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Abstract   124 

Recent large wildfires in Arizona, such as the Wallow and Rodeo-Chediski fires, have 125 

had some negative social and ecological impacts due to high intensity crown fire in ecosystems 126 

dependent on frequent surface fires. Large, landscape-scale restoration projects and treatments, 127 

such as those proposed under the Four Forest Restoration Initiative, are attempting to restore 128 

ponderosa pine ecosystems to more historical conditions. Since the effects of these treatments 129 

are largely unknown, analyses are often left to computer modeling. This study uses the Forest 130 

Vegetation Simulator to determine restoration treatment effectiveness by evaluating stand 131 

structure, potential fire behavior, and fuel loading as measures of trajectory towards historic 132 

and desired conditions. Long-term treatment effectiveness was established and evaluated by 133 

creating a burning maintenance interval in which prescribed fire treatments are repeated over 134 

time. Modeled treatments consist of a combination of individual tree selection only, individual 135 

tree selection and burn, and burn only treatments. Combination of individual tree selection and 136 

burn treatments were the most effective at achieving historical and/or desired conditions. In 137 

addition a seven year burning interval was the most effective at achieving historical and/or 138 

desired conditions in the shortest period of time.  Additional research is needed to compare 139 

model results with conditions following treatment implementation. 140 

 141 
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Introduction 148 

Ponderosa Pine and Fire 149 

Ponderosa pine (Pinus ponderosa) forests in the Southwest are under urgent need of 150 

ecological restoration (Covington et al. 1997, Moore et al.1999, Allen et al. 2002, Friederici 151 

2003, Brown et al. 2004). Much of this need has arisen from the disruption of the natural 152 

frequent fire regime, the influence of large-scale livestock grazing and extensive logging 153 

practices that occurred following Euro-American settlement (Cooper 1960, Covington and 154 

Moore 1994b, Swetnam and Basin 1996). As a result of fire disruption, increased livestock 155 

grazing and logging practices, ponderosa pine ecosystems have changed both structurally and 156 

functionally (Covington and Moore 1994b, 1994c, Kolb et al.1994, Mast et al. 1999). The 157 

historical fire regime has been effectively eliminated from the system, resulting in a shift from 158 

frequent, low intensity fires to infrequent, high intensity fires that result in a magnitude of 159 

negative effects across the landscape (Cooper 1960, Fulé et al. 1997, Fulé et al. 2006). These 160 

negative effects are further magnified because of the increasing number of people that live, work 161 

and recreate in and around ponderosa pine forests (Duryea and Vince 2005). As a result of these 162 

changes in forest structure and fire behavior, there have been land management policy changes 163 

that favor the restoration of forests that are far removed from the historic range of variability 164 

(HFRA 2003, OPLMA 2009). 165 

Historic Range of Variability and Desired Conditions 166 

The historic range of variability (HRV) is defined by the literature as a method used to 167 

understand the dynamic nature of the particular forest structure, process, and disturbance regime 168 

that is prevalent on the landscape as it relates to the natural forest state (Morgan et al. 1994, 169 
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Landres et al. 1999.Veblen 2003). In ponderosa pine ecosystems in the southwest the HRV of 170 

tree density on basalt soils is estimated to be 15-60 trees per acre (TPA) (Rasmussen 1941, 171 

White 1985, Covington and Moore 1994b, Covington et al 1997, Fulé et al 1997, 2002, 2006, 172 

Mast at al. 1999, Roccaforte et al. 2009, Abella et al. 2011, USDA Forest Service 2011a) and 173 

between 40-74 (ft2/acre) in basal area (BA) (Sanchez Meador et al. 2008, Roccaforte et al. 2009). 174 

Land managers of the Coconino National Forest have used the HRV of tree density described in 175 

the literature to create a set of desired conditions (DCs) that take into account all concerns of 176 

functional areas of management including fire, fuels, range, wildlife, botany, stewardship etc. 177 

The Coconino National Forest Proposed Revised Forest Plan (USDA, Forest Service 2011a), has 178 

a mid-scale desired condition of 20 to 80 square feet of BA in ponderosa pine ecosystems. In 179 

addition, the Coconino National Forest has also established DCs in terms of stand structure using 180 

Stand Density Index (SDI) and the corresponding relative density index (RDI). SDI is often used 181 

to characterize stand structure because of its relationship between the number of TPA and the 182 

diameter of trees at breast height (Reineke 1933, Smith et al. 1997). The RDI of a stand shows 183 

the relative point of a stand in its growth trajectory. It is defined as the number of trees of an 184 

average size (SDI) divided by the maximum SDI that can exist of a given species which gives an 185 

overall value that represents a percentage of the maximum SDI (Smith et al. 1997). Long and 186 

Shaw (2005) identified for ponderosa pine a RDI of 0.15 represents the approximate point where 187 

a stand reaches canopy closure. Whereas, a RDI value of 0.55 represent a point in a stand growth 188 

trajectory where mortality begins to occur through stand self thinning. In addition, an SDI value 189 

of 450 (1.00 RDI) represents the maximum size-density relationship that a given ponderosa pine 190 

stand may develop to (Long and Shaw 2005). The DCs derived for the Coconino National Forest 191 

for RDI range from 0.15-0.40 (USDA Forest Service 2011c).   192 
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The HRV for fire behavior and fuel loading is not well represented in the literature. The 193 

literature does, however, discuss historic fire behavior as being low intensity, surface fire 194 

(Cooper 1960, Fulé et al. 1997, Fulé et al. 2006, Covington and Moore). Previous research in 195 

ponderosa pine ecosystems of the southwest have shown that fires historically burned on a 196 

regular interval ranging from two to twenty-one years (Weaver 1951, Cooper 1960, Swnetnam 197 

and Basin 1996, Fulé et al 1997, Fulé 2002, Heinlein et al 2005, Hunter 2007, Diggins 2010). 198 

The amount of fuel loading that should be represented across the forest has been determined by 199 

the Coconino National Forest (2011a) landscape-scale DC for coarse woody debris (CWD) of 3 200 

to10 tons/acre.  Furthermore, the Coconino National forest has addressed smoke and air quality 201 

as a critical issue related to the amount of fuel loading in the Coconino National Forest Draft 202 

Environmental Impact Statement (USDA Forest Service 2011a). The combination of developing 203 

HRV and DCs gives researchers and managers a basis to begin determining forest change since 204 

Euro-American settlement, large-scale livestock grazing and fire exclusion. 205 

Structure Changes since Euro-American Settlement 206 

 Stand density conditions in ponderosa pine ecosystems has increased substantially when 207 

compared to HRV and DCs. Prior to Euro-American settlement, ponderosa pine forests consisted 208 

of small groups and clumps of 3 to17 trees (Kaufmann et al. 2000) with large openings and 209 

interspaces that created a parklike structure (Covington and Moore 1994). Covington and Moore 210 

(1994) reconstructed historical stand structure and determined that the density of ponderosa pine 211 

has increased from around 23 TPA and 65 square feet of BA prior to settlement, to over 800 212 

TPA and 130 square feet of BA after settlement.  Similarly, Covington et al. 1997 has estimated 213 

that the number of TPA has increased from around 25 TPA in 1876 to over 1,200 TPA in 1992. 214 
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Fire Behavior Changes since Euro-American Settlement 215 

 Fire behavior has also changed significantly since Euro-American settlement (Covington 216 

and Moore 1994, Covington et al. 1997). The low intensity surface fire that frequently moved 217 

across the landscape (Cooper 1960, Fulé et al. 1997, Fulé et al. 2006, Covington and Moore) has 218 

been replaced by infrequent, higher intensity crown fire that can disrupt many of the natural 219 

processes of an ecosystem (Campbell et al. 1977, Schoennagel et al. 2004, Fitzgerald 2005, 220 

