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ABSTRACT

MOISTURE DYNAMICS AND FIRE BEHAVIOR IN MECHANICALLY
GENERATED (MASTICATED) FUELBEDS

Jesse K. Kreye

Changing fuel complexes, increases in the wildland/urban interface, and potential
climatic change have made the threat of catastrophic wildfire in the western United States
a great concern. Mastication is a fuels treatment method used to mitigate potential
wildfire risk by reducing vertical fuel continuity in forest and shrub ecosystems. Moisture
desorption and fire behavior were both studied here with masticated and intact
Arctostaphylos manzanita (common manzanita) and Ceanothus velutinus (snowbrush)
under laboratory conditions. Moisture response time did not differ between intact and
fractured particles or pine dowels (control) when desorbing within fuelbeds. Average
response times of 10-hr particles (0.635-2.54 cm) at the surface of fuelbeds ranged from
17-21 hrs. Also, fuelbed moisture response time was much greater than that of particles
at the fuelbed surface (240-440% higher). Under laboratory burning, masticated
Arctostaphylos manzanita fuelbeds with higher fuel moisture content (FMC) burned with
lower peak intensity, but elevated intensity occurred for longer durations. Duration of
lethal temperatures did not differ based on FMC. Under laboratory burning of
Arctostaphylos manzanita and Ceanothus velutinus fuelbeds comprised of either intact or
fractured particles at 5 or 13% FMC, Arctostaphylos manzanita burned with greater

intensity compared with Ceanothus velutinus; fuelbeds composed of intact particles
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burned with greater intensity than fractured particles; and 5% fuel moisture treatments
burned with greater intensity than 13% FMC. This work does not provide empirical
evidence to support that the physical shape of fractured particles from mechanical
mastication increases fire intensity or is a significant factor affecting moisture dynamics
at the fuelbed level. This work does support that longer than expected response times of
particles within fuelbeds and substantially longer response times of fuelbeds suggests that
moisture dynamics is being controlled not exclusively at the particles level, but also by
fuelbed properties. It also supports that intensity and residence time both influence
duration of heating above lethal temperatures and that these highly compacted woody
fuelbeds burn with sufficient fire intensity to induce long duration heating that may

ultimately lead to undesired fire effects in fuels treatments in fire-prone ecosystems.
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CHAPTER 1: Moisture dynamics in masticated Artcostaphylos manzanita and Ceanothus

velutinus fuelbeds

Introduction

Decades of fire exclusion have led to increased risk of catastrophic wildland fire
in the western United States (Brown and Arno 1991, Mutch et al. 1993, Covington and
Moore 1994). Elevated fuel (live and dead biomass) levels have led to the
implementation of various fuels reduction treatments to reduce fire hazard in fire-prone
ecosystems (Agee and Skinner 2005). Mechanical mastication is a fuels treatment aimed
at reducing fire risk by disrupting the vertical continuity of shrub and small-tree fuels
(Bradley et al. 2006, Glitzenstein et al. 2006, Hood and Wu 2006). The mastication
process reduces shrubs and trees into a highly compacted fuelbed. Fuelbeds <7cm in
depth with concentrated (>80%) loading in 1 and 10 hr timelag categories have been
observed in masticated fuels treatments of northern California and southern Oregon
(Kane et al. 2006). While mastication projects are increasingly being implemented in the
western U.S., little is known about the effects of mastication on subsequent fire behavior.
Prescribed fires have occurred within masticated sites resulting in unexpected fire
behavior and effects (Bradley et al. 2006, Knapp et al. 2006). Currently, fire modeling
systems (e.g., Behave Plus) are poor at predicting fire behavior parameters in these types

of treatments. Changes in moisture loss rates caused by fracturing in masticated fuels
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have been hypothesized to be a primary reason for inaccurate fire behavior predictions
(Kane et al. 2006).

Fuel moisture is a primary predictor of fire behavior (Rothermel 1972, Bessie and
Johnson 1995) as it is one of the most important factors influencing fire intensity (Byram
1963). The response of fuel moisture to changes in environmental conditions occurs
through adsorption and desorption processes. The adsorption and desorption of moisture
in fuels during a change in environmental conditions occur differently (Blackmarr 1971)
and is referred to as sorption hysteresis. The resulting equilibrium moisture content
following desorption is higher than the equilibrium moisture content resulting from the
adsorption process across various environmental conditions (relative humidity and
temperature). Desorption of moisture occurs when fuels are drying in response to a
decreases in atmospheric relative humidity. The irregular shape of masticated fuel
particles may affect the rate in which fuel moisture responds to diurnal or seasonal
changes in environmental conditions.

The timelag concept developed by Byram (1963) describes moisture responses in
fuels resulting from changes in environmental conditions. Fuel moisture content can be
converted to relative moisture content (Fosberg 1970) for comparing desorption rates and

to estimate time lag response times by:

E - (mt_mf) (1)

(m,‘ - m_/)



where

E = relative moisture content
m; = moisture content at time t
my = final moisture content

m; = initial moisture content

Relative moisture content (£) is the remaining fraction of moisture that is evaporable at a
specific time during desorption from initial moisture content to an equilibrium moisture
content following a change in temperature and/or relative humidity. Nelson (1969)
described the timelag parameter as characteristic of physical and chemical processes that

follow an exponential decay function and that £ could be described in terms of response

time (t) by:
m,—m; _E- Keé 2)
m;,—m;,
where

K =1 when att=0, m;=m;
e = base of natural logarithm

t = time (hrs)
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T = response time (hrs) for which 1/e (0.368) of the change between two steps

remains

The logarithmic form of this equation (Eq. 3) can be differentiated to calculate the
rate of change in relative moisture content and the resulting slope defined in terms of t
since the logarithmic form will be linear under the theoretical negative exponential

function. Response time can then be calculated by solving Eq. 3 for t:

4 __1 3)
dt (n£)= T

Empirical studies (Nelson 1969, Mutch and Gastineau 1970, Anderson 1990)
have shown that moisture response in forest fuels does not follow a pure negative
exponential function. Different techniques have therefore been used to describe response
times (1) throughout desorption and adsorption processes. While response time may be
thought of in terms of the time required for 63.2% (1 — 1/e) of the total change to occur as
moisture is adsorbed or desorbed from an initial stable state to that of equilibrium at
another stable state, this response time fluctuates throughout the process. Since moisture
response does not follow a pure exponential decay function, the derivative of its true
function should result in a nonlinear function where its slope will not be constant.
Response time (1) fluctuates throughout the process because the instantaneous rate of

change along the differentiated logarithmic form of £ changes across time (t). The
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instantaneous rate of change at a single time (t) can result in the calculation of a constant
response time (1), but may only be true at that particular time.

It is common to plot £ as a function of time (t) on a semi-logarithmic axis and to
partition the resulting curves into separate linear portions. Response times are then
calculated for the separate linear sections. Nelson (1969) described two timelags, or
“response times”, T and 1, that represent the initial and final stage of drying respectively,
but these were separated by a curvilinear portion in the middle. Mutch and Gastineau
(1970) found two linear portions occurred in desorption and adsorption of reindeer
lichen. Anderson (1990) studied more than one timelag period whereby £ = 0.63, 0.86,
and 0.95 respectively for the first three timelag periods. All of these studies have used
standard conditions of 80°F and a step change from 90% to 20% relative humidity (RH)
for desorption and the reverse for adsorption. Qualitative analysis can be conducted by
plotting E over time on a semi-logarithmic axis and comparing different fuel types in
terms of response times over various described timelag sections to show the variation in
moisture response of different fuels as Anderson (1990) did with Douglas-fir
(Pseudotsuga menziesii) needles, lodgepole pine (Pinus contorta) needles, 1.27 cm
ponderosa pine (Pinus ponderosa) sticks (square in cross section), and witch’s hair lichen
(Alectoria jubata). Linton (1962) and Viney and Hatton (1989) described a different use
of the term “timelag” in regard to the lag time of fuel moisture behind that of a theorized
equilibrium moisture content that would occur on a diurnal cycle of changing temperature
and relative humidity under field conditions. Viney and Hatton (1989) and Viney and

Catchpole (1991) therefore suggested using the term “response time” as the time with
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which 63.2% of evaporable moisture content has been lost between a shift in two stable
conditions, which usually occur under laboratory experiments. Nonetheless the timelag
concept and the use of “response times” are widely used in fire and fuels research and
management and can be analyzed through empirical methods without having detailed
information regarding specific fuel characteristics.

