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Abstract: Large wildfires (>40 ha in size) occur about every three years within Army Garrison
Camp Williams, located near South Jordan, Utah, USA. In 2010 and 2012, wildfires originating on the
practice firing range burned beyond the camp’s boundaries into the adjacent wildland-urban interface
areas. The political and public reaction to these escaped fires was intense. Fire researchers at Utah
State University were asked if a spatially organized system of fuel treatments could be developed
to prevent such incidents in the future. We used a combination of empirically based guidelines
and semi-physical fire modeling systems, coupled with climatological data, to make assessments
of fire behavior potential for the sagebrush steppe vegetation/fuel types found in AGCW, that also
considered slope steepness. The results suggested the need for removal of woody vegetation within
20 m of firebreaks and a minimum firebreak width of 8.0 m in grassland fuels. In stands of juniper, a
canopy coverage of 25% or less is recommended. In Gambel oak stands along the northern boundary
of the installation, a fuelbreak width of 60 m for secondary breaks (used for segmenting large areas of
fuels) and 90 m for primary breaks (used for protecting urban development and valuable natural
resources) is recommended.
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1. Introduction

In 2010 and 2012, large wildfires occurring along the boundaries of Army Garrison
Camp Williams (AGCW) located near South Jordan, Utah, eventually burned into adjacent
wildland-urban interface (WUI) areas, threatening members of the general public and
destroying numerous homes. According to records for the period from 1991 to 2013, AGCW
experiences wildfires >40 ha in size within installation boundaries roughly once every
three years [1]. Urban growth to the north and south of the camp’s boundaries has made
these large fires increasingly difficult to manage. Currently, a system of firebreaks and
fuelbreaks are used at AGCW to protect values-at-risk within the camp’s boundaries and
the communities surrounding the base [2].

Fuelbreaks, as defined by Green [3], are areas, usually linear strips or blocks, where
fuels have been modified to reduce the total available biomass for burning and to slow
fire initiation and spread. In contrast, firebreaks are areas where all vegetation has been
removed to bare mineral soil [3]. Firebreaks at AGCW are maintained by bulldozers on a
one to two year basis. Fuelbreak treatments are maintained by goat and sheep grazing in
the woody fuels located on the northern boundary and by cattle in grass and shrubs on the
southern boundary of the installation.

The overall aim of fuel treatments is to reduce public and private safety hazards from
wildfires [4], restore ecosystems to native conditions [5], increase resistance to fire [6], and to
provide habitat for wildlife [7]. For example, fuelbreaks have been implemented in juniper
(Juniperus spp.) vegetation in southern Utah [8] and in areas of sagebrush (Artemisia spp.)
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surrounding Carson City, Nevada [9], to protect communities adjacent to wildland fuels.
Fuels management can facilitate timely initial attack, decrease the potential for extreme
fire behavior, and reduce the economic and ecological costs of wildfires [4,10]. Effectively
implemented, fuel treatments can reduce final wildfire size, slow fire spread, decrease
emissions, allow fires to be managed for resource benefit, provide greater ecosystem
resiliency, and reduce the need for post-fire rehabilitation while providing for increased
firefighter safety [11].

The goal of the analyses reported on in this paper was to evaluate fuel treatment
alternatives and the effect of the treatments in reducing wildfire behavior along the bound-
aries of AGCW as part of a larger project dealing with fuel modification needs [12]. This
consisted of developing and analyzing fuel treatment alternatives for large fire mitigation.
To evaluate expected fire behavior for the fuels in the AGCW, a combination of empirically
based guidelines and fire behavior modeling systems were utilized. Different alternative
fuel treatments were modeled, using an updated fuels layer input [13], primarily through
the use of the fire behavior mapping and analysis program FlamMap [14].

2. General Background Information
2.1. Judging Fuel Treatment Effectiveness and Alternative Treatment Scenarios

Given the broad goals related to fuel treatments and the expense of implementation,
how in turn can fire and land managers assess treatment effectiveness? Often, evidence
for treatment effectiveness comes from model simulations of fire behavior [15]. These
simulations however are usually unverified and as such must be considered hypothetical
until field evaluations can be undertaken. Ideal circumstances for validation of fuel treat-
ments occur when wildfire burns through both untreated fuels and treated fuels, allowing
for side-by-side comparisons of fire impacts and effects [16]. In the absence of a wildfire
event, pre-treatment monitoring at the location of treatment followed by post-treatment
monitoring compared to a non-treated control area is typical for treatment evaluation [17].
Experimental and/or prescribed fires have been used to monitor fire behavior at the time
of burning [18] to evaluate ideal weather conditions in which to implement treatments.
Remote sensing techniques have also been utilized to evaluate burn severity [19,20]. Burn
severity can be used to compare fire effects such as fire severity from wildfire in treated
plots to non-treated plots.

Typical fuel treatment methods are outlined in Table S1. The first fuel treatment alterna-
tive to consider is a no action approach. AGCW would continue using treatment practices
currently in place with no additional modifications to fuel management procedures. This
is an untenable course of action as potential fire behavior would continue at an elevated
risk and fire suppression would remain difficult under extreme fire weather conditions.
Another alternative, SPOTS/SPLATS (Strategic Placement of Treatments/Strategically
Placed Landscape Area Treatments) as outlined by [21], involves partially overlapping
fuel treatments perpendicular to the direction of predominant fire spread. This treatment
method requires about 20% of the entire land area to be treated and maintained. Treatment
of large blocks that eventually incorporate 20% of the land area at AGCW would only
be effective if implemented across the entire base. Treatment constraints in the AGCW's
Impact Area (where unexploded ordinance is present) would not meet the requirements of
overlapping treatment blocks perpendicular to the prevailing direction of fire spread. In
addition, to obtain the minimum of 20% land area treated, prescribed fire would likely be
required. WUI concerns, smoke production, and aggressive use in the impact area limit
the ability of management to use fire at the scale desired. Utilizing thinning treatments at
such a scale would be very expensive. Further, the small land area and close proximity of
AGCW to the WUI limit the potential effectiveness for SPOTS/SPLATS activities in order
to keep wildfires within AGCW and out of the adjacent WUI areas.

Due to the constraints of various fuel treatments at AGCW, the best strategy would
thus appear to be to connect firebreak and fuelbreak networks where no breaks are present
or relocate them to more ideal locations such as along ridgelines. In addition, reduction of
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fuels surrounding lands exhibiting high ignition potential and implementation of landscape
scale treatments, either by prescribed fire, grazing, or thinning to reduce fuel loads and
continuity in areas of concern, is desired where possible. Most often treatment types will be
used in combination. For example, hand thinning may occur in a treatment block followed
by winter pile burning to remove the residual biomass. Considerations for treatment type
should be based on safety, cost, manpower commitment, ecological impacts (e.g., soil
erosion), risk to the WUI, and training impact.