Savage and Mast 2005). These wildfires often remove all of the overstory vegetation which can 221 

result in a multitude of negative consequences, including the destruction of watershed function 222 

(Campbell et al. 1977, Allen et al 2002, Miller 2002), accelerated soil erosion and nutrient 223 

mineralization (Neary et al. 1999, Ice et al. 2004), destruction of wildlife habitat (Allen et al. 224 

2002, Brown et al. 2004), destruction of seed beds, critical for natural regeneration (Savage and 225 

Mast 2005), and the potential for type conversion  with impending climate change (Hurteau et al. 226 

2010). Once a wildfire has moved from the surface fuels to the overstory (crown fuels), fire 227 

behavior increases (Van Wagner 1977). Crown fires have longer flame lengths, faster rates of 228 

spread, higher fire intensity, and increased resistance to control, making them both dangerous 229 

and difficult to manage by firefighters (Van Wagner 1977, Cohen and Butler 1998, Scott and 230 

Reinhardt 2001). Fire managers often measure crown fire potential as the probability that a 231 

crown fire will initiate and perpetuate through the canopies of trees and is dependent on canopy 232 

base height and canopy bulk density (Scott and Reinhardt 2001, Schaaf et al. 2007, NWCG 233 

2008). Canopy base height and canopy bulk density have been determined as the most crucial 234 

factors for the initiation of crown fire (VanWagner 1977 Graham et al. 1999). Managers often 235 

evaluate crown fire potential and canopy base height through the use of torching index which is 236 

measured as the 20ft wind speed required to initiate crown fire in a forested stand. In addition, 237 
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managers also evaluate crown fire potential and canopy bulk density through the use of crowning 238 

index which is measured as the 20ft wind speed required to perpetuate crown fire through a 239 

forested stand (Scott and Reinhardt 2001). These methods of measuring crown fire potential are 240 

fire manager’s primary methods of accessing the risk of ecosystem loss and the loss of public 241 

life, health and property when a crown fire moves into a populated area.  242 

The Wildland Urban Interface 243 

The increase in wildfire activity over the recent decades has put the wildland urban 244 

interface (WUI) in danger of destruction from crown fire (Kohen 2008). The WUI according to 245 

the National Wildfire Coordinating Group (NWCG 2008) is any location where human 246 

developments meet or intermix with undeveloped vegetated lands. The largest concern to the 247 

management of wildfire in the WUI is the potential for a surface fire to transition to a crown fire 248 

(Biswell 1960, Scott and Reinhardt 2001). These fires are the most dangerous from a suppression 249 

perspective (Butler and Cohen 1998). Firefighters risk suppressing crown fires in the WUI in 250 

order to protect lives and property (Stratton 2004). If suppression efforts are not conducted, 251 

crown fire can sweep through the WUI and into the community, directly putting the public in the 252 

path of the fire (Stratton 2004). The WUI is a crucial location where fuel reduction treatments 253 

are at the forefront to protecting the public’s property, lives, health, and welfare (Stratton 2004). 254 

This is due to the proximity and interactions with the public being in and around the forest 255 

(Stratton 2004). To help alleviate the risk of wildfire, land managers can implement treatments 256 

that help reduce the risk of wildfire (Agee and Skinner 2005). Fuel reduction treatments that 257 

target reducing stand density and canopy closure in combination with reducing fuelbed loadings 258 

have shown to be very effective at decreasing crown fire potential and can also improve 259 



Hall et al. pg 13 
 

ecosystem health and resilience (Feeney et al. 1998, Graham et al. 1999, Fitzgerald 2005, Mason 260 

et al. 2006,  Roccaforte et al. 2009). 261 

Policy and Creation of the 4-FRI 262 

The realization of control issues surrounding more intense and severe wildfires and the 263 

inability of agencies to get treatments on the ground led to the signing of the Healthy Forest 264 

Restoration Act (HFRA) by President George Bush in year 2003. This act was initiated to 265 

decrease the risk of negative effects resulting from uncharacteristic wildfires while maintaining 266 

environmental standards and encouraging early public participation during the planning process 267 

(HFRA 2003). In year 2009 Title IV of the Omnibus Public Land management Act set aside the 268 

Collaborative Forest Landscape Restoration Fund to help support the planning and 269 

implementation of landscape scale restoration projects (OPLMA 2009). Since the signing of 270 

these two acts into law, many large-scale forest restoration projects have been proposed with the 271 

overall mission of restoring ecological structure and function. One of these large, landscape-scale 272 

restoration projects is directly aimed at restoring the resiliency and function of ponderosa pine 273 

forests in Arizona U.S.A. The Four Forest Restoration Initiative (4-FRI) consists of 2.4 million 274 

acres of ponderosa pine forests across four National Forests (Kaibab, Coconino, Tonto, Apache-275 

Sitgraves National Forests). Approximately 600,000 of these acres are proposed for restoration 276 

on the Coconino National Forest (USDA Forest Service 2011c). 277 

Objectives 278 

 Land management and resource specialists have done intensive research and analysis to 279 

determine the appropriate treatments to implement. The effectiveness of proposed 4-FRI 280 

treatments at returning stand structure to the HRV and DCs is unknown. Thus, the objectives of 281 

our research were to 1) Document the current stand structure, fire behavior, and fuel loading 282 
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attributes in the WUI, 2) Examine the effectiveness of proposed treatments in terms of returning 283 

conditions within HRV or established DCs, 3) Determine the maintenance interval needed to 284 

maintain conditions within HRV and DCs. Our results are important for the 4-FRI planning 285 

process because they give an estimation of the likelihood or length of time required to achieve 286 

HRV and DCs.    287 

Methods 288 

Study Area 289 

The location of the study area used in modeling consists of the approximately 80,000 290 

acres WUI on the southwest side of Flagstaff, Arizona (latitude 35o03’-35o14’ N, longitude 291 

111o35’-111o44’W) within the Coconino National Forest (Figure 1). Elevation of the study area 292 

ranges from 6,800 to 7,200 feet. We selected this area for modeling and analysis because of its 293 

high level of WUI interaction, high volume of forest use for recreation, and its relatively high 294 

level of values at risk to uncharacteristic wildfire (USDA Forest Service 2011a).  In addition, the 295 

prevailing wind direction in Flagstaff is primarily from the southwest (USDA Forest Service 296 

2011a). This adds to fire manager concern from fire entering the Flagstaff community from the 297 

southwest (USDA Forest Service 2011a). 298 

Stand Selection Criteria 299 

The dominant overstory vegetation type located in the study area and used in modeling is 300 

ponderosa pine with a small component of Gambel oak (Quercus gambelli).  Stands that 301 

contained a large portion (over 25%) of Gambel oak in the overstory were excluded to limit 302 

analysis to “pure” ponderosa pine dominated stands. Due to differences in stocking, growth and 303 

regeneration of ponderosa pine on basalt versus limestone soils (Puhlick 2011), all stands that 304 
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fell on limestone soils were excluded from analysis (TES 2001), leaving only stands located on 305 

basaltic parent material. 306 

For modeling purposes conditions were based on Common Stand Exam data (CSEs) that 307 

were collected between years 1987 and 2002. Stands consist of the cumulative data from 308 

multiple plots across a single stand. All data collected within a given stand was averaged to give 309 

an approximation of the average stand condition.  All stands were grown to a common starting 310 

year of 2011 and all current conditions are based on modeled stand conditions at year 2011. 311 

