.2ac 4.7b 14.6a 2.2a 25.7a 13.2a 1.9a 1.1a
P 2.7a 1.2a 1.1a 4.5b 17.3a 2.3a 28.4a 16.3a 1.9a 0.7a

Aspects: E = exposed, R = ridge, P = protected

Different letters within a column indicate significant (¢=0.05) difference.
! Difference between P and E slopes nearing significance (0.05<p<0.10).
Standard deviations located in Appendix C, Table 1.
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Average and Maximum Flame Length

As a whole, aspect significantly impacted AFL. On average, AFL was greater on
the slopes than on ridges with exposed slopes having significantly greater flame lengths
than ridges and protected slopes (p=0.010 and 0.083, respectively) (Table 4). AFL was
also significantly different among aspects within the burn/thin treatment with exposed
slopes being significantly greater than ridges and protected slopes (p=0.012 and 0.064,
respectively). However, despite similar differences between aspects in the burn-only
treatment, high variability masked any potential difference. On average, AFL was
greater for the burn/thin treatment compared to the burn-only treatment, albeit not

significant.

Table 4. Average flame (in) length by aspect/treatment unit.

Aspect Treatment
Treatment Exposed Ridge Protected Average
Burn 23.0a A 11.8a A 17.8a A 17.5A
Burn/thin* 33.8a A 13.9b A  20.6bA 22.7TA
Aspect
Average 28.4a 12.9b 19.17b

Different letters indicate significant difference within a row, lower case
or column, upper case.
Standard deviations located in Appendix F, Table 1.

Estimated maximum flame lengths (MFL) behaved similarly to AFL. Overall,
MFL was greater on slopes than on ridges with exposed slopes having significantly
greater flame lengths than ridges and protected slopes (p=0.006 and 0.082, respectively).
MFL was also significantly different among aspects within the burn/thin treatment with

exposed slopes being significantly greater than ridges and protected slopes (p=0.005 and
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0.025, respectively) while not being significantly different among any aspect class in the
burn-only treatment. Significant treatment differences within aspects class did not exist
except for exposed slopes with burn-thin having significantly greater MFL than burn-
only (p=0.038) (Table 5).

Greater average and maximum flame lengths occurred on exposed slopes than
ridges or protected slopes despite exposed slopes having significantly less fuel loading in
the 100-hour or less time lag category. This could be attributed to drier fuels due to solar
exposure. Again a southerly wind may have created a more pronounced difference

between exposed and protected slopes.

Table 5. —Estimated maximum flame height (in) by aspect/treatment unit.

Aspect Treatment
Treatment Exposed Ridge Protected Average
Burn 55.8a A 35.3a A 63.8a A 55.8 A
Burn/thin 74.5a B 43.2b A 62.9b A 74.5 A
Aspect
Average 92.9a 39.3b 63.4b

Different letters indicate significant difference within a row,

lowercase, or column, uppercase.
Standard deviations located in Appendix F, Table 1.

Despite random and relatively unbiased sampling, average and maximum flame
lengths in thinned stands did not accurately reflect the average across the entire stand.
Passive flame height sensors could not be installed through logging slash. Rather,
average flame lengths more accurately depict the areas between slash piles as the
thinning influenced them. The trained observers visually estimated flame lengths off of

slash. Estimates included average and maximum flame lengths. In general, flame
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lengths from slash averaged 14 ft with maximum flame lengths of 50 ft being not

uncommon.

Fireline Intensity:

Since FLI was derived from flame length, it was expected that FLI behaved
almost identical to flame length. Treatments (excluding slash flame length data) did not
significantly affect FLI despite a 32 and 19 Btu/ft/sec difference for Nelson (Equation 2)
and Byram (Equation 3) fireline intensity, respectively (Tables 6 and 7). On average,
overall FLI was greater on slopes than on ridges with exposed slopes having a
significantly greater FLI than ridges (p=0.022 (Nelson) and p=0.025 (Byram)). FLI was
also significantly greater by aspect in the burn/thin treatment with exposed slopes having
significantly greater intensities than ridges and protected slopes (p=0.016 and 0.096,
respectively (Nelson), and p=0.017 and 0.100, respectively (Byram)) while not being
significantly different from any aspect class in the burn-only treatment. Despite the burn-
thin treatment being greater than the burn-only treatments by a magnitude of 2 on
average, treatments were only significantly different on exposed slopes (p=0.072

(Nelson) and p=0.025 (Byram)) (Tables 6 and 7).
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Table 6. Nelson’s FLI (Btu/ft/sec).