To address potential differences in moisture dynamic in masticated fuels I
evaluated fuel moisture during desorption in mechanically masticated shrub fuels
(Arctostaphylos manzanita and Ceanothus velutinus) at the particle and fuelbed scale and
compared them to standard fuels (ponderosa pine dowels). Fuel moisture values that are
input into fire behavior/effects models such as Behave Plus (Andrews et al. 2005) and the
National Fire Danger Rating System (Deeming et al. 1978) are commonly estimated from
standard 1.27 cm diameter ponderosa pine dowels. I also included 1.27 cm maple (Acer
sp.) dowels because their specific gravity is more similar to that of Arctostaphylos
manzanita and Ceanothus velutinus (Kreye and Varner 2007). Experiments were
conducted with constructed fuelbeds and individual particles within those fuelbeds.
Desorption rates were compared between intact and fractured particles both at the
individual particle level and at the fuelbed level. Desorption rates were analyzed by the
estimation of response time, in terms of the timelag concept developed by Byram (1963),
for both particles and fuelbeds.

I hypothesized that 1) response time would differ between intact and fractured
particles within the upper surface of fuelbeds of both Arctostaphylos manzanita and

Ceanothus velutinus; 2) response time of particles at the upper surface of fuelbeds would



differ from the response time of fuelbeds; 3) response time of intact and fractured
Arctostaphylos manzanita and Ceanothus velutinus particles would differ from the
response time of both ponderosa pine and maple dowels and 4) response time of fuelbeds
comprised of intact particles would differ from the response time of fuelbeds comprised
of fractured particles in both Arctostaphylos manzanita and Ceanothus velutinus. These
results should address the effect that fracturing from mastication at the particle level
influences moisture desorption and the potential for this effect to influence fire behavior

through the drying of fuels.

Methods

Mechanically masticated fuels were collected from two different sites in
northwestern California, USA. One site was a fuelbreak in the Six Rivers National Forest
near Mad River, California, ca. 80 km inland (Fig. 1). The site was dominated by dense
common manzanita (Arctostaphylos manzanita) prior to mastication in December 2004.
The elevation of the site is 285 m with a 6% slope and a NW aspect. Within the site, all
woody fuels were collected from the surface down to mineral soil in four 2 x 2 m plots in
June 2006 (18 months following trt). The other site was a fuelbreak on Taylor Ridge in
the Klamath National Forest near Cecilville, California, also 80 km inland (Fig. 2). The
Taylor Ridge site was dominated by snowbrush (Ceanothus velutinus) prior to the May
2005 mastication. The elevation at Taylor Ridge is 1860 m and the unit was along the

apex of the ridgeline. All woody fuels were collected from the surface down to mineral
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soil at four 2 x 2 m plots in July 2006 (14 months following trt). Collected fuel from both

sites was transported to the laboratory for desorption experiments under controlled

conditions.



Fig. 1- Mad River fuelbreak (Six Rivers National Forest, CA) treated (left) and control (right). Photo courtesy of
E. Knapp, USDA Pacific Southwest Research Station, Redding, CA.



Fig. 2- Taylor Ridge fuelbreak (Klamath National Forest, CA) treated (left) and control (right). Photo courtesy
of E. Knapp, USDA Pacific Southwest Research Station, Redding, CA.



Twelve fuelbeds were created with 4. manzanita particles from the Mad River
fuelbreak and 12 fuelbeds were created using Ceanothus velutinus particles from the
Taylor Ridge fuelbreak. For all fuelbeds, particles were separated into 1-hour (<6.35 mm
diameter) and 10-hour (6.36-25.4 mm diameter) fuel categories. Fuels >25.4 mm in
diameter were excluded from experimentation because they composed a minor fraction of
loading in these two sites (Mad River 8.0% and Taylor Ridge 5.7%; Kane et al. 2006).
Each fuelbed was constructed of 294g of 1-hr fuels and 435g of 10-hr fuels to simulate
the loading (23.5 Mg/ha of 1-hr fuels and 34.8 Mg/ha of 10-hr fuels) at the Mad River
site (Kane et al. 2006). Fuel loading from the Mad River site was used because it was the
higher of the two sites. Constructed fuelbeds were ca. 7 cm tall and were created in 26 x
38 cm aluminum pans (Fig. 3).

Within each fuelbed five particles between 6.36 and 25.4 cm average diameter
(10-hr fuels) were selected and marked with wire and metal tags. Average particle
diameter was calculated from the arithmetic mean of 4 measurements: 2 were taken at
minimum and maximum diameter at 1/3 of the distance along the longitudinal axis from
one end of the particle, while the other 2 were taken in a similar manner at 2/3 the
distance from the same particle end. Of the five selected particles, two were intact and
three were fractured. Intact particles were not fractured by the mastication process and
were relatively cylindrical (Fig. 4). All marked particles were placed at the upper layer of
their respective fuelbeds whereby the upper surface of each was exposed to the

atmosphere directly above the fuelbed, representing the driest portion of the fuelbed.
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Fig. 3- Constructed fuelbeds created from masticated shrub fuels from northern California, USA.
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Fig. 4 - Examples of particle fuel types: dowel (a); fractured (b); and intact (c).



Ponderosa pine and maple dowels were also marked with wire and tags and added
to all fuelbeds. Ponderosa pine dowels are used as standard fuel moisture indicator sticks
for estimating fuel moisture in the field (Gisborne 1933, Cramer 1961). Maple dowels
were used because their particle specific gravity (0.65) is more similar to that of
Arcotstaphylos manzanita (0.69) compared with ponderosa pine dowels (0.47; Kreye and
Varner 2007). Two pine dowels (12.5 x 127 mm) and two maple dowels (12.8 x 127
mm) were placed at the upper layer of each of the 12 A. manzanita fuelbeds. Desorption
with C. velutinus fuelbeds was conducted after A. manzanita, therefore I selected 1 pine
dowel and 1 maple dowel from each of the A. manzanita fuelbeds to be used in the C.
velutinus fuelbeds so that repeated measures could be conducted with the dowels between
experiments.

All fuelbeds were submerged in a water bath for 7 days. Following the water
bath all fuelbeds were drained and placed in a temperature and humidity controlled room
(4.5 x 3.2 x2.5m). Temperature and relative humidity were controlled (4. manzanita:
RH=30.9% (£0.19), temp 24.1°C (£0.06); C. velutinus: RH= 28.7% (£0.12), temp 28.4
°C (£0.03) by sealing off all ventilation and the use of a Comfort-Aire BHD-301
electronic dehumidifier (Heat Controllers, Inc., Jackson, MI, USA). Temperature and
relative humidity data were recorded hourly throughout the experiment. Holes (2mm
diameter) were punctured in the bottoms of each pan and pans were elevated on wooden
slats to allow excess moisture to drain throughout desorption. Fuelbeds were allowed to

desorb moisture for 336 hrs. Fuelbeds and marked particles were weighed periodically
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throughout the experiment. Following desorption, fuelbeds were oven dried at 60°C for
72 hrs. Fuelbeds and all marked particles, including dowels, were then weighed to obtain
oven-dry mass. Specific gravity of marked masticated particles and dowels was
measured by submersion of individual particles in water and measuring the resulting

buoyant force as recorded on a balance (ASTM 2002) whereby

specific gravity = oven dry weight (g) / buoyant force (g) 4)

Fuel moisture content and relative moisture content values were calculated for
marked particles and fuelbeds for each time period that particles and fuelbeds were

weighed during desorption. Moisture content (1) at time ¢ was calculated by

m; = (fuel weight ,— oven dry weight) / oven-dry weight (5)

Fuel moisture content was converted to relative moisture content (Fosberg 1970), as
described above (Eq. 1), for comparing desorption rates and to estimate time lag response
times. To address non-linearity of relative moisture content (E) plotted on a logarithm
axis over hours of desorption, piecewise polynomial curve fitting (Seber and Wild 1989)
was conducted to separate plots of the natural logarithm of E over desorption time (t) into

two linear portions. Linear-linear piecewise models were used to partition the curves into
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two (t; and 1,) timelag sections. Response times (1) were then calculated for each timelag
section for all marked particles, dowels, and fuelbeds.