2.2. Limitations, Assumptions, and Uncertainties of Fire Behavior Decision Support Aids
2.2.1. Rothermel Surface Fire Spread Model

Nearly all of the fire behavior modeling systems used in the United States for fire
operations and planning, such as BehavePlus [22,23], FARSITE [24], NEXUS [25,26], and
FlamMap [14], are based in part on the Rothermel [27] surface fire spread model, described
in more detailed in [28]. These systems are thus subject to the same limitations and
assumptions specified for the Rothermel [27] model, namely (after [29-31]):

e  The model was developed for a head fire spreading with the wind over level terrain
or upslope.

e  The model describes fire behavior in the flaming front, which is primarily influenced
by fine fuels.

e  The model is primarily intended to describe fires advancing steadily, independent of
the source of ignition. The time that it takes for a point source ignition fire to reach a
steady-state condition is not considered.

e  Fuel, fuel moisture, wind, and slope are assumed to be constant during the time for
which model predictions are to be applied.

e  The model describes fire spreading through surface fuels. This includes fuel that is
contiguous to and within about 1.8 m of the ground. Surface fuels are sometimes
classified as grass, brush, timber litter, or slash. The model cannot be applied to timber
crown fires, although tree regeneration might be considered as a surface fuel. Fires in
shrubland fuel complexes are sometimes referred to as crown fires.

The performance of the Rothermel [27] model has been subjected to comparisons
against real-world fire observations in fuels similar to some of those occurring in AGCW.
These include grass and sagebrush vegetation communities for which additional evaluation
studies have been undertaken [32-34]. It would appear from these evaluations that the fire
modeling system applications of the Rothermel [27] model are acceptable in a general sense
for fire planning purposes in both grass and sagebrush fuels, at least up to certain spread
rate levels.

Figure S1 shows observed rates of spread for experimental fires and wildfires in
grasslands [35] and experimental fires in sagebrush shrublands [36] versus predictions
from the Rothermel [27] surface fire rate of spread model. The two fastest spreading fires
associated with the study by Sneeuwjagt and Frandsen [35] are in fact wildfires. The dashed
lines around the line of perfect agreement indicate the +=35% error intervals as suggested
by Cruz and Alexander [37]. Similar work has not been undertaken to date in either juniper
or in other shrubland fuel complexes found in the AGCW and thus uncertainties naturally
do exist [38].

Assessing wildland fire behavior potential involves numerous assumptions [39],
such as the following, which in turn impose limitations on the relative accuracy of any
simulation outcomes:

The model or guide is applicable to the fuel conditions.

The fuels are uniform and continuous.

The fuel moisture values used are representative of the fire site.

The topography is simple and homogeneous.

Wind speed is constant and unidirectional.

The fire is free-burning and unaffected by fire suppression activities.
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Models and modeling are an integral component of modern-day fire management
practices [40]. Models and guides used for predicting fire behavior should obviously be
sensitive to those parameters known to affect fire behavior, namely variations in live and
dead fuel moistures, wind speed, and slope steepness, amongst other factors, for a given
fuel complex.

Cruz and Alexander [37] have shown how rate of fire spread can vary between model
predictions and observed values. As Albini [41] has pointed out, there are three principal
reasons for disagreement between model predictions and observed fire behavior, no matter
which models are being used (see [38] for further discussion):

e  The model may not be applicable to the situation.
e  The model’s inherent accuracy may be at fault.
e  The data used in the model may be inaccurate.

The prediction or simulation of wildland fire behavior invariably involves
uncertainties [37,38].

2.2.2. BehavePlus Fire Modeling System

BehavePlus [42] is a fire behavior modeling software program that uses fire behavior
fuel models (FBFMs) [43,44] and associated inputs (fuel moisture, wind speed, slope
steepness) to generate fire behavior outputs (e.g., rate of fire spread, fire-line intensity,
flame length, maximum spotting distance). BehavePlus assumes static conditions of wind
speed and continuous fuels in order to make fire behavior predictions or simulations. In
addition, FBFMs are a characterization of vegetation complexes based upon fuel load,
surface area-to-volume ratios of live and dead fuels, fuel bed depth, and heat content.
Lastly, BehavePlus utilizes the relation of Byram [45] to universally link fire-line intensity to
flame length. No adjustment was made in this study to incorporate a flame length—fire-line
intensity specific relationship [46]. Thus, predictions are more generalized than exact.

2.2.3. Albini Maximum Spotting Distance Models

The models contained within BehavePlus to predict the maximum spotting distance
from single or group tree torching [47], burning piles of woody debris [48], and wind-
driven surface fires in open fuel types such as grass and shrubs [49,50], all involve many
assumptions, the principal one being that firebrands are assumed to be sufficiently small
enough to be carried some distance, yet large enough to still be able to cause an ignition
once they reach the ground ([47-49]. The other general assumptions with respect to these
models center around:

e  The availability of optimum firebrand material—the spotting models presume that at
least one ideally suited firebrand particle exists. This is consistent with the intent to
estimate the maximum potential spotting distance.

e  The probability of spot fire ignition—for a spot fire to start, the firebrand must come
into contact with easily ignited dry fuel. The spotting models do not deal with the
chance of such contact or the probability that ignition will occur if contact is made. The
models predict the maximum distance that a firebrand can travel and still retain the
possibility of starting a spot fire but they do not predict spot fire ignition probability.
Other guides need to be consulted for such assessments (e.g., [31,51]).

e  The number of spot fires—in keeping with the prediction of the maximum potential
spotting distance, neither the spot fire density (i.e., number of spot fire ignitions per
unit surface area) nor the exact location an ember will land are predicted, only the
direction (assuming the wind is blowing steadily in one direction) and maximum
distance an ember might possibly land.

None of the maximum spotting distance models have been rigorously tested or vali-
dated, yet they continue to be widely used by fire behavior analysts in the United States.
It is reported that these models never under-predict [52]. Perhaps the biggest limitation
or issue in their use is that the “worst case” situation is always predicted, i.e., if a flaming
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source produces 100 firebrands, 99 of which fall within say 100 m of the source and one
travels 1.0 km, it is that “one” ember or firebrand that travels the 1.0 km distance that the
model predicts [53]. Any deviation from the ideal assumed in the model only serves to
decrease the maximum spot fire distance predicted or simulated.

The output of the maximum spotting distance model for wind-aided surface fires in
non-tree canopied fuel complexes contained in BehavePlus in relation to the flame length
and wind speed is given in Table S2. Note that in the case of FBFM 1-Short grass (0.3 m), as
per Anderson [43], it is specifically assumed that some woody material would need to exist
for spot fire distances as given in Table S2 to occur.