Aspect Treatment
Treatment Exposed Ridge Protected Average
Burn 57a A 15a A 36a A 36A
Burn/thin 127a B 24b A 63b A 72B
Aspect
Average 92ab 20ac 49a
Different letters indicate significant difference within a row, lowercase, or
column, uppercase.
Standard Deviations located in Appendix F, Table 1.
Table 7. Byram’s FLI (Btu/ft/sec).
Aspect Treatment
Treatment Exposed Ridge Protected Average
Burn 29a A Ta 18a 18A
Burn/thin 70a B 12b 34b 38A
Aspect
Average 49ab 10ac 26a

Different letters indicate significant difference within a row, lowercase, or
column, uppercase.
Standard deviations located in Appendix F, Table 1.

Rate of Spread:

Since ROS was back calculated from FLI, it cannot be determined with any level
of certainty. However, based on observations during the prescribed burns and the limited
clock data, it is safe to assume that actual ROS lies between the two estimates (back
calculation of Nelson’s and Byram’s fireline intensities) for each aspect/treatment unit
(Table 8). Albeit not significant, overall trends indicate that ROS was 3 to 4 times
greater on the slopes than on the ridges. Significant differences only existed in the burn-

thin treatment between exposed slopes and ridges as well as exposed and protected slopes
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(p=0.015 and 0.076, respectively (Nelson) and p=0.021 and 0.081, respectively (Byram))
(Table 8). ROS also appears to be slightly faster in burn-thin stands than in burn-only
stands. Though this difference is not significant, it can be attributed to the longer flame
lengths in burn-thin stands and may not reflect an actual increase in ROS. As mentioned
before, the differences between exposed and protected slopes may have been more

pronounced given a southerly wind.

Table 8. ROS (ft/min) derived from both FLI methods by aspect/treatment unit.

Aspect Treatment
Exposed Ridge Protected Average
Treatment Nelson ~ Byram | Nelson Byram | Nelson Byram Nelson  Byram
Burn 3.09aA 159 A |0.76aA 0.36aA | 2.14aA 1.08aA 2.00A 1.01A
Burn/thin 6.37aB 3.48aB | 1.14bA 0.56b A | 2.89b A 1.56b A 3.47A  1.87A
Aspect
Average 4.5ab 2.53ab | 0.95ac  0.46ac 2.5la 1.31a

Different letters indicate significant difference within a row lowercase,
or column, uppercase.
Standard deviations located in Appendix F, Table 1.

80



Heat Per Unit Area:

HPA was only significantly affected by aspect in the burn-thin treatment.

Significant differences within an aspect class due to treatment only occurred on protected

slopes. Overall the burn-thin treatment had a greater HPA than the burn-only treatment

(Table 9). Differences are difficult to attribute since ROS, a divisor in calculating HPA,

was calculated from FLI. The overall difference between treatments can be attributed to

obviously greater fuel loads in thinned stands and could be greater than indicated since

average flame length, used in the calculation of FLI, did not include the flame lengths off

of slash. The difference in HPA on protected slopes between treatments is most likely

result of greater contributions of fuel from thinning, especially in the 100-hour timelag

class and smaller, on protected slopes compared to exposed slopes (Kolaks et al. 2004).

Table 9. HPA (Btu/square foot) by aspect/treatment unit.

Aspect Treatment
Treatment Exposed Ridge Protected Average
Burn 1161a A 1190a A 1039a A 1130 A
Burn/thin 1221ab A 1323a A 144lacB 1328 B
Aspect
Average 1191a 1257a 1256a

Different letters indicate significant difference within a row, lowercase,

or column, uppercase.
Standard deviations located in Appendix F, Table 1.