First timelag period response times (t;) were then compared between fuels (intact,
fractured, pine dowels, maple dowels, fuelbeds) using GLM analysis of variance
followed by a Tukey-Kramer post-hoc multiple comparison of the means (Sokal and
Rohlf 1995). Specific gravity was compared across fuel types using GLM analysis of
variance. Average diameter was used as a covariate to control for the effect on
desorption rates for GLM analysis of variance.

To compare potential effects of particle shape at the fuelbed level, 32 additional
fuelbeds were created using fuels collected from both fuelbreaks. Sixteen fuelbeds were
composed of A. manzanita collected from the Mad River fuelbreak and sixteen were
composed of C. velutinus from the Taylor Ridge fuelbreak. Of the sixteen fuelbeds
within each species, eight were composed of fractured particles and eight were composed
exclusively of intact particles.

The eight intact fuelbeds created from Mad River were created using 4.
manzanita from the site that had been hand-cut and piled at the site within a year
following mastication. Fuels from within the hand pile were cut into pieces of similar
lengths as collected masticated particles. This method was used to develop fuelbeds of
exclusively intact fuels because of the limited availability of intact particles within the
site. There where enough intact particles available within the Taylor Ridge treatment site
to allow for development of eight intact and eight fractured fuelbeds of C. velutinus

collected from that fuelbreak. All 32 fuelbeds were constructed with the same methods
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as described above, although no particles were marked nor were dowels placed in the
fuelbeds.

Fuelbeds were soaked in a water bath for seven days and subsequently drained
and allowed to desorb moisture under the same laboratory conditions described above.
Temperature and relative humidity were controlled at 25.1°C (£0.11) and 28.9% (£0.32).
Fuel moisture content, relative moisture content, and timelag response times were
calculated for all 32 fuelbeds using methods described above. Initial timelag period
response times (t1) were compared across fueltypes (intact v. fractured) and species

(Arctostaphylos manzanita and Ceanothus velutinus) using GLM analysis of variance.



Results

Specific gravity differed among species, except for maple dowels and

Arctostaphylos manzanita particles marked within fuelbeds (Table 1).



Table 1- Specific gravity of maple dowels, pine dowels, 4. manzanita, and C. velutinus
particles used in desorption experiments (values in parentheses are + std error).

Fueltype n Specific Gravity
maple dowel 24 0.65 (0.01)A'
pine dowel 24 0.47 (0.01)B

A. manzanita 60 0.69 (0.01)A

C. velutinus 60 0.59 (0.01)C

"'Values with like notation did not differ (6=0.05) using a Tukey-Kramer post-hoc
multiple comparison of the means.



Arctostaphylos manzanita

Relative moisture content £ (Equation 1) throughout the desorption process
within Arctostaphylos manzanita fuelbeds and selected particles at the upper surface of
fuelbeds is represented graphically (Fig. 5) with loess (locally weighted regression scatter
plot smoothing) curves (Afifi et al. 2004) developed by using 40% of the dataset at each
loess calculation. Fuelbeds and maple dowels differed in initial timelag period response
times (t;) compared with pine dowels and Arctostaphylos manzanita particles (intact and
fractured) within fuelbeds (Table 2). Intact and fractured 4. manzanita particles did not

differ in response times (1)) nor did they differ with response times of pine dowels.
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Fig. 5 — Relative moisture content (E) during desorption of masticated Arctostaphylos
manzanita fuelbeds and particles marked at the upper surface of fuelbeds in lab
conditions.



Table 2 — Mean response time 1, of Arctostaphylos manzanita fuelbeds and particles
within fuelbeds (values in parentheses are + std error).

Fueltype n 71 (hours)
Fuelbed 12 68.5 (3.74)A"
Maple dowels 24 36.5(1.93)B
Pine dowels 24 21.5(1.25)C
A. manzanita (intact) 22 19.2 (1.16)C
A. manzanita (fractured) 38 20.8 (1.14)C

"'Values with like notation did not differ (¢=0.05) using a Tukey-Kramer post-hoc
multiple comparison of the means.

5



Ceanothus velutinus

Relative moisture content £ (Equation 1) throughout the desorption process
within Ceanothus velutinus fuelbeds and selected particles at the upper surface of
fuelbeds is represented graphically (Fig. 6) with loess (locally weighted regression scatter
plot smoothing) curves (Afifi et al. 2004) developed by using 40% of the dataset at each
loess calculation. Fuelbeds and maple dowels differed in initial timelag period response
times (t;) compared with pine dowels and Ceanothus velutinus particles (intact and
fractured) within fuelbeds (Table 3). Intact and fractured C. velutinus particles did not

differ in response times (1) nor did they differ from response times of pine dowels.
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Fig. 6 - Relative moisture content (E) during desorption of masticated Ceanothus
velutinus fuelbeds and particles marked at the upper surface of fuelbeds in lab conditions.



Table 3 — Mean response time (t;) of Ceanothus velutinus fuelbeds and particles within
fuelbeds (values in parenthesis are + std error).

Fueltype n 71 (hours)
Fuelbed 12 87.2 (2.21)AT
Maple dowels 12 24.0 (1.52)B
Pine dowels 12 17.2 (1.84)C
C. velutinus (intact) 24 15.8 (0.70)C
C. velutinus (fractured) 36 16.7 (1.00)C

"'Values with like notation did not differ (¢=0.05) using a Tukey-Kramer post-hoc
multiple comparison of the means.



Intact vs. Fractured Fuelbeds (4. manzanita and C. velutinus)

Relative moisture content £ (Equation 1) throughout the desorption process
within intact and fractured Arctostaphylos manzanita and Ceanothus velutinus fuelbeds is
represented graphically (Fig. 7) with loess (locally weighted regression scatter plot
smoothing) curves (Afifi et al. 2004) developed by using 40% of the dataset at each loess
calculation. A comparison of initial timelag period response times (t1) of fuelbeds across
fueltype (intact and masticated) and species (4Arctostaphylos manzanita and Ceanothus
velutinus) resulted in a significant difference in means of timelag response times (t1)

between species (p<0.001), but not between fueltype (p=0.258;Table 4).
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Fig. 7 - Relative moisture content (E) during desorption of intact and fractured Ceanothus
velutinus and Arctostaphylos manzanita fuelbeds in lab conditions.
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Table 4 — Mean response time (t;) of fuelbeds by species and fueltype (values in
parentheses are £std. error).

Species Fueltype n 71 (hours)

A. manzanita Intact 8 43.7(3.92)A"
A. manzanita Masticated 8 39.9 (3.56)A
C. velutinus Intact 8 68.5 (3.05)B
C. velutinus Masticated 8 62.8 (5.43)B

"Values with like notation did not differ (6=0.05) using a GLM analysis of variance.
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Discussion

Mechanical mastication is continuing to be implemented as a fuels treatment
method in the western United States. The ability to predict fuel moisture content and fire
behavior will aid managers to more precisely develop objectives with mastication
treatments. In addressing potential effects of the physical shape of masticated particles
on moisture desorption in this study, I was able to compare timelag response times
between particles physically fractured by mastication with intact particles not altered by
mastication. These experiments do not support the hypothesis that desorption rates differ
between fractured fuel particles and intact (primarily cylindrical) particles. These results
suggest that the physical shape of masticated particles alone does not significantly control
fuel moisture desorption in mechanically masticated fuelbeds.