2.3. Fire Behavior and Fuel Treatments in the Sage-Steppe Vegetation Types
The four primary vegetation/fuel types found in AGCW are [13]:

e  Grasslands, comprised chiefly of cheat grass (Bromus tectorum L.), bulbous bluegrass
(Poa bulbosa, L.), bluebunch wheatgrass (Pseudoroegneria spicata (Pursh), A.Lbve), west-
ern wheatgrass (Pascopyrum smithii (Rydb.), A.Love), Sandberg bluegrass (Poa secunda,
J.Presl), and Great Basin wild rye (Leymus cinereus (Scribn. & Merr.), A.Love)

e  Wyoming big sagebrush (Artemisia tridentata subsp. wyomingensis, Beetle and Young)
and basin big sagebrush (Artemisia tridentata (Nutall) subsp. tridentata)

Gambel oak (Quercus gambelii Nutt.)
Utah juniper (Juniperus osteosperma (Torr.) Little)

Bare ground or unburnable areas occupies about 7% of the land at AGCW [13]. Both
regenerating and mature stands of Gambel oak can be found within AGCW. Most of
these vegetation/fuel types are viewed as extraordinarily fire-prone or as a great fire
hazard [54-57]. Fire spread during the winter is possible under certain weather conditions
in some fuel types [58]. Late spring frosts that kill the leaves of Gambel oak can lead to
extreme fire behavior later in the summer [59]. Such an incident occurred 17 July 1976 on
the Battlement Creek Fire in western Colorado in which three firefighters were overrun and
killed; a fourth firefighter was severely burned but did recover from his injuries. (for further
information see: http://www.fireleadership.gov/toolbox/staffride/library_staff ridel0.
html) (accessed on 7 March 2022).

There are several documented cases of wildfires spreading in grass and sagebrush
fuel types at rates in excess of around 100 m min~! over level to gentling undulating
terrain [34,60]. This would equate to fire-line intensities > 10,000 kW m~ 1. Crown fire rates
of spread in Gambel oak on steep terrain of at least 175 m min~! were reported to have
occurred on the South Canyon Fire in western Colorado [61] in which 14 firefighters were
killed on 6 July 1994 (for further information see: http:/ /www.fireleadership.gov/toolbox/
staffride/library_staff _ride9.html) (accessed on 7 March 2022).

Hudak et al. [62] assert that there are no examples in the literature of wildfires that
had been stopped by or burned over areas where fuel treatments had previously been
conducted in rangelands of the western U.S. Owing to this lack of information regarding fire
history [63], fire regimes, and post-disturbance successional patterns, a multidisciplinary
research effort called SageSTEP [64] was initiated to evaluate methods of sagebrush steppe
restoration in the Great Basin. The results from SageSTEP have greatly enhanced the ability
of land managers to make informed decisions about fuel treatment implementation on
rangelands. The following is a brief review, much of it derived from the SageSTEP program
literature, of the fuel treatments implemented in the dominant vegetation/fuel types found
at AGCW.

2.3.1. Pinyon-Juniper

Fire exclusion and grazing following European settlement have led to pifion pine
(Pinus edulis) and juniper encroachment [65] into areas previously occupied by sagebrush
and grasslands in the western United States. As a result, most treatments in pinyon-juniper
woodlands aim to restore areas of woody encroachment back to grasslands and/or sage-
brush [5] using a variety of fuel treatment methods. In Nevada, Bruner and Klebenow [18]
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examined the role of prescribed fire in restoring pinyon-juniper woodlands to grasslands
for grazing and wildlife benefits. In southwestern Idaho, Bates et al. [66] used partial
cutting treatments in mature western juniper (Juniperus occidentalis ssp. occidentalis Hook)
to increase fuel loads to promote subsequent prescribed fire initiation and spread. First
year, post-fire herbaceous recovery was dominated by native annuals and forbs, but by
year three, native perennial grass seedlings had become well-established. Baker and Shin-
neman [63] evaluated 46 different studies across the western United States regarding fire
and pinyon-juniper restoration. Contrary to common rhetoric, they found that nearly all
of the available evidence indicated that low-severity surface fire in pinyon-juniper was
uncommon (except possibly in the southwest United States) and is most likely typified by
high-severity crown fire.

2.3.2. Gambel Oak

The preponderance of research regarding fuel treatments in Gambel oak pertain to
thinning [16] and combinations of thinning with low-severity understory burning [67,68]
in ponderosa pine (Pinus ponderosa Dougl. ex Laws) forests of the southwestern United
States. In ponderosa pine forests, Gambel oak is the most prominent early successional
species [16] following disturbance. However, in northern Utah where Gambel oak is often
the dominant overstory species, there is a paucity of fuel treatment research. One known
method of treatment has been livestock grazing, especially by goats in woody fuels. Goats
have been used in wildfire prevention primarily in the European Mediterranean and the
United States. Grazing as a fuel treatment method is cost-effective, nontoxic, carbon neutral,
and most importantly, ecologically sustainable [69]. However, the timing of treatment,
intensity of treatment, target plant species, social structure of the herd, availability of expert
herdsmen, and fencing materials, are essential details that must be considered when using
grazing for achieving the desired fuel treatment outcomes [69].

2.3.3. Sagebrush and Grass

Past fuel treatments in sagebrush ecosystems have typically focused on type conver-
sions from shrubs or woodlands to grass [70] for restoration and grazing purposes. In
southeastern Oregon, Davies et al. [17] compared the effects of moderately grazed plots to
control plots where grazing had not occurred for 70+ years. Results indicated that moder-
ately grazed plots had reduced grass height, fuel continuity, and total available biomass
compared to ungrazed plots. In northwestern Nevada, Diamond et al. [71] compared
targeted spring grazing treatments in cheatgrass invaded sites, with follow-up prescribed
fire treatment in the fall to ungrazed sites with burn and no-burn treatments. They found
that the combination of grazing and prescribed fire treatments significantly reduced fire
behavior in the grazed plots. Finally, Strand et al. [72] found that moderate grazing (i.e., less
than 50% utilization) in sagebrush dominated ecosystems can reduce fuel loads, fire ignition
and spread potential, without encouraging the proliferation of annual invasive species.
However, they note that under extreme burning conditions (i.e., strong winds, high air
temperatures, low relative humidity, and low fuel moistures), grazing has less influence,
with fire behavior being mostly driven by climate and fuel continuity [71-73].