Though significant differences existed between aspect classes in the burn-thin

treatment (p=0.017), the overall difference between aspects did not exceed 220 Btu.

Since HPA ranged from 1089-1441 Btu/ft?, the significance of a 220 Btu/ft* difference on
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ecological response is unknown. The exception, however, was protected slopes, which
encountered a nearly 400 Btu/ft? difference among treatments (p=0.009). Differences in
HPA between slopes may be the result of weather conditions, i.e. north wind, or time of
the burning period in which fire was applied to those particular sites, i.e. drier portion of
the day. A difference between treatments is easily attributed to greater fuel loading in
thinned stands. The burn-thin treatment received almost a third more heat than the burn-
only treatment on protected slopes. Though the significance of this difference is also
unknown, a difference in ecological response would be not be surprising on protected
slopes between treatments.

ROS on ridges was an average of 3-4 times less than on the slopes and typically
observed as backing or slow moving fires (Table 8). However, the ridges received almost
identical HPA as the slopes. The lack of difference in HPA between slope aspects and
ridges (Table 9) despite the significant difference between the slopes and ridges in AFL
and FLI (Tables 4, 6, and 7), indicate that a backing or slower moving fire may not

actually be a “cool” fire and could have the same effect as a faster head fire.

Total Energy Release:

Treatment had a significant effect on TER. TER was significantly higher in the
burn-thin treatment compared to the burn-only treatment in every aspect class and overall
by treatment (Table 10). This is easily attributed to the greater availability of fuels after a
thinning. There were no significant or near significant differences as a result of aspect
despite differences in flame length and fireline intensity. The lack of difference due to

aspect indicates that FLI or flame length may not have a bearing on consumption.
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One-hour TER responded to treatment similarly, but to a lesser degree than TER.
Overall, the burn-thin treatment was significantly greater than the burn-only treatment
(p=0.001). However, by aspect, the burn-thin treatment was significantly greater than the

burn-only treatment in the protected aspect class only (p=0.033) (Table 11).

Table 10. TER (Btu) by aspect/treatment unit.

Aspect Treatment
Treatment Exposed Ridge Protected Average
Burn 2457a A 2445a A 2356a A 2419A
Burn/thin 3358a B 3451a B 3591a B 3466B
Aspect
Average 2907a 2973a 2948a

Different letters indicate significant difference within a row, lowercase,
or column, uppercase.
Standard deviations located in Appendix F, Table 2.

Table 11. One-hour TER (Btu) by aspect/treatment unit.

Aspect Treatment
Treatment Exposed Ridge Protected Average
Burn 2134a A 2155a A 2034a A 2107A
Burn/thin 2182a A 2262a A 2357a B 2267B
Aspect
Average 2158a 2209a 2196a

Different letters indicate significant difference within a row, lowercase,
or column, uppercase.
Standard deviations located in Appendix F, Table 2

The percentage of TER accounted for by 1-hour TER was significantly different
overall by treatment with (p=0.022) 1-hour fuels (litter and 1-hour woody) being

responsible for an average of 83 percent of TER in the burn-only treatment and 69
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percent in the burn-thin treatment (Table 12). Consequently, 1-hour fuels only account
for 38 to 52 percent of total fuel loading in unthinned stands and 13 to 15 percent of total
fuel loading in thinned stands (Kolaks et al. 2003, 2004). This indicates that, even
despite large amounts of heavy fuel (100-hour and greater), 1-hour fuels have the greatest
influence on fire behavior and energy release (Byram 1959, Davis 1959) under typical
prescribed burning conditions (Table 1). Brown (1972) found similar results with fuel
less than 0.39 in (1 cm) diameter accounting for less than 30 percent of the total loading
and half of the total weight loss in ponderosa pine and Douglas-fir slash fires. Brown
went on to say, for slash and other fuels containing a similar mixture of particles sizes,
that essentially particles less than 1 inch in diameter provide the energy that characterizes

propagation of the flaming front.