Originally, one hundred and forty-six stands met our selection criteria and were queried out of 312 

the FSVeg database (NRIS 2011). We further limited our modeling to stands with cumulative 313 

plot data with a standard error less than 20 ft2/acre of BA (FSH 2409.13) and less than 50 TPA 314 

(see Table 1, Appendix A for details).  The last step in stratification resulted in 26 stands that met 315 

all criteria and were used in all modeling simulations. Only two stands contained fuel level data. 316 

In order to make inferences about the changes in fuel loading over time, we averaged the two 317 

loadings and matched a photoseries model (PNW-105-2-PP-1) that best matched the two stand 318 

loadings (NWCG 1997). The values in this photoseries were used to add fuel loading to stands 319 

without fuel loading data. 320 

FVS Model, Treatments, Parameters and Modifiers 321 

FVS Model 322 

The Forest Vegetation Simulator (FVS), an individual growth and yield statistical model 323 

was used for all growth and yield modeling simulations (Dixon 2002). We used the Fire and 324 

Fuels Extension (FFE) for fire behavior and fuels consumption modeling (Reinhardt and 325 

Crookston 2003, Rebain et al. 2011). We used the Central Rockies/Southwestern Ponderosa Pine 326 

variant of FVS for all simulations. FVS was specifically selected because it is the most widely 327 
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used model among national forests, and stand level data can be easily imported from the Forest 328 

Service FSVeg database (NRIS 2011).  329 

Treatments 330 

We modeled eight different treatment scenarios. These treatments were established to 331 

represent one of the uneven-aged mechanical treatments that that 4-FRI is proposing. Four 332 

treatment types were assessed, 1) a control, 2) individual tree selection only, 3) burn only, 4) 333 

individual tree selection and burn treatment combined.  The individual tree selection treatment 334 

was modified under the 4-FRI project and includes larger canopy gaps than individual trees. 335 

These larger gaps were established to create regeneration or understory openings/interspaces that 336 

are similar to the historic structure in ponderosa pine (USDA Forest Service 2011c).  Because the 337 

FVS model does not have the capacity to model spatial distributions, all modeling of individual 338 

tree selection treatments were simulated at the group level. Therefore, any larger canopy gaps 339 

proposed under 4-FRI could not be accurately simulated and were excluded from analysis. All 340 

individual tree selection treatments were simulated in year 2012 to show the effect mechanical 341 

treatment on stand structure, potential fire behavior and fuel loading over time.  342 

In addition to proposed uneven-aged mechanical treatment, 4-FRI is proposing the use of 343 

prescribed fire as a maintenance tool. The modeled analysis treatments that include prescribed 344 

burning treatment were broken into three simulations with different burning maintenance 345 

intervals, 1) a seven year burning maintenance interval, 2) a twenty-two year burning 346 

maintenance interval, 3) an alternating seven and twenty-two year burning maintenance interval 347 

(Table 1).  The seven, 22, and alternating seven and 22 year burning maintenance intervals were 348 

created by both conversations with local fire managers and reference to literature that took into 349 

account the ecological need of fire, and fire management capacity given timing, funding, 350 
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personnel staffing and public health concerns. The seven year burning maintenance interval was 351 

established as a result of the current maintenance interval of NEPA approved treatments on the 352 

Flagstaff District assuming the 10,000 acre current target is treated annually in perpetuity 353 

(FACTS 2011). The twenty-two year interval arose through the need to determine the fire 354 

behavior and effects of an interval above the historic fire return interval of 2-21 years. We chose 355 

to also analyze the effectiveness of an alternating seven and 22 year burning maintenance 356 

interval. Table 1 displays years when the different treatment types and when they were 357 

simulated.  358 

Parameters and Modifiers 359 

We modified many of the default FVS and FFE parameters to limit the level of error built 360 

into the model, and to provide a more accurate representation of conditions on the Coconino 361 

National Forest (Table 2)(Crookston and Dixon 2005). All simulations were limited to a fifty 362 

year timeframe to avoid the compounding effect of error within the model as the simulation 363 

timeframe is extended (Crookston and Dixon 2005). All individual tree selection treatments were 364 

simulated at year 2012 and the prescription that was used within the model simulated mechanical 365 

individual tree selection across the entire diameter range with a target SDI of 100.  The 100 SDI 366 

individual tree selection treatment was chosen to represent the average 4-FRI treatment for areas 367 

managed as Northern Goshawk forging areas (USDA Forest Service 2011c). The maximum SDI 368 

value for ponderosa pine was modified to 450 (Long and Shaw 2005, Shaw and Long 2010). The 369 

default calculation of SDI in FVS was used for all simulations. This method of SDI calculation 370 

erroneously assumes of even-aged stand conditions; however, for the purposes of this study they 371 

do give an estimate of trends over time. A portion of stems were left on site after mechanical 372 

treatment and biomass removal to show the effect of stems and branchwood left on fire behavior 373 
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and fuel loading.  Sprouting was turned off (Liu and Ashton 1994). We based regeneration on a 374 

model developed by Sorensen et al. (2010). Therefore, regeneration was purposely added after 375 

all treatment, individual tree selection or prescribed fire, and the actual regeneration rates were 376 

based on previous research from Bailey and Covington (2002). 377 

In addition to modifying the default FVS parameters, we used several keywords to 378 

modify potential fire behavior and fuels conditions to those similar to conditions observed on the 379 

Coconino National Forest (Table 2).  For all potential fire behavior modeling the 97th percentile 380 

for weather conditions was used. These conditions were determined by using a Coconino 381 

National Forest maintained database of weather observations from the Flagstaff RAWS (Remote 382 

Automated Weather Station) over the past eight years, and represent the top three percent of the 383 

worst fire weather days. We cross-checked all weather data by using Fire Family Plus 4.0.2 Beta 384 

to ensure that the collected weather observations were consistent with the historical trend of 385 

weather in Flagstaff, Arizona (Fire Family Plus 2009). We modified the burn parameters in FVS 386 

to the 97th percentile weather conditions of the Coconino National Forest for severe fires (see 387 

Appendix A, Table 2 fro detatils). All prescribed burning treatments that were used in the 388 

individual tree selection and burn and burn only simulations were simulated starting at year 389 

2015, and were also modified using the Coconino National Forest weather database. Prescribed 390 

burning conditions were based on prescribed fire weather data that was collected on days when 391 

burning was implemented (see Appendix A, Table 2 for details). All prescribed burning 392 

simulations were simulated in the fall season. We tested multiple different fuel models (see 393 

Appendix B for detatils), and selected model 165 (very high load, dry climate timber-shrub) as it 394 

is a dynamic fuel model and includes the understory vegetation as a surface fuel (Anderson 1982, 395 

Scott and Burgan 2005). 396 
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Analysis 397 

 We analyzed forest stand structure using TPA, BA, and RDI as the variables of measure. 398 

We compared simulated conditions to both HRV and DCs shown in Table 3. These variables 399 

were all analyzed because of their importance in characterizing stand structure (Covington et al 400 

2001, Heinlein et al 2005). In addition, a two inch diameter class distribution was created to 401 

show the potential effects that treatment will have on the diameter distribution of ponderosa pine. 402 