3. Materials and Methods

The base at AGCW is located along the Wasatch Front, south of South Jordan, UT. The
installation covers approximately 10,018 ha, ranging from 1363 m to 2211 m in elevation.
The dominant vegetative cover in order of prominence are: grassland (59%), Gambel
oak (18%), sagebrush (13%), bare earth (6.7%), and juniper (3.7%). Annual precipitation,
according to a nearby climatological station, has averaged 22.6 cm based on records kept
from 1904 to 2013. For a comprehensive description of the AGCW fire environment, see
Frost et al. [13].
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3.1. Empirically Based Fire Behavior Guides/Models and Fire Modeling Simulations
3.1.1. Wilson Firebreak Breaching Models for Grasslands

Mineralized firebreaks were tested in the Northern Territory of Australia in July—
August of 1986 for their performance in halting the spread of head fires [74,75] as part
of a larger study of fire behavior in grasslands [73,76]. A total of 113 plots ranging from
1.0-4.0 ha in size were burned. The downwind firebreak widths varied from 1.5-15 m.
The resultant fire-line intensities ranged from 70 to 17,000 kW m~!. The firebreaks were
breached by 62 of the 133 experimental fires. A logistic response function was fitted to
the data on firebreak breaching by Wilson [75]. The equation for predicting firebreak
breaching was found to increase with increasing fire-line intensity and the presence of trees
(and/or shrubs) within 20 m of the firebreak and to decrease with increasing firebreak
width (Figures S2 and S3). The equation used to produce Figure S2 is as follows [75]:

exp(1.36 4 0.00036 x FLI — 0.99 x FW) x 100

P = 1
1+ exp(1.36 +0.00036 x FLI —0.99 x FW) @)

where P = probability of a firebreak being breached by a grass fire where trees and/or
shrubs are absent within 20 m of the firebreak (%), FLI = fire-line intensity (kW m™1),
and FW = firebreak width (m). The equation for the case where trees/or shrubs are
present within 20 m of the firebreak is the same as the above, except the coefficient 0.99 is
replaced by 0.38.

Using the weather records available during the fire season at AGCW, existing fire-
break widths occurring on the base (e.g., 4.0 and 8.0 m), in addition to two larger widths
(10 and 15 m), were evaluated for their breaching probabilities over a broad range of condi-
tions. Observational data were assembled from the nearest available remote-automated
weather station (RAWS) for each day of record during the months from March to October,
which comprise the fire season for the 23-year period from 1991 to 2013. Data for live fuel
moisture content were collected from the National Fuel Moisture Database [77] from local
cheatgrass (2003-2013) and Wyoming big sagebrush (1997-2013) fuel moistures to represent
the live herbaceous and woody fuel moisture categories as described by Frost et al. [13]).
Using FireFamilyPlus [78], dead fuel moisture contents were computed for the 1, 10, and
100 h time-lag (TL) size classes [79]. The dead and live fuel moistures and wind speed for
each day served as input and were processed in the NEXUS fire modeling system [25,26]
which uses the Rothermel [27] surface fire model equations, as does BehavePlus. Nexus
was used for its ability to batch process, a feature not currently available within BehavePlus.
Inputs were used to predict rate of fire spread (ROS), flame length (FL), and FLI for three
slope steepness conditions (i.e., 0, 25, and 50%) for the most common FBFMs at AGCW
(Table 1). Anderson’s classification [43] was selected because live fuel moisture inputs for
the respective FBFMs represented the ‘worst case’ or driest possible conditions [80]. There-
fore, in a conservative effort to avoid under-prediction of fire behavior, the Anderson [43]
FBFMs were utilized rather than those of Scott and Burgan [44]. The fire behavior patterns
and related implications for fire suppression [81] associated with the various combinations
of fuel model, wind speed, percent slope, and live and dead fuel moistures based on using
BehavePlus are described in the Supplementary Materials.

Table 1. Inputs required for the four most common fire behavior fuel models (FBFMs) of Anderson
[43] utilized in the fire behavior modeling at Army Garrison Camp Williams, UT, along with their
associated dead woody fuel moisture time-lag (TL) size classes and live fuel components.

FBFM Number FBFM Name 1-hTL 10-hTL 100-h TL Live
1 Short grass (0.3 m) X
2 Timber (grass and understory) X X X X
5 Brush (0.6 m) X X
8 Closed timber litter X X X
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The FLI output was then inserted into the logistic regression equations developed by
Wilson [75] to determine the probability of grassland firebreak breaching (Figure 1). In
addition to FLI as an input, the equations or models also required FW and knowledge of
the presence or absence of shrubs and/or trees within 20 m of the firebreak.
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Figure 1. Cumulative frequency distribution (CFD) graphs for the probability of breaching grassland
firebreak of different widths where trees and/or shrubs are either absent or present within 20 m of
the firebreak according to Wilson'’s (1988) models based on the Anderson (1982) Fire Behavior Fuel
Model 1—Short grass (0.3 m) for three different slope steepness levels and 23 years of weather records
associated with the fire season at Army Garrison Camp Williams, UT. Upslope fire spread is assumed.

From an aerial imagery survey undertaken at AGCW, the typical widths of primary
and secondary roads as well as firebreaks were determined to be 7.8, 3.4, and 7.8, respec-
tively. Four FW values were in turn tested (i.e., 4.0, 8.0, 10, 15 m) for FBFMs 1 and 2 using a
selection of conditions from the weather record from 1991 to 2013 [13]. The probability of
firebreak breaching for FBFMs 1 and 2 were then computed for each day of the weather
record and plotted as a cumulative frequency distribution (CFD).

3.1.2. Cumulative Frequency Distributions for Comparison of Fire Behavior Characteristics

In addition to the grassland firebreak breaching probabilities, a CFD was also compiled,
on the basis of each day of the weather record, for ROS, FLI, FL and maximum spotting
distance for FBFMs 1, 2, 5, and 8. Fire behavior calculations were made using NEXUS
batch processing software [25] for each day of the weather record for ROS, FLI, and FL.
Maximum spotting distance was also added for each day using a look-up table (Table S2)
taken from Alexander [82] and based upon BehavePlus [42] output for wind-driven surface
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fires. Those values were then plotted in the same manner as the Wilson [75] probability of
firebreak breaching CFD graphs.

3.1.3. Bruner and Klebenow-Prescribed Burning Guide for Pinyon-Juniper Woodlands

The Bruner and Klebenow [18]-prescribed burning guide is based on an empirical
study of fire behavior in pinyon-juniper woodlands. In this study, 30 prescribed burns
were attempted out of the main fire season (i.e., July-September) from the fall of 1974 to
the fall of 1976 at three different sites in Nevada. These attempts were made during varied
atmospheric conditions and in several pinyon-juniper communities, all on level terrain.
Ambient air temperatures and relative humidity ranged from 2-25 °C and 5-90%, respec-
tively, whereas maximum eye-level winds ranged from calm conditions up to 56 km h~!.
Vegetation cover in turn varied from 42-66%.