Table 12. Percentage of TER accounted for by 1-hour fuels.

Aspect Treatment
Treatment Exposed Ridge Protected Average
Burn 80a A 85a A 84a A 83A
Burn/thin 62a A 77a A 68a A 69B
Aspect
Average 71a 8la 76a

Different letters indicate significant difference within a row, lowercase,
or column, uppercase.
Standard deviations located in Appendix F, Table 2.

Despite fine fuels having the greatest impact on characteristics of fire behavior,
the proportion of energy released by heavy fuels may be just as, or even more, important
(Rothermel and Deeming 1980). Anderson (1969) found that residence time in minutes

was equal to 8 times the particle diameter in inches. Increased consumption of larger
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fuels, such as was the case in the burn-thin treatment, would indicate longer residence

times from either open flame or glowing combustion.

Correlation of Fire Behavior with Ecosystem Effects:

When relating FLI, HPA, and possibly TER to fire effects on components of an
ecosystem, such as trees, it is important to consider that certain components of the
ecosystem may be more or less resistant to lower amounts of heat for longer periods
compared to higher amounts of heat for shorter periods of time. It is also important to
note that this resistance may differ according to age, season, or other environmental
conditions such as drought (Whelan 1995). Past research in oak/hickory forests of the
central hardwood region indicate that top-kill, mortality, and damage are highly
correlated and directly related to the height of stem-bark char and inversely related to
diameter at breast height (Paulsell 1957, Scowcroft 1965, Loomis 1973, 1974, Loomis
and Paananen 1989, Regelbrugge and Smith 1994). We also know that height of stem-
bark char can be correlated with flame height and length (Cain 1984), and subsequently
correlated with FLI (Byram 1959, Alexander 1982, Nelson 1986). So, given that higher
stem-bark char would indicate greater FLI, these variables suggest that oak/hickory
forests trees may be more resistant to low heat for longer periods of time, or low intensity
fires, as opposed to high levels of heat for shorter periods of time, or high intensity fires,
even though both situations may be indicative of near identical HPA and TER.

Other woody and herbaceous plants, their seeds, and roots may respond similarly
or differently depending their methods or pathways of “resistance”. Future study of these

responses will not only need to account for fire behavior measures independent of each
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other, but also the response to varying combinations of fire behavior measures (i.e. high
FLI vs. low HPA). These measures combined with the biologic and physical

environment of a burn can aid greatly in the explanation of fire effects.

Conclusion

Differences among slopes in FLI and flame length may or may not have a greater
bearing on suppression efforts and planning than on ecological response given that HPA
and TER did not generally vary greatly. Increased flame length, fireline intensity, and
ROS on slopes indicate that control lines for prescribed and wildland fires should be
placed on ridges and not on slopes, especially where fire will impinge from below. Also,
given that flame lengths of slash piles averaged 14 ft with a maximum of 50 ft, control
lines should be an ample distance away from such fuels to reduce the chance of spot fires,
from falling embers, radiant or convective heat, or direct flame contact, that could ignite
in front of or behind the main fire.

HPA and TER were affected most by treatment with little affect due to aspect. It
is possible that a backing fire could have greater impact than a head fire given longer
residence times for backing fires depending on whether the medium to which the fire is
being applied is more resistant to lower levels of heat for longer periods of time or higher
levels of heat for shorter periods of time. Managers, ecologist, and researchers alike
should evaluate these discrepancies, especially in HPA vs. FLI, between different fire
behaviors (i.e. head and backing) caused by ignition techniques. Given that FLI varied
due to slope despite the lack of variation in HPA and TER, FLI may be the best predictor

of fire effects within homogenous fuel conditions. Also, since litter and 1-hour woody
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fuels (1-hour fuels) account for the greatest proportion of energy released during a fire

they will have the greatest effect on FLI and HPA despite total fuel loading.
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VIlI. CONCLUSIONS

The results of this study showed that aspect class (exposed, vs. protected, vs.
ridge) and landscape position (i.e. backslopes vs. ridges) affect many facets of the fire
environment. These differences are most likely the result of higher productivity and
slower decay processes present on protected slopes compared to exposed slopes. Though
this information is not surprising, this study establishes a foundation to begin assessing
fuel conditions along with fire behavior and its quantitative effects in the Ozark
Highlands and other sections of the Central Hardwood Region. It has also raised several
substantial questions concerning the manner in which fire is applied to the landscape,
heat vs. intensity, methods of calculating fuel loading, the effectiveness of prescribed
burning for fuel reduction over time, and utilization of thinning as a “fuel reduction”

treatment.