Potential fire behavior and crown fire potential were assessed using total flame length, 403 

probability of torching (p-torch), torching index and crowning index. We used the historic 404 

description of frequent, low intensity wildfire discussed in the introduction to evaluate potential 405 

fire behavior. Using this description of fire behavior, we can assume that lower total flame 406 

lengths (flame length including crown fire activity) are more desirable and closer to historic fire 407 

behavior.   We chose to compare torching index and crowning index with the 90th and 97th 408 

percentile weather conditions for 20ft winds from the Flagstaff RAWS (Table 3).  This method 409 

will help show which simulated treatment is better at reducing the potential for crown fire.  We 410 

chose to also assess potential smoke concentration (PM2.5) because of public concern of 411 

viewshed obstruction and health issues that can result from high concentrations of PM2.5 (Ottmar 412 

et al. 1996, Bowman and Johnston 2005). The results of this study are expected to help show the 413 

impact that 4-Fri treatments will have at reducing over PM2.5 emission over time. To assess the 414 

fuel loading condition of the forest, we chose to analyze fine woody debris (woody debris less 415 

than 3in. in diameter), CWD (woody debris greater than 3in. in diameter), litter, duff, and total 416 

fuel loading as the variables of measure. CWD was compared to the DCs from the Coconino 417 

National Forest (USDA Forest Service 2011a). The remaining fuel loading variables were not 418 

compared against a historic variability or desired condition, but rather used to show reductions of 419 



Hall et al. pg 20 
 

each fuel characteristic after different restoration treatments were modeled. Litter and duff 420 

loading are the largest contributors to increased smoke concentrations due to higher levels of 421 

smoldering often contributed to high fuel moisture (Einfeld et al.1991, Reinhardt et al. 1997). 422 

We understand that the fuel loading and the photoseries that was used to set initial fuel loadings 423 

may skew loadings, showing a higher range than is represented across the entire forest. However, 424 

higher fuel loading predictions give a worst case scenario of how effective and how long it will 425 

take for proposed treatments to achieve DCs. Modeling high levels of fuel loading will also help 426 

give fire managers an idea of the effects that high levels of fuel loading will have on fire 427 

behavior. 428 

Results 429 

Pre-treatment Structure, Predicted Fire Behavior & Fuel Conditions 430 

The current condition of modeled stands within the WUI of Flagstaff, AZ is highly 431 

departed from the HRV and DCs (Table 4 & Appendix A, Table 3 for details).  The modeled 432 

current average conditions for stand structure is 157 for TPA with a range from 87 to 267, BA is 433 

104 with a range from 77 to 167 and, RDI is 0.41 with a range from 0.31 to 0.64. We also found 434 

fire behavior potential and fuel loading of the forest within the WUI of Flagstaff, AZ to be highly 435 

departed from HRV and DCs (Table 4 & Appendix A, Table 3 for details). The current average 436 

total flame length at 97th percentile weather conditions is estimated to be 103.54 ft.  The current 437 

average probability of torching at 97th percentile weather conditions is estimated to be 0.88. This 438 

means that there is an 88% probability that crown fire will initiate through torching at some point 439 

within the stand (Rebain et al. 2011). The current average torching index at 97th percentile 440 

weather conditions is estimated to be 4.54 mph. The current average crowning index at 97th 441 
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percentile weather conditions is estimated to be 34.91 mph. In terms of smoke concentration 442 

potential, simulations show that average current levels of PM2.5 in smoke are 0.14 (tons/acre) at 443 

97th percentile weather conditions. The current level of CWD within the study area is estimated 444 

to be 19.62 tons/acre. Fine woody debris is currently estimated at 4.63 tons/acre.  Litter is 445 

estimated to be 2.60 tons/acre. The current condition of duff is 2.26 tons/acre. Finally, combining 446 

coarse and fine woody debris, litter and duff yields a total average fuel loading within the study 447 

of 29.10 tons/acre.  448 

Post-treatment Stand Conditions 449 

Tree Density 450 

Tree density is reduced most heavily by the three individual tree selection and burn 451 

treatment simulations (Figures 2 & 4; Table 5). Under this treatment, tree density is immediately 452 

reduced to 73 TPA and enters HRV after the first entry with prescribed fire. Figure 4 shows that 453 

when looking at the control simulation after 50 years, the diameter distribution is bi-model with a 454 

node that represents 4 to 8 inch diameter trees and another node representing 12 to 18 inch 455 

diameter trees (Figure 4). The control simulation shows that in year 2062, 72.4% of trees are less 456 

than 18 inches in diameter (Figure 4). When individual tree selection and prescribed burning is 457 

modeled, there is a rightward shift in the diameter distribution (Figure 4). This distribution is 458 

also bi-model, however, the first node is represented by 2 to 4 inch diameter trees and the second 459 

node represents 22 to 30 inch trees (Figure 4).  Under the three individual tree selection and burn 460 

scenario, 70-76% of trees are greater than 18 inches in diameter in year 2062. 461 

When the three burn only scenarios are modeled, tree density is initially reduced to 86 462 

TPA after the first prescribed fire entry, and the length of time in which it takes to reach HRV 463 
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varies with the maintenance interval for burning. Figure 4 shows that at year 2062, 63-76% of 464 

trees will be 18 inches or larger in diameter. This diameter distribution also has a bi-model shape 465 

with the first node representing primarily 2 inch trees and the second node representing 14 to 26 466 

inch trees. Lastly, the individual tree selection only treatment scenario is only effective at 467 

reducing tree density to 73 TPA in the short term (Figure 2; Table 5).  Figure 4 shows that at 468 

year 2062, 59% of trees will be smaller than 18 inches in diameter. The diameter distribution is 469 

bi-model with the first node representing primarily 6 to 8 inch trees and the second node 470 

representing 12 to 26 inch trees.  471 

Basal Area 472 

Like density, BA is reduced most by the three individual tree selection and burn 473 

treatment scenarios (Figure 3; Table 6).  BA is initially reduced to 63 ft2/acre and then further 474 

reduced to 54 ft2/acre after the first burn entry. Burn only treatments reduce BA less than tree 475 

density, and are only achieve DCs under a seven year burning maintenance interval. Under this 476 

treatment scenario, the initial burn entry reduces basal area to 89 ft2/acre and then trends 477 

differently depending on the maintenance interval of burning. Individual tree selection achieves 478 

both DCs and HRV with an initial reduction to 63 ft2/acre. This treatment does not remain within 479 

DCs unless followed by any of the simulated burning maintenance intervals (Figure 3). 480 

Relative Density Index 481 

Relative density index is reduced within DCs no matter what treatment burning 482 

maintenance interval is simulated (Figure 5; Table 7). This index is reduced the greatest by the 483 

three individual tree selection and burn treatment simulations.  These simulations show an initial 484 

reduction to 0.23 RDI after the initial mechanical treatment, followed by a further reduction to 485 

0.18 RDI after the first burn entry, and remains under a fairly static trend through the remainder 486 



Hall et al. pg 23 
 

of the simulation. Under this scenario, all burning maintenance intervals maintain DCs, but 487 

approach the lower end and continue to trend downward using a seven year burning maintenance 488 

interval. The three burn only treatments also RDI to within DCs, with an initial decrease to 0.32 489 

RDI. Trends continue to decrease until the end of the simulation where the trend plateaus, 490 

becoming more static. The individual tree selection only treatment reduced RDI to 0.23 post-491 

treatment, but as the simulation progresses, RDI continues to increase steadily (Table 7). 492 

Post-treatment Predicted Fire Behavior & Fuel Loading  493 

Results of all modeling simulations show that individual tree selection and burn or burn 494 

only treatment scenarios reduce fire behavior and fuel loading regardless of a burning 495 

maintenance interval (Figures 6-15; Tables 8-17).  On the other hand, the modeled individual 496 

tree selection only treatment scenario reduces potential fire behavior and fuel loading less. 497 

Total Flame Length 498 

Total flame lengths are reduced most by the three individual tree selection and burn 499 

treatment simulations followed closely by the three burn only treatment simulations (Figure 6; 500 