Only 12 of the 30 attempts were successful (i.e., self-sustaining fire spread following
ignition with a hand-held drip torch). Fires were found to be most successful in dispersed,
scattered, and dense pinyon-juniper stands but less successful in open and closed stands.
An analysis of the outcomes showed that a successfully prescribed fire could be predicted
quite accurately (89% of the cases in this study) using the following simple formula and
associated interpretive guide for the “Score” results (Table 2):

Score = Maximum Wind Speed (mi h™1) + Air Temperature (°F) + Vegetative Cover (%) (2)

Table 2. General rules of thumb associated with the score values in the prescribed burning guide for
pinyon-juniper woodlands developed by Bruner and Klebenow [18].

Score Value Prescribed Fire Behavior Interpretations

<110 Burning conditions are such that fires will not carry.
110-125 Fires will carry but continual re-torching will be necessary.
125-130 Burning conditions are optimal for a self-sustaining fire

following ignition, creating “clean burns”.
>130 Burning conditions are too hazardous for prescribed burning.

The authors acknowledged that there appeared to be a very narrow separation be-
tween conditions for successful prescribed burning and those that would result in an
uncontrollable high-intensity wildfire that could easily escape the confines of the prescribed
burn unit, a fact that is substantiated by general field observations of wildfires in the
pinyon-juniper fuel type [54].

Using the RAWS weather data from 1991 to 2013 [13], a “Score” value for each day
was determined using the Bruner and Klebenow [18] formula represented by Equation (2)
for vegetation canopy coverages of 20, 30, 40, 50, 60, 70, and 80% and then plotted as a
CFD graph.

3.1.4. FlamMap Fire Behavior Comparisons

Prior to simulation, a fuel model layer was developed using a random forests classifi-
cation scheme [83] to describe existing conditions and served as input into the FlamMap
spatial fire behavior modeling system [14]. Data used to map fuels and vegetation at
AGCW included LiDAR derived biophysical data such as elevation and transformed aspect
(TRASP), LiDAR derived vegetation height, high resolution orthoimagery (HRO) (15 cm,
bands 1-4), and a normalized difference vegetation index layer (NDVI). Additionally, plot
data was used to classify fuel model vegetation types. The fuel map was then classified
according to the four Anderson [43] FBFMs found on AGCW and was resampled from an
initial resolution of 0.5 to 30 m to reduce time requirements for simulation. The perfor-
mance of three different weather scenarios were evaluated for pre- and post-fuel treatment
landscapes. For the pre-treatment landscape, fire behavior outputs such as ROS, FLI, and
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FL were predicted for fuels as currently constituted. The area burned by the Pinyon Fire in
July 2012 [1] was primarily converted to FBFM 1 to represent the most recent conditions.
For post-treatment simulations, the first scenario only implemented an expansion and
connection of existing firebreaks and fuelbreaks and left the rest of the fuel conditions
the same.

The second group of post-treatment simulations implemented the expansion of the
firebreak and fuelbreak network in addition to large scale fuel reduction treatments. The
third post-treatment scenario simulated modification of the FBFMs surrounding the AGCW
Multiple Purpose Machine Gun (MPMG) Range, a common source of ignitions [1]. The
weather conditions of the three scenarios used in simulations were: (1) Machine Gun Fire
(September 2010) weather conditions with 6.1-m open winds simulated at 48 km h=1, from
a southeast to northwest direction [84]; (2) Pinyon Fire weather conditions, with 6.1-m open
winds at 26 km h™! from a north to south direction; and (3) Machine Gun Fire weather
conditions (the same as Scenario 1) but with fuels surrounding the MPMG Range converted
to FBFM 1. All of the fires were simulated using 1000 randomly placed fires using the
minimum travel time (MTT) function of Finney [85], with the exception of the MPMG
Range simulation which involved a single ignition source.

4. Results
4.1. Empirically-Based Fire Behavior Guides/Models and Fire Modeling Simulations
4.1.1. Wilson Firebreak Breaching Models for Grass—Tree/Shrubland Mixtures

Output is plotted as a CFD and arranged from highest to lowest values. To interpret
a curve, a given value of x indicates the probability of firebreak breaching on the x-axis
and the percent of days that exceed that value on the y-axis. For FBFM 1-Short grass
(0.3 m), when trees and/or shrubs are present within 20 m of a firebreak, the probability
of breaching a FW of 4.0 m, regardless of slope steepness, ranges from about 45 to 83%
of the time given an ignition (Figure 1). At a FW of 8.0 m, with trees and/or shrubs
present, the breaching probability ranges from near 18 to 58% of the time, regardless of the
slope steepness.

The probability of breaching continues to decrease as the FW increases, with 10-m wide
firebreaks with trees and/or shrubs present ranging from near 10 to 38%. For firebreaks of
15-m wide, the probability of breaching with trees and/or shrubs present is nearly obsolete,
ranging from 0.0 to 10%. When trees and/or shrubs are absent within 20 m of a firebreak,
a width of 4.0 m has about a 10 to 33% probability of being breached for all three slope
steepness classes. When trees and/or shrubs are absent within 20 m of a firebreak, at widths
of 8.0 m and greater, there is less than near a 2.0% probability of being breached.

For FBFM 2-Timber (grass and understory with trees and/or shrubs present, for
all three slope steepness classes, the breaching probability ranges from near 43 to 100%
(Figure 2). Even in the case of flat terrain, the probability of breaching is >60% for 58% of
the days in the fire season at AGCW. For FWs of 8.0 m, with trees and /or shrubs present,
the probability of breaching ranges from near 17 to 100%. However, a breaching probability
of >60% occurs on only about 18% of the total days of record for a FW of 8.0 m. The
breaching probability continues to decrease as FW increases with trees and/or shrubs
present, but FWs of 10 and 15 m can have breaching probabilities as high as 100%. When
trees and/or shrubs are absent from within 20 m of a firebreak, a FW of 4.0 m has from near
5 to 100% probability of being breached. Firebreak breaching is reduced dramatically as the
probability of breaching of >60% occurs on only about 9.0% of the total number of days
in a fire season. An increase in FW to 8.0 m decreases the overall probability of breaching
from near zero to 70%. Breaching probabilities of 20% or greater occur about 3.0% of the
time for a FW of 8.0 m during the fire season. A very small group of values within the
8.0 m FW can still have high firebreak breach probabilities, which are likely associated with
extreme fire behavior and fire weather events. As the FW increases to 10 m, the probability
of breaching ranges from zero to about 30%, regardless of the slope steepness. A FW of
15 m has a near zero probability of being breached.
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Figure 2. Cumulative frequency distribution (CFD) graphs for the probability of breaching grassland
firebreak of different widths where trees and/or shrubs are either absent or present within 20 m of
the firebreak according to Wilson'’s (1988) models based on the Anderson (1982) Fire Behavior Fuel
Model 2—Timber (grass and understory) for three different slope steepness levels and 23 years of
weather records associated with the fire season at Army Garrison Camp Williams, UT. Upslope fire
spread is assumed.