The response times of 10-hr fuel particles drying within the surface layer of
fuelbeds were at the upper end (20h) of the expected response times for similar fuels
drying independently (Kreye and Varner 2007). Response times were even longer (40-
87h) when measured at the fuelbed level. Fuelbed scale characteristics may affect
moisture desorption in ways that are more significant than particle level characteristics.
Fuel particles under desorption independent of the influence of fuelbeds should react
primarily to the surrounding atmosphere in response to surface tension forces or gradients

in bound water and partial vapor pressure (Nelson 2001). Particles desorbing within
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fuelbeds are likely influenced by moisture dynamics of adjacent particles with which they
are in contact. Since fuelbed desorption was found to be much slower than fuel particles
at the fuelbed surface, it will be important to fully understand how fuelbed level
characteristics influence desorption in comparison to particle characteristics in masticated
woody fuels. The relative control of fuelbed versus particle level characteristics may
fluctuate with changes in fuelbed characteristics such as packing ratio, fuelbed depth, and
fuel load by timelag category. Anderson (1990) showed that moisture response was
influenced by packing ratio and fuelbed depth in litter beds and that their response times
were greater than 1.27 cm square ponderosa pine sticks. He suggested further work be
conducted addressing the influence of packing ratio and fuelbed depth on moisture
response. Increasing compaction of woody fuels within these fuelbeds probably creates
microclimates where not only moisture transfer from particle to particle, but local relative
humidity within the pore space of these fuelbeds may be elevated compared with that of
the atmosphere above the fuelbed. This phenomenon would likely maintain elevated
moisture content similar to the effect of mulch. Viney (1992) discussed that the response
of moisture to environmental changes in fuelbeds would vary between the upper surface
layer of litter and duff fuelbeds with that of the interior and that a problem arises due to
the use of mean moisture content values for entire fuelbeds in experiments. While
differences in moisture response was found here between particles at the upper surface
layer of fuelbeds with that of the fuelbeds, it is unknown if there were further gradients in
moisture response within the vertical horizon of masticated fuelbeds. Although

masticated fuelbeds are composed of woody particles, they may react to moisture
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changes in similar ways as litter and duff. The movement of water in litter and duff is
controlled by the amount of moisture retention on and within particles as well as the
spaces between particles (Nelson 2001). In looking at individual fuel particles and
litter/duff fuelbeds, for example, they are respectively represented by cylinders and slabs
under theoretical moisture analysis (Viney 1992). While these representations may be
adequate, masticated fuelbeds may respond to moisture in ways that would place them
somewhere between these two models. Further work varying packing ratio, fuel load,
and fuelbed depth in moisture dynamics experiments are required to address the levels at
which these characteristics are influencing moisture response.

There was no supporting evidence here to suggest a need to adjust fuel moisture
prediction equations based on the physical shape of individual masticated particles,
although it is of interest that desorption rates of fuelbeds were longer than particles at the
fuelbed surface (40-87 v 16-22 h). Even particles at the surface of fuelbeds were high in
desorption rates compared with work conducted with masticated manzanita particles
desorbing outside of fuelbeds (12-13 h; Kreye and Varner 2007). The use of an
individual fuel particle to estimate desorption rates in masticated fuelbeds may
overestimate the drying rates of fuels and as a consequence underestimate fuel moisture
following desorption. Pine dowels used as moisture indicator sticks are elevated above
the ground and are not in contact with fuelbeds. Pine dowels were used here as a control
and were within the upper layers of fuelbeds. While there was no difference between
response times in pine dowels with that of fractured or intact particles (Tables 2 and 3) it

is unclear why response times did differ between both fractured and intact fuels with that
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of maple dowels. Maple dowels were used as another control because of the similarity of
particle specific gravity with the tested shrub species (Table 1). Even though maple
dowels dried slower than other particles at the fuelbed surface (Tables 2 and 3), they still
responded faster than fuelbeds. Differences in moisture desorption between fuelbeds and
particles at the surface layer of fuelbeds suggest that mastication treatments do act as a
mulch layer in retaining moisture within fuelbeds.

There is also lack of strong enough evidence to support that fuelbeds composed of
fractured particles desorb differently than fuelbeds composed of intact particles.
Desorption rates did not differ enough to suggest that particle shape alone influences
moisture dynamics at the fuelbed level (Fig 7; Table 4) and a potential root cause for the
disparity between observed fire behavior and predicted parameter estimates from
currently used fire prediction models.

Fuelbeds from within masticated fuels treatment units differ from fuels of any of
the currently used fuel models (Kane 2007). The high fuel loading of 1 and 10-hr fuels
and high bulk density found in masticated sites are uncharacteristic of natural or other
activity fuels. While it appears that particle shape does not significantly alter moisture
desorption in masticated fuels, there is sufficient evidence from observed fire behavior
and effects in these treatments (Knapp et al. 2006) and under laboratory conditions
(Kreye Chapter Two) to support that fuelbeds burn with significant fire behavior to
warrant further research. The unique characteristics of these fuelbeds (Kane 2007)
suggest that other fuelbed level characteristics, other than particle shape, are driving fire

behavior. Masticated treatments are composed of higher loads of small diameter particles
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than would be found in natural or other activity fuels (Kane 2007). Even currently used
slash models do not share the fuel loading characteristics found in masticated treatments.
While similar fire behavior has been observed from the burning of wooden cribs
composed of 0.635 and 1.27 cm particles with packing ratios near to those found in
mastication fuelbeds (Rothermel 1972), it is unclear why current fire behavior prediction
systems do not predict fire behavior in these fuelbeds. Further empirical studies are

warranted to fully address fire behavior in masticated fuelbeds.
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CHAPTER 2: Fire behavior in masticated Arctostaphylos manzanita and Ceanothus
velutinus fuelbeds

Inroduction

To reduce wildfire hazard, various fuels treatment methods have been
implemented to reduce surface fuels, alter crown characteristics, disrupt vertical fuel
continuity, and/or retain larger fire resistant tree species (Agee and Skinner 2005). The
goals of fuels treatments are to reduce potential flame lengths, reduce torching and crown
fire potential, and often restore historic stand structure (Mutch et al. 1993, Graham et al.
1999). One fuels treatment that has become increasingly common is mechanical
mastication (Graham et al. 2004, Busse et al. 2005, Glitzenstein et al. 2006, Knapp et al.
2006, Kane et al. 2006, Hood and Wu 2006, Kreye and Varner 2007, Perchemlides et al.
2008). Mastication is a process in which shrubs and/or understory trees are shredded via
front-end or boom mounted mechanical equipment. Particles created from mastication
remain on site resulting in highly compacted dead woody fuelbeds (Hood and Wu 2006,
Kane et al. 2006). Mastication reduces vertical fuels in forest and shrub ecosystems
lowering the probability of crown ignition and reducing potential fireline intensity.
Along ridgetops, mastication treatments may alter the spread of fire across the landscape.
Capabilities of fire suppression may be enhanced in these areas where strategies and
tactics are otherwise limited due to potential high intensity fire behavior (Green 1977,

Moghaddas and Craggs 2007). A linear area of masticated fuels may provide for direct
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fire suppression strategies or as a strategic location for aerial fire suppression activities,
such as retardant application .

While mastication treatments are being implemented across the western U.S.,
there are several questions regarding their potential effects. Among these, understanding
resulting fire behavior is primary. To understand the impacts of potential fire within
masticated treatments, it will be critical to have the ability to predict fire behavior in these
fuelbeds.