Table 8). The individual tree selection only treatment scenario reduces total flame lengths in the 501 

short term, but over the simulation timeframe, a single individual tree selection only treatment 502 

does not hold its effectiveness over time. Under the seven year burning maintenance interval, 503 

total flame lengths are reduced from 103.5 to 20.0 and 23.6 ft. (Table 8). The second most 504 

effective burning maintenance interval at reducing total flame length for both individual tree 505 

selection and burn and burn only scenarios is the alternating seven and twenty-two scenario, 506 

reducing total flame lengths from 103.5 to 27.4 and 27.8 ft. (Table 8). Total flame lengths are 507 

reduced under a twenty-two year burning maintenance interval. However, under the burn only 508 

scenario, flame lengths are not reduced until the second burn entry (Figure 8). 509 
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Probability of Torching 510 

 The probability of torching is also reduced most when individual tree selection is 511 

combined with prescribed burning (Figure 7; Table 9).  The probability of torching initially 512 

decreases from 0.88 to 0.65 following mechanical treatment. Prescribed burning then further 513 

decreases the probability to 0.53 following the first entry. Overall reductions in the probability of 514 

torching range from 0.59 to 0.50 depending on maintenance interval used. A seven year burning 515 

maintenance interval yields an overall reduction in probability from 0.88 in year 2011 to 0.29 in 516 

year 2062.  Next, an alternating 7-22 year burning maintenance interval yields an overall 517 

reduction in probability from 0.88 in year 2011 to 0.32 in year 2062.  The reduction in 518 

probability under 22 year burning maintenance interval is from 0.88 in year 2011 to 0.58 in year 519 

2062. Using this variable as the measure of crown fire potential does not show a difference of 520 

reducing the potential of torching when comparing the individual tree selection only and burn 521 

only scenarios. However, under a 7 year burning maintenance interval, the burn only treatment is 522 

has a probability of torching that is 0.12 lower than the individual tree selection only treatment. 523 

Overall trends in both the individual tree selection and burn and burn only simulation tend to 524 

decrease over time regardless of burning maintenance interval, whereas, the individual tree 525 

selection only treatment has a more static trend.  526 

Torching Index 527 

 Torching index remains below the 90th percentile for 20ft winds under all treatment 528 

scenarios (Figure 8; Table 10). On the other hand, torching index is increased from 4.5 mph to 529 

above 20 mph under both the individual tree selection and burn and burn only scenarios (Table 530 

10). Individual tree selection and burn and burn only treatments maintain an increasing trend 531 

throughout the scenario and near the 90th percentile near year 2062. An individual tree selection 532 
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only treatment increases torching index in the short term from 4.54 to 10.0, however, over time a 533 

torching index deceases to 1.6 mph.  534 

Crowning Index 535 

 Crowning index is increased above the 90th and 97th percentile 20ft winds and remains 536 

above the control under all treatment scenarios (Figure 9; Table 11). Overtime, an individual tree 537 

selection and burn treatment scenario increases crowning index initially from 34.91 to 50.71 mph 538 

following mechanical treatment. The first entry of burning further increases crowning index to 539 

66.85 mph, proving to be the most effective no matter burning maintenance interval (Figure 9; 540 

Table 11). Burn only treatments are the second most effective at increasing crowning index with 541 

an initial increase from 34.91 to 42.67 mph following the first entry of burning. The single 542 

individual tree selection only treatment is only slightly effective at increasing crowning index by 543 

15.8 mph initially, and then shows a decreasing trend as the simulation progresses. 544 

Coarse Woody Debris 545 

 The amount of CWD across the study area is most effectively reduced by the three 546 

individual tree selection and burn scenarios (Figure 10; Table 12). Figure 10 shows that an 547 

individual tree selection and burn treatment is effective at achieving DCs regardless of burning 548 

maintenance interval. Initial reductions following the first entry of burning range from 20.16 to 549 

6.02 tons/acre under all burning maintenance intervals. Alternatively, a burn only treatment is 550 

only effective at achieving DCs under a seven or alternative seven and twenty–two year burning 551 

maintenance interval. A seven year burning maintenance interval shows an initial reduction from 552 

19.59 to 8.45 tons/acre following the first entry of burning. Loading then increases to 12.22 553 

tons/acre before the second burn entry which then decreases the loading to 6.35 tons/acre. After 554 

the second entry under both the seven year burning maintenance interval, the loading of CWD 555 
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remains within DCs. An alternating seven and twenty-two year burning maintenance interval 556 

shows periods of time when CWD is within DCs and periods when loading is over DCs 557 

throughout the entire simulation. If prescribed burning is not implemented, CWD is not affected. 558 

Fine Woody Debris 559 

Fine woody debris is reduced by any of the modeled treatments over the fifty year 560 

simulation (Figure 11; Table 13). Figure 13 shows that mechanical treatment can increase fine 561 

woody debris in the short term. Fine woody debris is reduced initially from 7.24 to 0.12 tons/acre 562 

under an individual tree selection and burn scenario. A burn only treatment shows initial 563 

reductions to be from 4.64 to 2.02 tons/acre. In terms of burning maintenance interval, a seven 564 

year burning maintenance interval is the most effective at reducing and maintaining fine woody 565 

debris levels (Figure 11).  When the burning maintenance interval is extended (22 and alternating 566 

7-22 year interval), there are larger fluctuations in fine woody debris loading (Figure 11).   Litter 567 

Litter 568 

The fuel loading of litter closely follows fine woody debris across treatment scenarios 569 

(Figures 11 & 12). Figure 12 shows an initial flush of litter following mechanical treatment from 570 

2.6 to 3.14 tons/acre. This initial increase is reversed when burning is simulated, reducing the 571 

tons/acre from 3.14 to 0.29 (Figure 12; Table 14). Burn only simulations reduce the fuel loading 572 

of litter from 2.71 to 0.92 tons/acre after the first burn. Individual tree selection and burn 573 

simulations reduce litter from 2.6 to 0.40 following mechanical treatment and first burn entry.  In 574 

terms of maintenance interval, a seven year interval is the most effective at reducing and 575 

maintaining litter levels (Figure 12).  When the burning maintenance interval is extended (22 and 576 

alternating 7-22 year interval), there are larger fluctuations in litter loading (Figure 12).    577 
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Duff 578 

 Duff is reduced by at least 60% over the 50 year simulation when prescribed burning is 579 

implemented (Figure 13; Table 15). There is little difference between duff levels between the 580 

control and individual tree selection only scenario. Individual tree selection and burn treatments 581 

initially reduce duff from 2.34 to 1.65 tons/acre. Burn only treatments initially reduce duff from 582 

2.32 to 1.76 tons/acre. Overtime, a seven year burning maintenance interval is the most effective 583 

at reducing the amount of fuel loading represented by duff (Figure 13). Figure 13 also shows that 584 

the effectiveness of duff reduction decreases at the burning maintenance interval is increased.  585 

Total Fuel Loading 586 

 In terms of reducing overall total fuel loading, the individual tree selection and burn 587 

treatment is the most effective over time (Figure 14; Table 16). Initial reductions move the total 588 

fuel loading from 32.26 to 8.08 tons/acre following the first entry of burning. Burn only 589 

treatments are less effective at reducing total fuel loading, but do reduce loadings from 29.26 to 590 

13.15 tons/acre initially.  Total fuel loading is the cumulative representation of CWD, fine 591 

woody debris, litter and duff. Therefore, the overall trend is similar to the above variables with a 592 

seven year burning maintenance interval being the most effective followed by the alternation 593 

seven and twenty-two year and twenty –two year interval respectively (Figure 16).  594 