4.1.2. Cumulative Frequency Distributions for Fire Behavior Characteristics

In the overall results for FBFM 1-Short grass (0.3 m), the FLI values ranged from
<10 kW m~! to about 5100 kW m~! for all three slope classes (Figure 3A). Direct attack
with hand tools is possible at around FLI values of <346 kW m~! (Table S4), which occurs
on about 72 to 90% of the time during the fire season. Direct attack is still possible with
heavy equipment at values of <1730 kW m~!, which occurs on about 22 to 35% of the time
during the fire season. Simulated FL values ranged from near zero up to 4.0 m for all three
slope steepness classes (Figure 3C). At a 50% slope, about 90% of all days have FL values
>1.2 m, which represents the upper limit for direct attack with hand tools. Ata FL of 2.4 m,
only about 20% of total number of days during the fire season were deemed beyond control
by direct attack with heavy equipment. About 5.0% of days have a FL > 3.4 m, a level of
fire behavior suggestive of critical fire weather conditions (Table S4). Potential maximum
spotting distances were found to range from near zero to 3.0 km (Figure 3D). At terrain
slope steepness levels of zero and 25%, 90% of days during the fire season were simulated
to have a maximum spotting distance of up to 1.8 km. At a 50% slope, the results are similar
to zero to 25% slopes, with 88% of the time having a similar potential maximum spotting
distance. ROS ranged from zero to about 220 m min~! for all three slope steepness classes
(Figure 3B).
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Figure 3. Cumulative frequency distribution (CFD) graphs for four fundamental fire behavior
characteristics (A-D) based on the Anderson (1982) Fire Behavior Fuel Model 1—Short grass (0.3 m)
for three different slope steepness levels and 23 years of weather records associated with the fire
season at Army Garrison Camp Williams, UT. Upslope fire spread is assumed.

For FBFM 2-Timber (grass and understory), FLI values ranged from zero to about
25,000 kW m~! (Figure 4A). About 95% of all days during a fire season were reported
to have FLI values of >346 kW m™1, thus only 5% of total days are considered within
the range of direct attack with hand tools. About 40% of the total number of days had
FLI values > 1730 kW m~!, meaning that 60% of the time direct attack with heavy equip-
ment is possible. About 23% of the time, FLI values exceed 3459 kW m~!, thereby limiting
fire suppression tactics to indirect attack. FL values ranged from near zero to about 8.0 m
(Figure 4C). About 30% of total days have FL values > 3.4 m and therefore require indirect
attack strategies. Potential maximum spotting distances ranged from near zero up to 5.0 km
(Figure 4D). Regardless of slope steepness, about 90% of days reported maximum spotting
distances of about <2.1 km. FLI and FL values for FBFM 2 were greater than FBFM 1.
However, ROS values were slightly less. Spread rates ranged widely from zero or nil fire
spread to about 230 m min~! (Figure 4B).
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Figure 4. Cumulative frequency distribution (CFD) graphs for four fundamental fire behavior
characteristics (A-D) based on the Anderson (1982) Fire Behavior Fuel Model 2—Timber (grass and
understory) for three different slope steepness levels and 23 years of weather records associated with
the fire season at Army Garrison Camp Williams, UT. Upslope fire spread is assumed.

For FBEM 5-Brush (0.6 m), FLI values ranged from zero to about 10,000 kW m~!
(Figure 5A). About 50% of all days reported FLI values of >346 kW m™!; therefore, half
of the total number of days in the fire season are considered within the range of direct attack
with hand tools. In contrast, only about a quarter of the time were FLI values > 1730 kW m !,
meaning that 75% of the total number of days are at least within the category of direct attack
by heavy equipment. About 17% of the time, FLI values were >3459 kW m~!, when direct
attack is deemed ineffective. FL values ranged from near zero to about 7.0 m (Figure 5C).
FL values > 3.4 m occur about 18% of the time, thereby requiring indirect attack strategies. Po-
tential maximum spotting distances ranged from near zero to 5.0 km (Figure 5D). Regardless
of the slope steepness, about 95% of days reported maximum spotting distances up to 2.1 km.
ROS and FLI values for FBFM 5 were much less than FBFM 2 compared to FBEM 1; ROS was
less but FLI and FL values were both higher. Spread rates also ranged widely from near 0.0 to
about 100 m min~! (Figure 5B).
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Figure 5. Cumulative frequency distribution (CFD) graphs for four fundamental fire behavior
characteristics (A-D) based on the Anderson (1982) Fire Behavior Fuel Model 5—Brush (0.6 m) for
three different slope steepness levels and 23 years of weather records associated with the fire season
at Army Garrison Camp Williams, UT. Upslope fire spread is assumed.

For FBEM 8—Closed timber litter, fire behavior potential was minimal across the board
(Figure 6), never greater than the upper limits of allowing for direct suppression with hand
tools. FLI values ranged from zero to about 200 kW m~! (Figure 6A). FL values ranged
from near zero to about 1.0 m (Figure 6C). Again, 100% of the days are still within the
category of direct suppression using hand tools given an upper limit of 1.2 m. Maximum
spotting distance ranged from near zero to 1.0 km (Figure 6D). ROS, FL, FLI, and maximum
spotting distance values for FBEM 8 were drastically less than for all other FBFMs. Spread
rates ranged from near zero to about 6.0 m min~! (Figure 6B).

A summary of the 25th, 50th, 75th, 90th, 97th, and 99th percentiles and for the maxi-
mum computed value for each of the four fire behavior characteristics by FBFM is presented
in Table 3.

4.1.3. Bruner and Klebenow Fire Behavior Guide for Pinyon-Juniper Woodlands

A CFD was again used to plot the distribution of data from highest to lowest. Both the
graphical (Figure 7) and tabular (Table S6) results suggest that vegetation coverages below
30% produced by Bruner and Klebenow [18] scores were almost always less than 130. For
vegetation coverages of >50%, scores above 130 were common.
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Figure 6. Cumulative frequency distribution (CFD) graphs for four fundamental fire behavior
characteristics (A-D) based on the Anderson (1982) Fire Behavior Fuel Model 8—Closed timber litter
for three different slope steepness levels and 23 years of weather records associated with the fire

season at Army Garrison Camp Williams, UT. Upslope fire spread is assumed.