Hypothesis 1
Fuel loading will not differ according to aspect class.

Total fuel loading varied between 6.3 and 10 tons/acre with greater total fuel
loadings located on protected slopes. Fuel loading differed by aspect. However,
significant differences only existed in the 1000-hour timelag class. Though not
significant, there was a trend in increasing fuel loading from exposed slopes, < ridges,
and < protected slopes in 10-hour and total fuel loading. Despite this trend, only fuels in
the 100-hour timelag class and smaller are the driving force behind fire behavior (Brown
1972, Brown and Davis 1973, Anderson and Brown 1987) and consequently used to

estimate fire behavior (Anderson 1982). Taking this into consideration, a single fuel
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loading value may be used to predict fire behavior on any aspect class. However, on
average, BEHAVE assumes 18 percent less fuel loading in 100-hour fuels and 44 percent
less in all fuels less than 3.0” (100-hr) when using fire behavior fuel model 9. This
discrepancy could result in an underestimation in fire behavior by the model. Though it
is not likely to directly effect fire behavior, the increased amounts of 1000-hour solid
fuels on protected slopes could translate into longer residence times (Anderson 1969) if

conditions exist where they ignite and consume.

Hypothesis 2

Fuel loading will not differ according to with combinations of treatments and aspect
classes.

Fuel loading differed by combinations of treatment and aspect class. Overall
thinning increased fuel loading about 300 percent. Contribution of fuel due to thinning
increased with increasing timelag class. 1000-hour fuels replaced 1-hour fuels as the
heaviest component. Significant differences between aspect classes existed after thinning
and adhered to pre-treatment trends. Significant differences occurring in the 10-hour and
100-hour timelag class with greater loading being present on ridges and protected slopes
than on exposed slopes. Because there is not a fuel model that accurately describes fuel
conditions after a thinning, the selection of a fuel model based on fire behavior may be
more applicable (Anderson 1982).

Some attributes of fuel loading decreased or stayed relatively the same due to
thinning. These attributes include litter weight, litter depth, duff depth, and 1000-hour
rotten fuels. Despite average reductions or increases, the only significant reductions

occurred in litter weight on exposed and protected slopes and duff depth which can be
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explained by logging practices and increased wind dispersal of leaves under an open
canopy.

Prescribed burning had an opposite affect, as expected, than thinning. On
average, burning reduced total fuel loading by about 55 percent in unthinned stands and
26 percent in thinned stands. Aspect did not affect the amount of consumption. Burning
had the greatest effect on fine fuels, consuming nearly 100 percent of 1-hour fuels. As
fuel timelag class increased, consumption decreased. 1000-hour fuels, for the most part,
were not significantly consumed along with 100-hour and 10-hour fuels on exposed and
protected slopes. However, with 50 percent of equilibrium litter accumulation being
regained in 2.5 years, and 75 percent in five years after a fire (Guyette 1999), surface
fuels and horizontal continuity return very quickly. Aside from the quick accumulation
of leaf litter, the effect of “fuel reduction” burns will be short lived considering that

woody fuels also tend to increase after a burn (Paulsell 1957, Scowcroft 1965).