Potential PM2.5 Concentration 595 

 The amount of potential PM2.5 released during a wildfire at 97th percentile weather 596 

conditions is most effectively reduced when prescribed burning is implemented in the individual 597 

tree selection and burn or burn only scenarios (Figure15; Table 17). Single individual tree 598 

selection only treatments initially increase PM2.5 concentrations by 0.02 tons/acre because of the 599 

assumption that 15% of stems and 10% of branchwood will be left on site following biomass 600 
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removal. However, under a individual tree selection and burn treatment scenario, this initial 601 

increase is substantially reversed following the initial entry of prescribed fire (initial reduction 602 

from 0.16 to 0.05 tons/acre) Figure 15 shows that a seven year burning maintenance interval is 603 

most effective at reducing PM2.5 concentration, followed by an alternating seven and twenty-two 604 

year burning maintenance interval and a twenty-two year burning maintenance interval.  605 

Discussion 606 

Current Conditions 607 

 Based on the current conditions of modeled stands, the ponderosa pine forest within the 608 

WUI of the Coconino National Forest is in urgent need for ecological restoration treatment 609 

(Appendix A, Table 1). Forest structure, potential fire behavior, and fuel loading are highly 610 

departed from HRV and DCs. Results show that if no treatment is done, stand density, smoke 611 

concentration, and total fuel loading will continue to increase over time. (Figures 3, 14 & 15). 612 

When compared to ponderosa pine HRV, current conditions are estimated to be now more than 3 613 

times (486 - 630%) greater than historic conditions. When compared to the Coconino National 614 

Forest mid-scale DCs in ponderosa pine ecosystems, the forest is ranging from 23 to 83 (130- 615 

520%) square feet of BA greater than DCs.  In addition, when compared to the HRV of BA of 616 

ponderosa pine, the current BA is estimated to range from 30 to 64 (140-260%) over what is 617 

historic. When compared to the Four Forest Restoration Initiative DCs, currently RDI conditions 618 

range from 102 to 273% greater than DCs. The upper end of current condition range is currently 619 

within the zone of imminent mortality of 0.55 RDI (Long and Shaw 2005), leading to higher fire 620 

risk and forest health concerns. 621 
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Modeling does not show large increases in potential fire behavior above current 622 

conditions over time.  Given the increasing intensity and severity of current wildfires (Miller and 623 

Yool 2002, Schoennagel et al. 2004, Stephens and Ruth 2005, Strom and Fulé 2007), higher 624 

levels of fire intensity, severity and extent would make suppression of these fires more difficult 625 

and expensive (Dombeck et al. 2004). In addition, the fuel loading trends that are represented by 626 

this analysis are likely to represent the upper end of conditions within the study area. These 627 

conditions give managers a worst case scenario of how fire behavior, wildlife, and scenic 628 

integrity will be affected by high levels of fuel loading (Reinhardt 1997, Brown et al. 2003, 629 

Farnsworth 2003, Mason et al. 2006 Kailies et al. 2010). Overall, the results of the modeling 630 

simulation stress the need for ecological treatment, and support the treatments that 4-FRI is 631 

proposing under the first phase of implementation (USDA Forest Service 2011c). 632 

Treatment Effectiveness 633 

 Results of all modeling simulations show that some level of treatment (individual 634 

tree selection only, individual tree selection and burn, and burn only) moves stand conditions 635 

towards HRV and DCs regardless of  burning maintenance interval (Figures 2-5; Tables 5-7).  In 636 

terms of stand structure, the control scenario shows the highest TPA, BA and RDI of any 637 

treatment, and the highest departure from HRV and DCs throughout the fifty year simulation 638 

(Figures 2-5; Tables 5-7). Figure 4 shows that the diameter distribution in the control scenario is 639 

composed of primarily smaller trees with a lower proportion of trees in the larger diameter 640 

classes. This is inconsistent with the Coconino National Proposed Revised Plan, which has a 641 

landscape scale desired condition of “sufficient” groups of old growth to be representative across 642 

the landscape (USDA Forest Service 2011a). What is “sufficient” is not defined within the plan. 643 

On the other hand, from this desired condition, we can assume that treatments that increase the 644 
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proportion of trees represented in larger diameter classes is more effective at moving towards 645 

DCs than the control. Modeled simulation results show that an individual tree selection and burn 646 

scenario is the most effective treatment at achieving HRV and DCs for all variables (Figures 2, 3, 647 

5 & 10). An individual tree selection and burn treatment also shows a rightward shift in diameter 648 

distribution towards a larger percent of 18 inch and greater diameter trees (Figure 4). The three 649 

burn only treatments are a close second in terms of effectiveness at achieving HRV and DCs 650 

overtime. These treatment scenarios take longer to achieve HRV and DCs; however they do help 651 

move the diameter distribution towards larger diameter classes (Figure 2 and 4).Burn only 652 

treatments move towards DCs at a slower rate because of a lack of the initial decrease in density 653 

that occurs with mechanical treatment (Figures 2, 5 & 10). Lastly, over the simulation timeframe, 654 

a single individual tree selection only treatment does not hold its effectiveness over time (Figure 655 

2).  656 

  When assessing treatment effectiveness by the reduction in potential fire behavior, a 657 

combination individual tree selection and burn treatment reduces overall fire behavior by the 658 

largest margin (Figures 6-9). This is likely due to a large initial decrease in stand density from 659 

individual tree selection followed by an increase in canopy base heights from prescribed fire 660 

(Hunter et al. 2007, Roccaforte et al. 2008). Burn only treatments also fire behavior, do not result 661 

in large initial decreases in fire behavior and thus take longer to decrease fire behavior overall. 662 

Finally, when assessing treatment effectiveness in terms of reduction in fuel loading, a 663 

combination individual tree selection and burn treatment shows larger overall reductions in fuel 664 

loading over time (Figure 14). Conversely, immediately after mechanical treatment, fuel loading 665 

of litter and fine woody debris increases (Figure 11 and 12). This is the result of the model 666 

assumption that a portion of stems and branchwood cut will remain on site after biomass 667 
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removal. This initial increase is reversed when burning is simulated (Figure 11).When comparing 668 

the effectiveness of individual tree selection  and burn versus burn only treatments, burn only 669 

treatments trend closely when looking at duff and CWD (Figure 10 and13). DCs for CWD are 670 

only achieved when burning is added in treatment scenarios over the simulation timeframe 671 

(Figure 10).  672 

Maintenance Interval 673 

Seven Year Interval 674 

 The most effective prescribed burning maintenance interval at achieving and maintaining 675 

HRV and DCs for stand structure, while reducing overall fire behavior and fuel loading is the 676 

seven year interval (Figures 2, 3, 5 & 10). When looking at TPA, RDI, and CWD under an 677 

individual tree selection and burn treatment scenario at a seven year burning maintenance 678 

interval, stand conditions approach the lower end of HRV and DCs, and in most cases are still 679 

trending downwards. Therefore, caution is given when implementing a burning maintenance 680 

interval near seven years. Tables 5, 7 and 12 show a static trend at the end of the simulation; 681 

however, maintaining conditions at the lower end of HRV or DCs can easily fall below HRV and 682 

DCs, potentially causing unknown effects in light of climate change (Fule ́ 2008). In addition, on 683 

steep slopes, higher levels of CWD, litter and duff are required to maintain soil integrity (Agee 684 