The use of computer-based fire behavior modeling systems, such as Behave Plus
(Andrews et al. 2005), to predict fire behavior is a common practice. Rate of spread and
intensity, among others, are predicted from topographic, meteorological, and fuel
parameter inputs. The input of fuel parameters can by conducted by the use of existing
fuel models (e.g., Anderson 1982, Scott and Burgan 2005) with predetermined fuel
characteristics or by developing a custom fuel model using fuel parameters measured in
the field or estimated for post-treatment fuel scenarios. Fuel parameters include live fuel
load, dead fuel load by timelag categories (diameter classes), fuel heat (caloric) content,
fuel moisture of extinction, fuelbed depth, and fuel particle surface area to volume ratio
(SA:V). Under custom fuel modeling, SA:V for dead fuels can only be input for the one-
hour timelag category fuels (<0.635 cm diameter). The use of Behave Plus to predict fire
behavior in fuelbeds created from mechanical mastication results in the inability to
predict fire behavior sufficiently. Predicted rate of spread and fireline intensity, even

under very dry conditions, is close to zero. In recent studies (Busse et.al. 2005, Bradley
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et al. 2006, Knapp et.al. 2006), observed fire behavior and fire effects consistently exceed

model predictions.

While the disparity between observed and predicted fire behavior using current
models may not be understood, it has been shown that fuel characteristics from several
mechanically masticated sites in northern California and southern Oregon differ from
those of any of the currently used fuel models (Kane 2007). Increased fuel loads in the
smaller diameter (1 and 10 hr timelag) classes along with reduced fuel bed depths from
the mastication process create unique fuel parameters uncharacteristic of any other fuel
models. Along with shifting fuels into smaller diameter classes, there may be an
additional increases in SA:V at the particle level. The fracturing of particles not only
increases the quantity of smaller average diameter particles, but also alters particle shape
into a more irregular non-cylindrical form (Kane 2007). Current fire behavior models
may extrapolate predicted indices from empirical data that did not include fuelbed
parameters found in fuels of this nature. Such fuelbed parameters (e.g. low fuelbed
depths, high fine fuel loading, high packing ratios, and high SA:V) may account for
observed fire behavior.

The objectives of this research were: 1) to measure burning characteristics and
duration of heating within compact masticated fuelbeds under varying fuel moisture
contents and 2) to compare burning characteristics and duration of heating between
compact fuelbeds composed of fractured particles and compact fuelbeds composed of
intact (relatively cylindrical) particles. The latter of these objectives was to address the

potential influence of particle shape on fire behavior. My hypotheses were: 1) that with
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increased fuel moisture content, fireline intensity would decrease while combustion time
(flaming and smoldering) would increase; 2) that fractured particles burn with greater
fireline intensity than intact particles: and 3) that fireline intensity and combustion time

(flaming and smoldering) would both influence duration of heating above the fuelbed.

Methods

Mechanically masticated fuels were collected from two different sites in
northwestern California, USA. One site was a fuelbreak in the Six Rivers National Forest
near Mad River, California, ca. 80 km inland. The site was dominated by dense common
manzanita (4Arctostaphylos manzanita) prior to mastication in December 2004. The
elevation of the site is 285 m with a 6% slope and a NW aspect. Within the site, all
woody fuels were collected from the surface down to mineral soil in four 2 x 2 m plots in
June 2006 (18 months following treatment). The other site was a fuelbreak on Taylor
Ridge in the Klamath National Forest near Cecilville, California, also 80 km inland. The
Taylor Ridge site was dominated by snowbrush (Ceanothus velutinus) prior to the May
2005 mastication. The elevation at Taylor Ridge is 1860 m and the unit was along the
apex of the ridgeline. All woody fuels were collected from the surface down to mineral
soil at four 2 x 2 m plots in July 2006 (14 months following treatment). Collected fuel
from both sites was transported to the laboratory for burning experiments under

controlled conditions.



25

Sixteen fuelbeds were created using masticated manzanita particles from the Mad
River fuelbreak. Fuels were separated into 1-hour (<6.35 mm diameter) and 10-hour
(6.36-25.4 mm diameter) timelag categories (Lancaster 1970). Fuels > 25.4 mm in
diameter were excluded from experimentation because they composed a minor fraction of
loading in both sites (Mad River 8.0% and Taylor Ridge 5.7%; Kane et al. 2006). Each
fuelbed was constructed of 294g of 1-hr fuels and 435g of 10-hr fuels to simulate the
loading (23.5 Mg/ha of 1-hr fuels and 34.8 Mg/ha of 10-hr fuels) at the Mad River site
(Kane et al. 2006). Fuel loading from the Mad River site was used because it was the
higher of the two sites. Constructed fuelbeds were ca. 7 cm tall and were created in 26 x
38 cm aluminum pans (Fig. 1). The separation of particles into timelag categories was
established using the minimum thickness that spanned at least fifty percent of the
particle’s length (Kane 2007).

Twelve of these fuelbeds were soaked in a water bath for 7 days and then drained
and allowed to desorb moisture under laboratory conditions (24°C +0.07 and 34% +0.29
relative humidity) until fuel moisture contents of 11, 9, and 7% (4 ea) were met. Fuel
moisture content (FMC) is defined here as the ratio of water weight to that of fuel oven
dry weight expressed as a percentage. The four remaining fuelbeds were oven dried at
60°C for 3 days and subsequently allowed to adsorb moisture until 2.5% fuel moisture
content (FMC) was met. After reaching treatment fuel moisture content, fuelbeds were
transferred to a laboratory burn platform for experiments.

To address potential effects of particle shape on fire behavior, 32 additional

fuelbeds were created using fuels collected from both the Mad River and Taylor Ridge
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sites. Sixteen A. manzanita fuelbeds from Mad River and sixteen C. velutinus fuelbeds
from Taylor Ridge were created using the same methods described above. Prior to
fuelbed construction, fuels were separated into ‘intact’ and ‘fractured’ particles (Fig 2).
Intact particles were roughly elliptical cylinders where the surface area, not including
terminal ends, was unaltered by mastication.

Of the sixteen manzanita fuelbeds, eight were composed of fractured particles
exclusively. The remaining eight fuelbeds were created using manzanita from the same
site that had been hand-cut from live shrubs and piled separately from the mastication
treatment. Fuels within the hand pile were subsequently cut into particles of lengths
similar to the collected masticated particles. Smaller diameter particles were cut into
shorter lengths (mostly ca. 3-10 cm) while larger diameter particles were cut into longer
lengths (ca. 20cm). Branches were cut into pieces starting at the smaller diameter apex
and cutting towards the base up to a diameter of 2.54 cm. This method was used because
there was limited availability of intact particles within the masticated treatment unit. The
sixteen Ceanothus velutinus fuelbeds created from the Taylor Ridge fuelbreak were
developed in the same manner except there were sufficient intact particles available
within the treatment site to be used for the eight intact fuelbeds.

All fuelbeds were soaked in a water bath for 7 days and then drained and allowed
to desorb moisture under laboratory conditions (25°C +0.1and 29% +0.3 relative
humidity). Sixteen fuelbeds (eight 4. manzanita: 4 intact, 4 fractured; and eight C.
velutinus: 4 intact, 4 fractured) were allowed to desorb moisture until a moisture content

of 13% was met, while the remaining 16 fuelbeds desorbed until 5% moisture content
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was met. After reaching treatment fuel moisture content, fuelbeds were transferred to a
laboratory burn platform for experiments.