Hypothesis 3:
Fire behavior will not differ due to combinations of treatments and aspect classes.
Differences among slopes in FLI and flame length may or may not have a greater

bearing on suppression efforts and planning than on ecological response given that HPA
and TER did not generally vary greatly. Increased flame length, fireline intensity, and
ROS on slopes indicate that control lines for prescribed and wildland fires should be
placed on ridges and not on slopes, especially where fire will be impinging from below.
Also, given that flame lengths off of slash piles averaged 14 ft up to a maximum of 50 ft,

control lines should be an ample distance away from such fuels to reduce the chance of
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spot fires, from falling embers, radiant or convective heat, or direct flame contact, that
could ignite in front of or behind the main fire.

HPA and TER were affected most by treatment while not overwhelming affected
by aspect. It is possible that a backing fire could have greater impact than a head fire
given longer residence times for backing fires depending on whether the medium to
which the fire is being applied is more resistant to lower levels of heat for longer periods
of time or higher levels of heat for shorter periods of time. Managers, ecologist, and
researchers alike should evaluate these discrepancies, especially in HPA vs. FLI, between
different fire behaviors (i.e. head and backing) caused by ignition techniques. Given that
FLI varied due to slope despite the lack of variation in HPA and TER, FLI may be the
best predictor of fire effects within homogenous fuel conditions. Also, since litter and 1-
hour woody fuels (1-hour fuels) account for the greatest proportion of energy released

during a fire they will have the greatest effect on FLI and HPA despite total fuel loading.

Summary

The foundations created by this study include baseline fuel loadings, the effect of
thinning and prescribed fire on fuel loading, and interactions between fuel conditions and
fire behavior in mature oak-hickory and oak-pine forests of the Missouri Ozarks. These
fuel loadings may also be applicable in Central Hardwood Region of Arkansas, including
the Ozark Highlands and Boston Mountains physiographic regions. Fuel loadings greater
than that assumed by BEHAVE could be present for a myriad of reasons. The
discrepancy could be the result of comparing fuel loadings from a relatively small area to

that representative of a much larger area. Presumably, fire behavior fuel model 9 is
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applicable for both hardwood leaf litter and pine needle litter; fuels that are represented
over the entire eastern portion and parts of the western United States. Other reasons for
the difference could be changing forest conditions, such as age, size, condition class, and
species composition, since fuels were originally sampled

With the exception of whole tree removal, thinning has no merit as a fuel
reduction treatment in the Central Hardwood Region since fuel loading increased 300
percent. As time passes, the heavy fuels present after a thinning will cure. Given
conditions such as prolonged drought, low relative humidity’s, low fuel moistures, and
moderate to high winds, the potential for extreme fire behavior exists resulting in what
many would consider to be catastrophic.

The effectiveness of prescribed burning as a fuel reduction treatment is
questionable. Though prescribed burning did reduce fuel loading by 55 and 26 percent in
unthinned and thinned stands respectively, the quick return of fine fuels may result in
greater fuel loadings than pre-burn conditions within 12 to 20 years. A burn-cycle of 12
to 15 years could keep fuel conditions in check. However, systematically burning sites
on a fixed length rotation could have a negative impact on other portions of the forest
community such as woody regeneration or insects.

Though not directly addressed in the objectives, the evaluations of different
passive flame height sensors provides a definitive and useful tool for managers and
ecologist alike who whish to study the effects of fire behavior. The use of passive flame
height sensors has been evaluated before. However, results of such evaluations were not
of much use to field personnel. The use of such sensors aided in the collection of data

that suggest, under relatively homogenous fuel conditions, HPA does not greatly vary
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while FLI does in response to slope, aspect, or weather. When correlated fire behavior
with effects, FLI used in conjunction with HPA can offer insight between different levels
of “heat” and “intensity” and the effects that they have on plant, and even animal,

communities.
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Appendix A. Pretreatment statistical tables
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Table 1. Pretreatment standard deviations in fuel loading (tons/acre) and vertical
structure (in).

Timelag Class Fuel  Litter  Duff
Aspect n Litter 1 10 100 1000-rotten 1000-solid Total Height Depth Depth
Exposed 135 1.39 0.23 0.24 1.61 2.07 3.64 496 098 078 042
Ridge 135 135 0.20 0.36 1.69 2.56 593  6.90 252 073 041
Protected 135 0.89 0.21 0.28 1.68 7.61 353 766 124 074 044

Table 2. Pretreatment standard deviations in fuel loading (tons/acre) by timelag
categories utilized by BEHAVE.