Table 3. Summary of various percentiles for the four simulated fire behavior characteristics by Fire
Behavior Fuel Model (FBFM) as per Anderson [43] using BehavePlus for 1400 h daylight saving time
for at least 17 years of weather records.

Fire Behavior Percentiles Maximum
Fuel Model 25 50 75 90 95 97 99 Value
Fireline Intensity (kW m1)

FBFEM 1 242 713 1741 2911 3365 4884 4884 23,424
FBFM 2 519 1288 3378 6793 10,455 12,895 21,766 53,483
FBFM 5 180 564 1980 4240 5951 7160 9792 17,574
FBFM 8 21 35 69 104 121 156 163 294
Rate of Fire Spread (m min~1)

FBEM 1 13 45 92 150 153 223 223 741
FBFM 2 6 15 36 70 104 124 201 368
FBFM 5 3 7 15 31 43 51 70 131
FBFM 8 1 1 2 2 3 3 4 5
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Table 3. Cont.

Fire Behavior Percentiles Maximum
Fuel Model 25 50 75 90 95 97 99 Value
Flame length (m)

FBFM 1 1 2 2 3 3 4 4 8
FBFM 2 2 2 3 5 5 6 8 12
FBFM 5 1 2 2 4 4 5 5 7
FBFM 8 0 0 1 1 1 1 1 1
Maximum Spotting Distance (km)
FBFM 1 0.5 0.8 1.6 1.8 2.1 2.1 2.6 4.3
FBFM 2 0.5 1.0 1.6 2.1 29 3.1 4.3 5.6
FBFM 5 0.5 0.8 1.3 1.8 2.6 29 3.7 4.7
FBFM 8 0.5 0.5 0.8 0.8 1.0 1.0 1.0 1.3
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Figure 7. Cumulative frequency distribution (CFD) graph for the Bruner and Klebenow (1979) scores
used for evaluating prescribed fire behavior potential in pinion-juniper woodlands on level terrain
during the fire season (March-October) based on 23 years of weather records associated with the fire
season at Army Garrison Camp Williams (AGCW), UT. The four curves in bold (i.e., 20, 30.40 and
50%) indicate the typical percent vegetation cover of juniper at AGCW.

Table S5 provides a summary of the area occupied by ranges of percent juniper cover.
More than half (i.e., 57% of the total area) of the juniper cover at AGCW is between 20-40%.
However, a large proportion of the remaining amount represents areas of cover >40%
(i.e., 43%). Overall, there is little juniper cover remaining at AGCW after the 2012 Pinyon
Fire in (474 ha), which likely burnt more than half of the juniper vegetation on the base.
A map of the typical percent vegetation cover (Figure S9) was also produced to provide
spatial guidance for the natural resource managers at AGCW.
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4.1.4. FlamMap Fire Behavior Comparisons

FlamMap requires a raster-based input representing the fuels profile to produce
modeled outputs. Accuracy of simulation results compared to actual fire extent and
behavior is difficult to attain due to model assumptions (see Section 2.2). Furthermore, in
lower elevation, non-forested fuel types such as those located at AGCW, there has been
little research done to validate predicted fire behavior from modeling output to actual fire
behavior. Frost et al. [84] attempted to do such a comparison, using BehavePlus output to
compare predicted to observed rate of spread for the 2010 Machine Gun Fire.

The results of the FlamMap simulations are summarized in Table 4. The weather
conditions of the 2010 Machine Gun Fire [84] were the most severe, whereas the 2012
Pinyon Fire weather represented conditions ranging between moderate and severe. For
both circumstances, fire behavior was reduced through treatment implementation. The
firebreak and fuelbreak expansion plus the landscape treatment was the most successful
at reducing fire behavior for each simulation scenario. FL values exceeded 1.2 m, except
in the case of the 2012 Pinyon Fire, where FL values were reduced on average to 1.2 m in
the firebreaks plus landscape treatment scenario. For the 2012 Pinyon Fire, with conditions
exhibiting less severe fuel moisture values in Gambel oak and lower wind speeds, the
simulations predicted that fire behavior would potentially be reduced enough to allow for
direct suppression action. For the treatments surrounding ignition sources as exemplified by
the MPMG Range simulation, the ROS actually increased for the fuelbreaks only treatment
and the FL remained nearly the same. Conversion to FBFM 1 assumes near continuous
grass, thus supporting an increased rate of fire spread. However, as discussed earlier in
the Wilson [75] firebreak evaluations, if woody vegetation was removed within 20 m of
firebreaks surrounding the MPMG Range, with a firebreak width of 8.0 m, the probability
of breaching in grass and tree/shrub conditions is typically less than 5.0%. The likely
reduction in fire behavior after treatments would usually be expected to be much lower
than the results indicate here. This is likely due to the resolution of simulation (30 m), and
the difficulty of capturing linear break features of smaller resolution (4.0, 8.0, 10, 15 m)
through simulations in FlamMap. Therefore, it is likely that fire behavior projections would
indicate a more dramatic reduction in fire behavior for the breaks only and the landscape
treatments plus breaks scenarios if linear breaks were better recognized.

Table 4. Comparison of results for potential fire behavior from pre- and post-treatment scenarios as
simulated using the FlamMap system [14].

Fire Behavior Characteristic Average Pretreatment Average Average Breaks + Landscape
Breaks Only Treatments
2010 Machine Gun Fire
Flame length (m) 24 2.1 2.1
Fireline intensity (kW m~1) 9562 8926 7938
Rate of spread (m min—1) 48 47 45
Burn probability (per pixel) 0.1972 0.0289 0.0213
2012 Pinion Fire
Flame length (m) 1.5 1.5 1.2
Fireline intensity (kW m~1) 3021 2987 2669
Rate of spread (m min~) 16 17 16
Burn probability (per pixel) 0.0114 0.0131 0.0111
MPMG Range, modified fuels
Flame length (m) 24 2.1 2.1
Fireline intensity (kW m1) 9108 8915 7893
Rate of spread (m min~!) 46 48 45

Burn probability (per pixel) Cannot be computed for a single point source ignition
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5. Discussion

The desired condition at AGCW is a fuel type mosaic modified to reduce ROS, FL,
FLI, and probability of firebreak breaching via direct flame contact or spotting. This could
take the form of an organized network of firebreaks, fuelbreaks, and fuel treatments that
reduce the probability of large wildfires escaping installation boundaries. The firebreak and
fuelbreak network at AGCW are already extensive and an expansion of the network would
only need to occur in a few strategic areas. Firebreaks, where vegetation is removed to
bare mineral soil, should have a minimum width of 8.0 m with woody vegetation removed
within 20 m on both sides of the firebreak. For small firebreaks and roads, a good general
test for estimating firebreak breach by flame contact (in the absence of spotting) is to use
Byram’s [45] rule of thumb, which suggests minimum firebreak width should be equal to
flame length times 1.5. Results also suggest that the ROS in pinyon-juniper stands can be
reduced by maintaining stand densities at vegetation coverages of near 30% or less. Due
to past large wildfires, especially the 2012 Pinion Fire, the presence of juniper vegetation
has become quite sparse at AGCW. Treatment priority in juniper should typically be low
for the next 10 to 20 years, except in WUI areas of concern. It is important to note that the
equations of Wilson [75] were developed in grasslands with scattered shrubs and trees, and
applying it to the other vegetation types such as pinyon-juniper and Gambel oak at AGCW
would in all likelihood lead to erroneous conclusions. Likewise, the guide of Bruner and
Klebenow [18] was developed to predict general fire behavior potential in pinyon-juniper
and should not be applied to other vegetation types on AGCW.