Fuelbeds were burned in laboratory conditions under a 3m x 3m exhaust hood.
Each fuelbed was placed on 5 cm deep arena natural screened and washed fine sand
(Sakrete LLC, Charlotte, NC, USA) within a custom burning apparatus (50 x 50 x 15cm
inside dimensions). The inside surfaces of the apparatus were lined with fire shelter
material (Cleveland Laminating Corp., Cleveland, OH, USA ) and aluminum flashing
prior to filling with sand. The burning apparatus was placed on a Champ CQ 25R33
bench scale (Ohaus Corp., Pine Brook, NJ, USA) to measure changes in fuelbed mass
during combustion (Fig. 3). The bench scale was connected to a computer and mass was
recorded every second. Insolated iron-constantan (Type J) thermocouples, attached to a
CR1000 datalogger (Cambell Scientific Inc., Logan, UT, USA), were placed at 20, 60,
100, 140 cm above the fuelbed/sand interface (Fig. 3). Temperature from each

thermocouple was recorded every second during flaming and glowing combustion.
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Fig. 1- Constructed fuelbeds created from masticated shrub fuels from northern California, USA.
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Figure-2 Examples of particle fuel types: fractured (a) intact (b).
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Fuelbeds were ignited using a 2.5 x 20 cm lamp wick soaked in 99% pure liquid
paraffin wax. For each burn, a wick was placed along the edge of the fuelbed (Fig. 1)
and ignited with a pilot flame. A flaming front thus moved through the fuelbed
perpendicular to the ignition axis (Fig. 3). All burns were recorded using a Canon XLS1
DV video camera (Canon Inc. Tokyo, Japan) from a horizontal position to facilitate the
measurement of maximum flame height. Maximum flame height was measured as the
height above the fuelbed/sand interface throughout the duration of flaming combustion.
Flaming time was recorded as the time elapsed between initiation of flaming and the
completion of flaming combustion. Smoldering time was measured as the time that
elapsed between the extinction of flaming and the time that visible glowing combustion
ceased. Mass loss rate (Rothermel 1972) was calculated as the average mass loss rate (g
sec™) from the change in fuelbed mass between 5 second intervals from recorded data

from the bench scale using the following equation:

dM (1)
M, -M, IS
o =M, =M )

M = mass (g)

t = time (s)
Mass loss rate was then converted to energy output using heat content values, weighted
by fuel load and diameter class from Countryman (1982), for Arctostaphylos patula
(19.20 kJ/g) and Ceanothus velutinus (19.21 kJ/g) from Shasta County, CA (ca. 150 km

from Mad River, 75 km from Taylor Ridge) using the following equation:
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—dM*h 2)

E=""
dt

d—A:[ = mass loss rate (g/sec)

h = heat content (kJ/g)
The energy output is similar to Rothermel’s (1972) reaction intensity, but does not
include the unit area of the fire front, but rather the total energy being released throughout
flaming and glowing combustion within the entire fuelbed at any point in time. Energy
output was then converted to fireline intensity (Byram 1959) by dividing energy output
by the width of the fuelbed perpendicular to the spread direction of the flaming front (Fig.
2)

I=E/w 3)

I = fireline intensity (kJ/sec/m)

E = energy output (kJ/sec)

w = fuelbed width (m)

Total mass loss throughout burning was used to calculate percent fuel consumption as the

percentage of the initial mass remaining after of combustion.
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Figure 2- Burning experiments with masticated shrub fuelbeds in a 50x50 cm burning apparatus. Mass loss rate and
temperature above the fuelbed (at 20, 60, 100, and 140cm) were recorded every second throughout combustion.
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Maximum flame height, flaming time, smoldering time, and consumption were all
compared across fuel moisture treatments (2.5, 7, 9, and 11%) for burning experiments
conducted with Arctostaphylos manzanita using GLM analysis of variance and a Tukey-
Kramer post-hoc multiple comparison of the means (Sokal and Rohlf 1995). Duration of
heating above 60°C was compared across fuel moisture treatments using GLM analysis of
variance and a Tukey-Kramer post-hoc comparison of the means (Sokal and Rohlf 1995).

Maximum flame height, flaming time, smoldering time, and consumption were all
compared between fuel moisture treatment (5 and 13%), species, and particle fueltype
(intact vs. fractured) for burning experiments conducted with Arctostaphylos manzanita
and Ceanothus velutinus using GLM analysis of variance and a Tukey-Kramer post-hoc
multiple comparison of the means. Duration of heating above selected temperatures was
also calculated by fuel moisture treatment, species, and fueltype at 20, 60, 100, and 140
cm above the fuelbed/sand interface. Duration of heating above 60°C was compared
across fuel moisture treatments using GLM analysis of variance and a Tukey-Kramer

post-hoc multiple comparison of the means.
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Results

A trend of decreasing flaming time with higher fuel moisture content (FMC)
occurred, but a significant difference (f=8.56, p=0.003) was only detected between the
driest (2.5% FMC; 13.2 min) and the wettest (11% FMC; 22.3 min) fuel moisture
treatments (Table 1). Smoldering time (48.8 - 70.1 min) did not differ across fuel
moisture treatments (f=20.1, p=0.17). Maximum flame heights differed (f=5.28,
p=0.017) only between the driest (2.5% FMC; 95cm) and wettest (11% FMC; 69cm)
treatments, although a trend of decreasing flame height with higher FMC occurred (Table
1). Fuel consumption did not differ among fuel moisture treatments, but was very high

(X =94.1%) across all scenarios. Across FMC treatments, maximum flame height and

flaming time were inversely related (r* = 0.75, n = 15).

Although there was variation among burn replicates within fuel moisture
treatments (Fig. 3 a-d), maximum fireline intensity (kJ/sec/m) was higher (up to 118 kl/s)
and peaked earlier with the driest fuelbeds (FMC 2.5 %; Fig 3a). At 7% (Fig. 3b) and 9
% (Fig 3c) FMC, peak fireline intensity was lower (100 and 90 kJ/s max respectively)
than the drier 2.5% FMC treatment, but were sustained at high rates for longer duration.
For example, average fireline intensities >20 kJ/s were sustained for approximately 16
minutes across 7 and 9% FMC while the same intensities were sustained for
approximately 12 minutes under 2.5% FMC. The highest fuel moisture content treatment

(11%) resulted in the lowest peak fireline intensity (60 kJ/s max), but elevated intensities



occurred for longer durations (Fig. 3d), fireline intensities >20 kJ/s occurred for

approximately 19 minutes under 11% FMC.
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Table 1- Fire behavior characteristics in masticated Arctostaphylos manzanita fuelbeds in laboratory conditions compared
across fuel moisture treatments (values in parentheses are + std. error).

Fuel Moisture n Flaming Smoldering Maximum Consumption
Content Time Time Flame Height
% min cm %
2.5 4 132 (1.2)A' 57.2 (7.5)A 95 (6.5)A 94.2 (1.13)A
7 4 17.3(1.8)AB 70.1 (9.6)A 79 (5.9)AB 94.2 (1.24)A
9 3 17.4(0.6)AB 68.3 (3.5A 77 (3.3)AB 94.7 (0.20)A
11 4 223(1.0)B 48.8 (4.3)A 69 (1.6)B 933 (1.44A

"Values with similar superscripts (within columns) did not differ using the Tukey-Kramer post-hoc multiple comparison.
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Figure 3 — Fireline intensity (kJ/sec/m) over time for all burn experiments within fuel
moisture content (FMC) treatments in Arctostaphylos manzanita fuelbeds.
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Temperatures above the fuelbeds were elevated across all moisture treatments,
although the recorded temperatures varied across measurement heights (Fig. 4).
Generally, negative curvilinear relationship between heating duration and specified
temperatures occurred. Duration (min) of heating >60°C did not differ between fuel
moisture treatments (Table 2), although results were marginal (p = 0.057) at 140 cm
above the fuelbed/sand interface with mean durations of heating of 1.52, 1.60, 0.56, and

0.13 min for FMC’s of 2.5, 7, 9, and 11% respectively.
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interface.
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Table 2 — Duration above 60°C during laboratory burning of masticated Arctostaphylos
manzanita fuelbeds (values in parentheses are + std. error).