1973, Graham et al. 1994, Neary et al. 1999). A seven year burning maintenance interval has the 685 

potential to reduce the amount of litter and duff over a fifty year period (Figures 12 & 13). This 686 

is likely the result of greater needle cast following prescribed fire due to scorch. On the other 687 

hand, the overall reduction in total fuel loading helps to reduce the potential of PM2.5 in smoke 688 

during a wildfire event (Reinhardt 1997) under both the seven year burn only and individual tree 689 

selection and burn treatments. 690 
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Alternating Seven then Twenty-two Year Interval 691 

 An alternating seven and twenty-two year burning maintenance interval is the second 692 

most effective interval when looking at achieving HRV, DCs, reducing overall fire behavior, 693 

reducing potential PM2.5, and reducing overall fuel loading. Over the fifty year simulation 694 

timeframe, an alternating 7 and 22 year burning maintenance interval allows for fluctuations in 695 

stand structure and fuel loading which may make stands more resilient by proving a mosaic 696 

across the landscape (Allen et al. 2002, Savage and Mast 2005). Additionally, an alternating 7 697 

and 22 year burning maintenance interval is nearly as effective at reducing total flame lengths, 698 

raising crowning index and reducing PM2.5 concentration as the 7 year burning maintenance 699 

interval (Figures 9 and 15). Total fuel loading is only slightly higher at the end of simulation than 700 

under a seven year burning maintenance interval (Table 16); whereas, the amount of fine woody 701 

debris, litter and duff are substantially higher (Tables 13, 14, 15). This could have positive 702 

implications when trying to maintain soil integrity on steep slopes; however, could also yield 703 

higher concentrations of PM2.5 in smoke. 704 

Twenty-two Year Interval 705 

 Lastly, a twenty-two year burning maintenance interval is the least effective at achieving 706 

HRV, DCs, reducing overall fire behavior, reducing potential PM2.5, and reducing overall fuel 707 

loading. Tables 5-17 show that the trend towards the end of simulation is often not static and the 708 

long term effects of a twenty-two year burning maintenance interval are not shown by the fifty 709 

year simulation. When looking at stand structure alone, the given 7, 22, or alternating 7-22 710 

burning intervals have less effect on the trajectory of a stand than the different simulated 711 

treatments (Figures 2, 3 & 5). Likewise, when using the probability of torching or torching index 712 

as measures of crown fire potential, the period of maintenance interval is less of a factor than the 713 
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treatment itself. All results show positive trends towards HRV, DCs, reduced fire behavior, 714 

lower concentrations of PM2.5, and reductions in fuel loading when prescribed fire is simulated. 715 

Uneven-aged mechanical individual tree selection treatments, on the other hand, are only 716 

effective when coupled with fire. 717 

Management Implications  718 

Ecological Need for fire 719 

 The ecological need for fire as the primary disturbance agent in ponderosa pine is well 720 

represented in the literature (Cooper 1960, Swnetnam and Basin 1996, Covington et al. 1997, 721 

Moore et al.1999, Covington and Moore 1994b, 1994c, Kolb et al.1994, Fulè  et al. 2006, Fulè  722 

et al. 1997, Mast et al. 1999, Allen et al. 2002, Friederici 2003, Brown et al. 2004). Ponderosa 723 

pine itself is a fire adapted species that shows physiologic traits such as thick bark, open crowns, 724 

self- pruning branches and needle fascicles that protect plant meristems as methods of resistance 725 

to fire effects (Zwolinski 1996, Kealy And Zedler 1998). These traits combined with the 726 

southwestern climate where summer monsoon season perpetuates prolific lightning help create 727 

the low intensity, frequent fire regime that was present prior to Euro-American settlement (Allen 728 

et al. 2002). The results of this study show the importance of fire on the landscape, and how the 729 

absence of fire makes achieving DCs and HRV more difficult when implementing an individual 730 

tree selection without prescribed burning. 731 

Plant Physiology 732 

 Previous studies have shown that restoration treatments and prescribed fires can have 733 

beneficial effects on plant physiology (Feeney et al. 1998, Griffis et al. 2001). Overall tree 734 

productivity and growth of plants in both the overstory and understory increases after restoration 735 
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treatments. Feeney et al. (1998) found that thin and burn treatments are extremely effective at 736 

improving soil water content, increasing leaf toughness, increasing leaf nitrogen content, basal 737 

area increment and resin flows due to increases in the amount of growing space and more access 738 

to sunlight given less canopy cover. The results of this study show that the reduction of TPA and 739 

BA should yield larger availability of growing space that may yield better overall tree growth. 740 

Griffis et al. (2001) found that the abundance of understory plants is very sensitive to treatment. 741 

Overall native and exotic plant diversity increases with restoration treatment, whereas, high 742 

intensity wildfire results in a lower abundance of native plants and a higher abundance on exotic 743 

plants (Griffis et al. 2001, McGlone and Egan 2009). These two studies support the findings of 744 

this modeling analysis. Figure 4 shows a shift towards larger diameter classes, with a well-745 

represented portion of trees within the smaller diameter range. It seems reasonable that 746 

understory responses from modeled treatments will also increase in abundance and biodiversity 747 

based on findings from Griffis et al. (2001). 748 

Soil Integrity 749 

 Soil integrity is very sensitive to treatment and fire severity (Reinhardt et al.1997, Neary 750 

et al 1999, Beschta et al. 2004). High intensity wildfire can degrade the soil profile, increase 751 

nutrient leaching and create soil hyrophobicty that can create accelerated erosion (Cambell et al. 752 

1977, Ice et al. 2004). Other effects include mineralization of organic matter and interruption of 753 

root uptake (Ice et al. 2004). On the other hand, mechanical treatments that are directed at 754 

ecological restoration of the overstory have shown little to no effects on soil disturbance 755 

depending on the method of mechanical tree removal (Korb et al. 2007). In addition, prescribed 756 

fire has been shown to help convert the availability of nutrients bound in duff layers and 757 

regenerate nutrient cycling (Sackett and Haase 1998). Also, mechanical and prescribed fire 758 
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treatments can substantially increase the amount of water yield from watersheds (Backer 1986). 759 

The results of this study show a decrease in potential fire behavior overtime when an individual 760 

tree selection and burn or burn only treatment is implemented. These reductions may help protect 761 

soil profiles during wildfire. These studies suggest that soil integrity, nutrient cycling and water 762 

yield may be improved if restoration treatments are implemented. As long as managers 763 

appropriately plan burning to prevent fire intensity that degrades soil properties, soil conditions 764 

have the potential to be improved or at least not harmed. 765 

Wildlife  766 

 Kallies et al. (2010) discuss the need for individual tree selection and burning to create 767 

patchy arrangements across the landscape that can increase overall species diversity and density. 768 

Returning the historical density and disturbance regime can be beneficial to wildlife by 769 

increasing overall plant diversity (Allen et al. 2002). The results of modeling in this analysis 770 

suggest that the overall abundance of small mammals could increase. A shift to larger diameter 771 

trees, as shown with all burning treatments modeled in this study, yields greater opportunity for 772 

wildlife nesting and roosting sites (Scott 1978, Rabe et al.1998). In addition the overall fuel 773 

loading reduction results of the individual tree selection and burn or burn only modeling 774 

simulations achieve Coconino National Forest Proposed Revised Forest Plan DCs for CWD 775 

(Figure 10). This desired condition was created to balance the need for wildlife habitat with fire 776 

management. In addition, the repeated prescribed fire maintenance intervals that were simulated 777 

in this study will cause some tree mortality that will help create snags and large down logs, 778 

further promoting wildlife habitat.  779 
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Realistic Management Capabilities 780 