Aspect n <1/4in (1-hr) < 3in (100-hr)
Exposed 135 1.45 2.2

Ridge 135 1.36 2.47
Protected 135 0.94 1.96
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Appendix B. Treatment differences statistics
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Table 1. Standard deviation in fuel loading (tons/acre) and vertical structure (in)
differences due to treatment: thinning.

Timelag Class Fuel  Litter Duff
Aspect n Litter 1 10 100 1000-rotten 1000-solid Total Height Depth Depth
Exposed 90 7.13 0.65 1.55 3.05 6.14 1344 1351 839 066 0.45
Ridge 90 203 089 137 514 6.15 1232 1509 914 074 297
Protected 90 1.70 0.78 0.88 4.85 6.16 1953 20.94 12.00 0.71 042

Table 2. Standard deviation in fuel loading (tons/acre) and vertical structure (in)
differences due to treatment: burn-thin.

Timelag Class Fuel  Litter Duff
Aspect n Litter 1 10 100 1000-rotten 1000-solid Total Height Depth Depth
Exposed 45 1.12 045 051 1.67 3.78 3.74 798 6.89 043 0.30
Ridge 45 115 119 1.82 5.06 1.38 369 924 1106 0.63 0.59
Protected 45 1.88 0.71 0.83 2.31 4.63 169 1203 1216 049 031

Table 3. Standard deviation in fuel loading (tons/acre) and vertical structure (in)
differences due to treatment: burn-only.

Timelag Class Fuel Litter Duff
Aspect n Litter 1 10 100 1000-rotten 1000-solid Total Height Depth Depth
Exposed 45 127 0.17 0.22 1.04 1.08 037 197 118 040 0.28
Ridge 30 069 0.18 0.18 0.99 0.72 059 165 169 028 022
Protected 30 0.87 0.19 0.16 0.98 2.60 036 2.72 148 045 0.24
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Appendix C. Post-treatment statistical tables
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Table 1. Standard deviation in post-treatment fuel loading (tons/acre) and vertical
structure (in): thinning.

Timelag Class Fuel  Litter Duff
Aspect n Litter 1 10 100 1000-rotten 1000-solid Total Height Depth Depth
Exposed 90 1.09 059 0.62 241 5.80 1518 1584 859 049 0.25
Ridge 90 147 0.89 134 5.18 4.28 1224 1457 869 053 047
Protected 90 23 320 0.84 3.96 13.21 1377 17.65 16.10 6.0 0.57

Table 2. Standard deviation in post-treatment fuel loading (tons/acre) by timelag
categories utilized by BEHAVE.

Aspect n <1/4in (1-hr) <3in (100-hr)
Exposed 90 1.28 3.36

Ridge 90 1.71 6.87
Protected 90 2.92 5.14

Table 3. Standard deviation in post-treatment fuel loading (tons/acre) and vertical
structure (in): burn-thin.

Timelag Class Fuel  Litter Duff
Aspect n Litter 1 10 100 1000-rotten 1000-solid Total Height Depth Depth
Exposed 45 0.04 047 0.39 219 2.44 1462 1468 624 0.07 024
Ridge 45 033 019 042 3.9 3.57 921 1243 7.07 018 0.24
Protected 45 0.00 0.19 0.34 3.08 4.33 16.01 1876 7.72 0.04 0.20

Table 4. Standard deviation in post-treatment fuel loading (tons/acre) and vertical
structure (in): burn-only.

Timelag Class Fuel  Litter  Duff
Aspect n Litter 1 10 100 1000-rotten 1000-solid Total Height Depth Depth
Exposed 45 0.10 0.09 0.15 1.78 2.65 090 2386 050 078 0.17
Ridge 30 0.22 0.09 0.24 0.68 2.43 207 3.6 064 0.06 0.62
Protected 30 0.23 0.10 0.18 1.65 2.80 0.00 3.07 081 096 0.18
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Appendix D: Passive flame height sensor data and statistical information
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Table 1. Average sensor height (AVG), average height derived from the video (AVG),
and standard deviations (SD).