Fuel Moisture Height above fuelbed (cm)
Treatment n 20 60 100 140
Duration above 60°C’

% minutes

2.5 2.5 11.38(0.69) 8.46 (0.47) 5.33(0.98) 1.52 (0.56)
7 7 12.17 (0.68) 7.31(0.72) 5.44 (0.48) 1.60 (0.28)
9 9 11.83 (0.60) 7.58 (0.71) 3.89(1.02)  0.56 (0.56)
11 11 12.44 (1.54) 8.56 (0.51) 4.33 (0.86) 0.13 (0.13)

"No significant differences (¢ = 0.05) were found between fuel moisture treatment at any
heights above the fuelbed/sand interface.
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In a comparison of maximum flame height (range 54-91cm) from laboratory
burning of Arctostaphylos manzanita and Ceanothus velutinus all 3 factors were
significant (Table 3): species (p=0.005), fuel moisture treatment (p=0.008), and fueltype
(p=0.002). An interaction between species and fueltype was also detected (p=0.017).
Maximum flame heights were higher in Arctostaphylos manzanita compared with
Ceanothus velutinus, the drier (5% FMC) fuelbeds compared with the wetter (13% FMC)
fuelbeds, and higher in the intact fuelbeds compared with fuelbeds composed of fractured
particles. The only difference detected in duration of flaming was between fuel moisture
(p<0.001) where flaming time, which ranged from 13.8 to 23.3 minutes, was longer in
wetter fuelbeds (13% FMC). Smoldering time ranged from 37.9 to 64.1 minutes and
only differed by species, where Ceanothus velutinus smoldered longer than
Arctostaphylos manzanita (p = 0.013). Maximum flame height and flaming time were
inversely correlated (r* = 0.49). Fuel consumption was very high under all scenarios
(92.2-98.6%) and differed between species (p = 0.005) as well as between fueltype (p =
<0.001). Consumption was greater in A. manzanita compared with C. velutinus and
consumption was greater with laboratory burning of intact fuelbeds compared to fuelbeds
comprised of fractured particles.

Longer duration of elevated fireline intensity occurred within burns with lower
peak intensity (Fig. 5). Fuelbeds with intact particles and 5% FMC burned with higher
intensity than did fuelbeds with fractured particles and 13% FMC respectively within

Arctostaphylos manzanita. These differences were not apparent in Ceanothus velutinus.
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Table 3 — Results of laboratory burning experiments conducted with intact and masticated Arctostaphylos manzanita. Values
in parentheses are + Std. Error.

Species Fuel Fueltype Flaming Smoldering Maximum Flame Fuel
Moisture Time' Time'’ Height* Consumption**
Treatment
%  mmmmmeeeeee minutes----------- cm %
A. manzanita 5 Intact 13.8(0.29)  48.2(2.92) 91 (5.5) 97.2 (0.65)
Fractured 17.4(1.61) 37.9(2.51) 70 (3.5) 94.3 (0.65)
13 Intact 18.8 (1.35)  48.8(5.35) 75 (2.9) 98.6 (0.78)
Fractured 23.3(2.82) 55.5(6.36) 54 (3.8) 95.5 (0.58)
C. velutinus 5 Intact 18.1 (1.49) 54.1(1.76) 65 (3.5) 96.1 (0.26)
Fractured 16.2(0.94) 64.1 (3.53) 63 (2.5) 94.5 (1.09)
13 Intact 21.5(3.38) 54.5(8.41) 61 (9.7) 95.9 (0.47)
Fractured 22.6(1.40) 57.2 (6.63) 58 (4.8) 92.2 (1.32)

TEuel moisture was a significant factor (p<0.001) of flaming time.
"Species was a significant factor (p=0.013) of smoldering time.

*Species (p=0.005) fuel moisture (p=0.008) and fueltype (p=0.002) were all significant factors of flame height.
Hgpecies (p=0.005) and fueltype (p<0.001) were both significant factors of fuel consumption.
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Figure 5 Fireline intensity (kJ/sec/m) by fueltype in Arctostaphylos manzanita and
Ceanothus velutinus fuelbeds in small-scale burning experiments with 5 and 13% fuel
moisture content.
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Temperatures above the fuelbeds were elevated across fueltype (Fig 6), species
(Fig 7), and fuel moisture treatment (Fig 8) although the recorded temperatures varied
across measurement heights. Generally, negative curvilinear relationships between
heating duration and specified temperatures occurred. Duration (minutes) of heating
>60°C ranged from 12.29 to 16.3 Iminutes at the lowest height above the fuelbed (20cm)
and from 0.15 to 4.88 minutes at the highest (140cm). Duration of heating >60 °C across
species, fuel moisture treatment, and fueltype differed (p=0.043) by fuel moisture only at
100 cm above the fuelbed/sand interface (Table 5). Duration above 60°C was longer in
the 5% FMC treatment than the wetter 13% FMC treatment. There was also a significant
effect of species (p=0.002) and fueltype (p=0.0005), but only at 140 cm above the
fuelbed/sand interface. The burning of Arctostaphylos manzanita and intact fuelbeds
resulted in longer durations of lethal temperatures than did the burning of Ceanothus
velutinus and fuelbeds composed exclusively of fractured (masticated) particles

respectively.
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Table 5 — Duration above 60°C during laboratory burning of intact and fractured Arctostaphylos manzanita and Ceanothus
velutinus fuelbeds. Values in parenthesis are +Std. Error.

Species Fuel Fueltype Duration above 60°C
Moisture
Treatment Height above fuelbed (cm)
% 20 60 100" 140
minutes

A. manzanita 5 Intact 12.29(0.27) 8.13(0.53) 7.23(0.35) 4.88(0.14)
Fractured 12.94(0.86) 9.94(0.51) 7.40(1.22) 1.35(0.77)
13 Intact 14.65(1.26) 9.23(0.57) 8.15(0.59) 3.58(2.28)
Fractured 16.31(1.14) 11.81(1.96) 5.21(0.60) 0.15(0.08)
C. velutinus 5 Intact 14.58(0.73) 9.60(0.74)  7.33(0.36) 1.10(0.15)
Fractured 14.56(0.74) 8.96(0.71) 7.13(0.84) 0.65(0.21)
13 Intact 12.65(2.05) 9.04(0.77) 5.54(1.94) 0.98(0.67)
Fractured 13.90(0.93) 9.94(0.97) 4.25(0.88) 0.15(0.15)

"Fuel moisture was significant (p=0.043) only at 100cm above the fuelbed/sand interface.
*Species (p=0.002) and fueltype (p=0.0005) were significant only at 140cm above the fuelbed/sand interface.
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Discussion

Observed fire behavior characteristics of burning compacted woody fuelbeds are
greater than predicted by the currently used fire behavior modeling program Behave Plus,
which did not predict fire behavior in these fuelbeds. Even at very low fuelbed depths
and high fine woody fuel loading, masticated fuelbeds were able to sustain flaming
combustion through the advancement of a fire front. While similar fire behavior has been
observed in the field (Bradley et al. 2006, Knapp et al. 2006), these experiments provide
further evidence that the compactness of masticated fuels does not inhibit fire spread.
Flame height and flaming time were both affected by differences in species (Table 3),
fuel moisture content (Tables 1 and 3), as well as the fracturing caused by mastication
(Table 3). There appeared to be similar effects on the energy output (fireline intensity)
during combustion (Figures 3 and 5). While the observed differences based on species
and fuel moisture content are intuitive, the differences found between fire behavior in
fuelbeds comprised of fractured particles compared with intact particles is not clear.
While fuelbed height, bulk density, and fuel loading were controlled here, there may be
other fuelbed characteristics affected by the development of fuelbeds composed of

fractured particles that may require further attention.