In addition to the fire behavior predictions, the probability that a given pixel will burn
was simulated (Table 4; Figure 8), also employing the MTT function in FlamMap. The
simulation also used 1000 randomly placed fires within the boundaries of AGCW to obtain
this probability. Burn probabilities were not obtained for the MPMG scenario because
FlamMap does not allow for calculation of single point source ignitions. Burn probability
for both treatments was drastically reduced (especially for the 2010 Machine Gun Fire
weather conditions, reduction of 89%) compared to the pretreatment landscape.

There is evidence to suggest that roads can act as disturbance corridors that promote
invasion by annual exotics [86]. Land Cover Trend Analysis plots [87] already in place
at AGCW could be used to monitor potential vegetation changes as a result of firebreak
maintenance. Fuelbreaks at AGCW are primarily located along the northern boundary
in Gambel oak vegetation. During late fire season conditions, typically from August to
October, once the foliar moisture content of Gambel oak is less than 120 percent, the
potential for extreme fire behavior is likely under extreme fire weather conditions (F.
Romero, USDA Forest Service, National Interagency Fire Center, Boise, Idaho, personal
communication, February 2014). This scenario occurred during the 2010 Machine Gun
Fire [84] when live fuel moisture content was 81% [77]. Fires in Gambel oak under these dry
conditions can behave much like fire in oak during the 1994 South Canyon Fire fatalities [61],
the 2002 Price Canyon Fire entrapment [88], and chaparral fuel complexes in Southern
California [89].

Following the recommendations for fuelbreak development made by Green [3] in
California, fuelbreaks should be organized in a connected system of primary and sec-
ondary fuelbreaks. The recommended width for a secondary fuelbreak is 60 m and 90 m
for a primary fuelbreak. This network of fuelbreaks would ideally segment land area at
AGCW into 1000 ha blocks or parcels that would facilitate suppression access and burnout
operations if required. The arrangement of training areas and the associated roads and
breaks currently in place at AGCW is already close to achieving this condition. Combining
a firebreak/fuelbreak network with landscape treatments will increase the likelihood of
success when managed in a systematic manner including scheduling updates as needed.
Considerations for treatment type should be based on safety, cost, manpower commit-
ment, ecological impacts (e.g., soil erosion), risk to the WUI, and the effect of vegetation
modification on military training operations. Most often treatment types will be used in
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combination [90]. For example, hand thinning may occur in a treatment block followed by

winter pile burning to remove the residual biomass.
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Figure 8. Comparison of pre- and post-treatment burn probability at Army Garrison Camp Williams,
UT, according to fire weather and fuel moisture conditions associated with the major run of the
Machine Gun Fire on 19 September 2010.

Applying semi-empirical models that are applicable to local fuel types to predict fire
behavior in combination with processing climatological data to create a distribution of
predicted fire behavior is a novel approach in non-forested ecosystems like the sagebrush
steppe. Modeling fire behavior through spatial fire spread software programs akin to
FlamMap [14] are valuable tools to explore alternative treatment options but are difficult
to validate. The approach taken here used semi-empirical based models or guidelines
wherever possible (e.g., [18,75]), and combined them with predictions from traditional fire
behavior modeling systems such as BehavePlus [42] and FlamMap [14]. This approach
is recommended for future assessments regarding fuel treatments given the inherent
assumptions and limitations of fire behavior models and guidelines [38].

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/fire5030078 /s1: reference numbers to those cited in the Supple-
mentary Materials, not the text [91,92]. TableS1: General fuel treatment methods and their pros/cons
at Army Garrison Camp Williams. Table S2: Maximum spotting distance (km) look-up table for non-
canopied fuel types as a function of flame length (FL) and 10-m open wind speed (from Alexander [4]),
Table S3: Four scenarios for combination of dead fuel moisture contents by time-lag (TL) size and
live fuel moistures as used by Scott and Burgan [10] for making fire behavior simulations, Table S4:
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versus predicted rates of spread for experimental fires and wildfires in grasslands by Sneeuwjagt and
Frandsen [1] and experimental fires in sagebrush shrublands by Bushey [2] compared to predictions
from Rothermel’s [3] surface fire spread model, Figure S2: Conceptual representation of the two
scenarios involved in the models of Wilson [6] for estimating the probability of grassland firebreak
breaching. Figure S3: Graphical representation of the two probability of firebreak breaching models
developed by Wilson [6] for grassland fires as a function of fire-line intensity and firebreak width
and whether or not trees and/or shrubs were present or absent within 20 m of the firebreak (after
Alexander et al. [7]), Figure S4: BehavePlus simulation results for “very low”, “low”, “moderate”, and
“high” fuel moisture scenario conditions and wind speed for Anderson [9] Fire Behavior Fuel Model
1-Short grass (0.3 m).Figure S5: BehavePlus simulation results for “very low”, “low”, “moderate”,
and “high” fuel moisture scenario conditions and wind speed for Anderson [9] Fire Behavior Fuel
Model 2-Timber (grass and understory), Figure S6: BehavePlus simulation results for “very low”,
“low”, “moderate”, and “high” fuel moisture scenario conditions and wind speed for Anderson [9]
Fire Behavior Fuel Model 5-Brush (0.6 m), Figure S7: BehavePlus simulation results for “very low”,
“low”, “moderate”, and “high” fuel moisture scenario conditions and wind speed for Anderson [9]
Fire Behavior Fuel Model 8-Closed timber litter, Figure S8: BehavePlus simulation results for “very
low”, “low”, “moderate”, and “high” fuel moisture scenario conditions and wind speed for Ander-
son [9] Fire Behavior Fuel Model 6-Dormant brush. Figure S9: Map of percent juniper canopy cover
at Army Garrison Camp Williams, UT, updated to reflect the post-burn vegetation coverage of juniper

following the 2012 Pinyon Fire.
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