Sensor Material
Cotton Twn  Nylon Twine 63/37 60/40 50/50 40/60 Video

1%back  13.25 14.25 10 6.5 7 7.8
fire 10 8 8.5 8.25 8
9.75 12.25 9 8.25 8.25 8.5
9.5 14.25 8.75 9 9.75 10
AVG 10.62 13.58 8.93 8.06 8.31 8.57 5.00
SD 1.76 0.94 0.71 0.94 0.97 0.86 2.65
2" back 5 5 475 3.25 35 4
fire 45 10 35 3.25 3 2.75
105 13 9.5 6.5 6 6
7.25 6.5 7 6.75 6.5 5
AVG 6.81 8.62 6.18 4.93 475 4.43 3.25
SD 2.73 3.59 2.64 1.95 1.75 1.39 1.06
3" back 7.25 10 6 5 5 35
fire 8 5.25 8.5 8.25 8.5 8
8.75 8.75 45 2 25 2.75
4.25 475 45 5 4 3.75
AVG 7.06 7.18 5.87 5.06 5.00 45 3.14
SD 1.97 2.58 1.88 2.55 2.54 2.37 1.08
1% head 9.25 48.5 12 11.75 115 10.25
fire 285 35.75 31 26.25 23 21.75
215 415 255 25 22 225
12.75 33.75 22.25 23 25 25.25
AVG 18.00 39.87 22.68 215 20.37 19.93 9.79
SD 8.69 6.62 7.98 6.63 6.04 5.74 5.06
2nd head 8.5 8.5 6.25 6.75 7 6.5
fire 75 75 55 6.5 55 55
7.75 7 7 7 7 7.25
7.25 5.25 55 6.25 55 5.75
AVG 7.75 7.06 6.06 6.62 6.25 6.25 4.80
SD 0.54 1.35 0.71 0.32 0.86 0.79 1.7168
3rdhead  30.75 39.5 30.25 31.75 31.75
fire 24.75 22 235 24.75 24
31 46 295 285 265
13.75 25.75 9.5 9.5 9
AVG 25.06 33.31 23.18 23.62 22.81 13.52
SD 8.076 11.31 9.61 9.84 9.75 15.09
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Appendix E: Slope differences among treatment and aspect class
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Table 1. Slope, in percent, with standard deviations, in parenthesis, among aspect classes

and burn treatments.

Block

Treatment  Aspect N 1 2 3
Exposed 15 19(55) 12(3) 6 (3)
Burn Ridge 15 5(2) 6 (3) 33
Protected 15 15(33) 143 73)
Exposed 15 15(4) 15(3) 11 (5)
Burn-thin  Ridge 15 0 (0) 2(1) 6 (2)
Protected 15 12(2) 16 (4) 16 (2)
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Appendix F. Fire behavior statistics
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Table 1. Standard deviation for flame length derived fire behavior parameters.

AFL MFL  Nelson FLI Nelson ROS Byram FLI Byram ROS ~ HPA

Treatement Aspect n In in Btu/ft/sec ft/min Btu/ft/sec  ft/min Btu/ft®
Exposed 9 11 35 47 2.62 25 1.41 138
Burn Ridge 6 7 16 19 1.04 10 0.53 35
Protected 6 10 18 43 2.61 23 1.41 16
Exposed 9 17 35 120 6.18 69 3.55 88
Burn-thin  Ridge 9 6 16 12 0.62 6 0.31 228
Protected 9 18 18 96 4.53 53 2.52 132

Table 2. Standard deviation for TER in both burn and burn-thin treatments.

Total 1-hour % 1-hour
Treatment  Aspect n Btu/ft* Btu/ft? %
Exposed 45 584 394 22
Burn Ridge 30 390 199 17
Protected 30 1001 255 27
Exposed 45 1699 353 28
Burn-thin  Ridge 45 2635 349 76
Protected 45 1909 548 27
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