Arctostaphylos manzanita burned with greater intensity as hypothesized.
Arctostaphylos spp. would likely burn with greater intensities due to higher amounts of

solvent extractives in dead woody fuel (76% higher than Ceanothus velutinus;
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Countryman 1982). Burning in masticated manzanita treatments has resulted in high fire
intensity and heat release causing increased mortality of residual trees resulting in
conflicts with management objective of such treatments (Bradley et al. 2006).

Increased flame height and increased fireline intensity under drier fuel moisture
contents was hypothesized. Reduced flaming time under drier fuel moisture contents was
also hypothesized. The inverse relationship of flaming time and flame height suggests
increased burning rates under higher intensity fire, which may be linked to rate of spread.
Rate of spread was not estimated here from the laboratory burning of relatively small
fuelbeds. The relationship between fire intensity and flaming time is of great interest in
that the death of plant tissues is influenced not only by fireline intensity, but also duration
of heating. For example, Nelson (1952) observed that pine needle mortality was
influenced by both temperature and duration of heating by measuring the duration at
various temperatures required for needle death. He found that needle death occurred if
exposed to 54°C for 6 minutes, 60°C for less than a minute, or 64°C almost instantly.
Tissue mortality may begin at temperatures as low as 49°C if exposed for up to an hour
(Byram 1959). This negative curvilinear relationship of duration and temperature was
observed here at various heights above the fuelbed (Fig. 4, 6, 7, and 8) and duration of
heating exceeded those found at the lethal temperatures found by Nelson as high as one
meter above the fuelbed.

Smoldering duration was not related to fuel moisture content, although extended
periods of heating during smoldering combustion may influence plant tissue necrosis.

The lack of understanding of smoldering duration in relation to the factors tested in this
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study may largely be due to the methodology of measuring smoldering time as the time
elapsed when glowing combustion can no longer be seen under darkened conditions.
Smoldering times were often lengthy due to a very small fraction (<1%) glowing for
extended periods. The heating caused by small areas of smoldering fuel would most
likely be insignificant even though smoldering times were still being calculated through
that phase of combustion.

Total combustion time (flaming and smoldering) was fairly lengthy for burning
such small fuelbeds under controlled laboratory conditions. Average mean burning time
here was 70, 87, 85, and 71 minutes under 2.5, 7, 9, and 11% FMC respectively. For
comparison, (Fonda 2001) found total burning time at <2% FMC to be 3.5— 7 minutes in
35 x 35 cm (15 g) pine litter fuel beds. Fonda and Varner (2004) observed total burn
times of 8.6 to 78 minutes in various species of pine cones.

Flaming times here were observed at 13, 17, 17, and 22 minutes under 2.5, 7, 9,
and 11% FMC, respectively. For comparison Busse and others (2005) observed flaming
duration of 23 minutes from burning constructed fuelbeds (90 x 90 x 7.5cm) composed of
masticated Arctostaphylos at 2% FMC ignited at one corner under 28.3°C, 32% RH, and
4.7 km/h windspeed. Busse and others (2005) also observed 1.0 m flame height and 91%
fuel consumption. Flame heights observed here averaged 80cm and average fuel
consumption was 94.1%. In prescribed fires, Knapp and others (2006) observed flame
lengths of 35 cm under backing fire and 72 cm under heading fire of masticated
Arctostaphylos and Ceanothus at 13.2% FMC. They also observed 9.9 m scorch heights

following prescribed burning. Glitzenstein et al. (2006) prescribed burned chipped
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fuelbeds of 5-15 cm depth (1h: 13% and 10h: 22% FMC) in South Carolina and observed

35 cm flame lengths, with only 126 cm scorch height following burning.

Greater flame lengths and fireline intensity were observed in fuelbeds comprised
exclusively of intact particles when compared with fractured particles, (Table 3 and Fig
5), particularly in A. manzanita. These results were counter to the hypothesis that particle
fracturing from mastication would influence fire behavior in a way that might account for
the observed fire behavior in masticated fuelbeds. Fuel loading by timelag categories
and fuelbed depth were similar across constructed fuelbeds, but other fuelbed properties
may influence fire behavior in a way that is not fully understood with these results.
Fuelbed depth, fuel load, and particle density are used to calculate fuelbed bulk density or
packing ratio, but average diameter, shape, and number of particles may influence the
transfer of heat through the combustion process (Rothermel 1972, Bradshaw et al. 1983)
in these highly compact fuelbeds. Although bulk density or packing ratio may have been
equal between fuelbeds comprised of intact and fractured particles, the SA:V of the
fuelbeds may not have been equal. Measuring fuel load by timelag categories was used
to minimize variation in particle thicknesses. But even with similar fuel load by timelag
category, the number of particles might not be equal. The use of minimum thickness may
have created fuelbeds with fewer particles within timelag categories if fractured. Bulk
density or packing ratio does not fully describe fuelbeds without information regarding
the individual particles, such as diameter and number of particles. Estimating fuel load in
the field by planar intercept methods (van Wagner 1968, Brown 1971) use particle counts

to estimate fuel loading within timelag categories assuming cylindrical particles. With
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fractured particles it may be less clear how to categorize them. The use of minimum
thickness to categorize fractured particles from mastication may underestimate total fuel
load because of the assumption of cylindrical particle shape. The underestimation of fuel
loading using these methods with mechanically masticated fuels has been observed in a
recent study conducted on several mastication sites in northern California and southern
Oregon (Kane et al. 2006).

Fuelbeds comprised of fractured particles burned with less intensity than did
fuelbed of intact particles when fuel loading and fuelbed depth were held constant, but
fire behavior observed in both scenarios suggests that compact fuelbeds composed of
high loads of 1 and 10-hr fuels with very low fuelbed depths do burn with substantial fire
behavior regardless of particle shape. It may me more important that mechanical
mastication shifts woody material into the 1 and 10hr timelag classes resulting in unique
fuelbeds. Mastication may alter the shape of particles through fracturing, but it also
increases levels of fine fuels (Kane 2007). High fuelbed SA:V from elevated loading of
small diameter fuels may be a significant factor in the uniqueness of masticated fuels
regardless of particle shape.

Mechanical mastication may initially reduce the potential for canopy ignition, but
the resulting fuel complex may lead to unforeseen fire effects when wildfire occurs or
prescribed burning is implemented. Although higher fuel moisture content reduces flame
height and intensity, duration of flaming combustion increases (Table 1, Fig. 3). Intensity
along with flaming and smoldering time appears to influence heating duration. Long

duration heating occurred above the fuelbed, which could potentially play a role in the
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heating of plant tissues ultimately leading to decline or mortality (Nelson 1952, Ryan and
Frandsen 1991, Haase and Sackett 1998, Stephens and Finney 2002, Kobziar et al. 2006,
Varner et al. 2007). Duration of lethal temperatures was both found to be high in burns
with the highest fireline intensities, as well as in burns where lower fireline intensity
occurred for relatively long durations (Fig. 3). High fuel moisture content subdues
fireline intensity, but it also prolongs residence time causing long durations of lethal
temperatures. These results may have implications for developing burning prescriptions.
High probabilities of mortality of residual trees may occur due to long duration heating
from the burning of these unique fuelbeds. High percent mortality and high scorch
heights have been observed from prescribed burning in masticated fuels (Bradley et al.
2006, Knapp et al. 2006).

The inability of fire behavior prediction models to accurately estimate fireline
intensity and rate of spread in masticated fuelbeds suggests further research related to the
burning characteristics of mechanically generated fuelbeds. Further, given their unique
loading and bulk densities (Kane et al. 2006) mechanically masticated fuelbeds may
require a fuel model that typifies their unique burning behavior, especially given their
continued use in western fire-prone ecosystems. Further experimental burning of
masticated fuels of various fuelbed characteristics should be conducted to fully
understand potential fire behavior. Accurately predicting fire behavior in mechanically
masticated fuelbeds will enhance land managers’ abilities to make decisions regarding

the implementation of fuels treatments in fire-prone forests and shrublands.
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