Capacity 781 

 Under the first phase of the 4-FRI implementation, approximately 360,000 acres are 782 

proposed to be treated by uneven-aged mechanical treatment and prescribed burning on the 783 

Coconino National Forest (USDA Forest Service 2011c). In addition, once 4-FRI is implemented 784 

the Coconino National Forest has a yearly target of 30,000 acres per year to be treated with fire 785 

(USDA Forest Service 2011a). Based only on numbers, assuming that all 361,379 acres are 786 

available for treatment from prescribed fire, it will take approximately 12.5 years to complete the 787 

initial prescribed fire entry on all acres. Subsequent entries of prescribed fire will therefore be 788 

accomplished in locations where timing of fuel conditions, weather patterns, political pressure, 789 

local staffing levels, and funding is appropriate. This will cause alternating burning maintenance 790 

intervals across the landscape. When considering the results of this study, as long as the burning 791 

maintenance interval vary below the twenty-two year burning maintenance interval level, 792 

conditions will likely remain near or within DCs and HRV (Figures 2, 3, 5 & 11). 793 

Smoke Management 794 

 Integrating smoke management issues into ecological restoration can be very challenging. 795 

Public issues and concerns including health issues, viewshed obstruction, and annoyance can 796 

often hinder or even prohibit the use of prescribed fire. Also, large uncharacteristic wildfires 797 

typically put off 3 to 4 times the smoke emission of prescribed fires (Brown and Bradshaw 1994, 798 

Ward and Hardy 1991). For managers, integrating smoke management is a constant endeavor.  799 

Communication and coordination with the Arizona Department of Environmental Quality 800 

(ADEQ), other forests, community members, and other interested persons is a daily affair during 801 

prescribed burning season (fall). The results of this study show burning treatments have the 802 
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potential to greatly reduce the amount of PM2.5 emitted during a wildfire (Figure 15). On the 803 

other hand, prescribed burning is required to reduce the amount of potential PM2.5 emitted. In 804 

order to achieve this, managers must use prescribed fire at a larger scale and extent, initially 805 

increasing the amount of PM2.5 in the air. This issue can often push the public towards selecting a 806 

no fire alternative and only use mechanical treatment to reduce tree density. A single mechanical 807 

treatment has little effect on the amount of potential PM2.5 emitted (Figure 15). This is likely due 808 

to the fact that mechanical treatments do not address the uncharacteristic levels of fuel loadings 809 

that have built up since fire exclusion. The total amount of fuel loading, including all aspects of 810 

the fuel profiles (duff, litter, fine and CWD) are the primary contributors to smoke particulate 811 

emission (Reinhardt et al. 1997). Without fire, removing fuel loadings can be difficult, 812 

expensive, and relatively ineffective. In addition, the fuel loading biomass that is removed must 813 

also be transported to another location where it is often then burned.  814 

Future Work Needed 815 

The results from our modeling simulations have limitations. While we are able to 816 

estimate the effectiveness treatments will have, there are certainly errors and the actual effects of 817 

treatment will be unknown until implementation is completed and effectiveness is measured on 818 

the ground. In addition, the results of this study may yield forest conditions that are not 819 

sustainable, under changing climates and forest conditions. With the actual effects of climate 820 

change being unknown, managers can only try to make the forest more resilient (Fulè  2008).  In 821 

addition, this modeling analysis did not address or predict mortality following treatment. 822 

Mortality predictions can be difficult due to many different variables and contributors to forest 823 

stress and mortality (Flewelling and Monserud 2002). Adaptive management should be used 824 

once 4-FRI implementation begins in order to adjust for any large-scale mortality causes. 825 
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Overall, the results of the study support that 4-FRI has the potential to achieve desired and 826 

historic conditions, and that fire is critical to this achievement. Without continued use of fire, 827 

forest conditions will likely be less healthy and may have less resistance or resilience to 828 

uncharacteristic wildfire and climate change. More research is needed to 1) analyze whether 4-829 

FRI treatment are effective at achieving HRV and DCs after implementation, 2) Asses large-830 

scale restoration treatment effect under changing climate, and 3) Measure actual decreases in 831 

PM2.5 concentration in smoke after ponderosa pine restoration. 832 

Conclusion 833 

This study represents a subset of the actual treatments that 4-FRI is proposing, and 834 

modeled conditions that best serve as an estimate or approximation of reality. Overall, this study 835 

demonstrates the need for ecological restoration and continued fire activity in ponderosa pine. 836 

From an ecological and fire management standpoint, prescribed burning is required in order to 837 

effectively move a stand towards HRV or DCs. Individual tree selection alone is not an effective 838 

alternative to burning and can inadvertently degrade current conditions if mechanical treatment is 839 

not repeated. Prescribed burning also helps move stands conditions by percentage towards larger 840 

diameter classes. This is a desired condition that helps support wildlife habitat, timber 841 

sustainability and wildfire resilience (Harrington and Sackett 1992, Kalies et al. 2010). Fire is an 842 

evolutionary process in ponderosa pine (Cooper 1960, Covington and Moore 1994b, Swetnam 843 

and Basin 1996). The modeled results of this study support this need and show how HRV and 844 

DCs cannot be achieved in the absence of fire or without continued mechanical treatment 845 

repeated over time. 846 

  847 
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Table 1: Years when treatment was simulated and maintenance entries for prescribed burning. 1218 

Treatment 

Individual 
tree 
selection  
Only 

Individual tree 
selection  & 
Burn 7 yr 
Interval 

Individual 
tree selection  
& Burn 22 yr 
Interval 

Individual tree 
selection  & 
Burn 7-22 
Alternating 
Interval 

Burn Only 7 
yr Interval 

Burn Only 22 
yr Interval 

Burn Only 7-22 
Alternating 
Interval 

Mechanical 2012 2012 2012 2012 -- -- -- 
1st Entry Burn -- 2015 2015 2015 2015 2015 2015 
2nd Entry Burn -- 2022 2037 2022 2022 2037 2022 
3rd Entry Burn -- 2029 2059 2044 2029 2059 2044 
4th Entry Burn -- 2036 -- 2051 2036 -- 2051 
5th Entry Burn -- 2043 -- -- 2043 -- -- 
6th Entry Burn -- 2050 -- -- 2050 -- -- 
7th Entry Burn -- 2057 -- -- 2057 -- -- 

 1219 
Table 2: Keywords that were used in FVS to identify and modify the base modeling simulation 1220 
FVS 
Keyword 

Relevance and Modified Parameters 

ThinSDI Target =100 SDI, Species = ponderosa pine, smallest DBH cut = 0, largest DBH cut = 18 
SDIMax Max SDI = 450, % where mortality begins  = 55, % where stand reaches max density =  85 
YardLoss Portion of stems left = 0.15,  portion of stems down = 1.0, Portion of brachwood left = 0.1 
NoSprout Used to eliminate automatic oak sprouting 
Plant Used to establish regeneration (Sorensen et al. 2010) 
CycleAt Used to force FVS to cycle on years when treatment was scheduled 
PotMois Used to modify fire behavior for 97th percentile conditions (Appendix A) 
PotPAB Used to modify the percentage of the stand burned = 100% for severe and moderate fires 
PotTemp Used to modify fire behavior for 97th percentile conditions (Appendix A) 
PotSeas Used to modify season when sever fire is simulated = 3 After greenup (before fall) 
CanCalc Used to modify the calculation of canopy base height and canopy bulk density: standard method, min = 6, cutoff = 3 
FuelModl Used to modify the fuel model used for fire modeling = 165 TU5 very high load dry climate timber 
 1221 
 1222 
Table 3: Values for HRV and DCs that were established for each of the following variables. Includes references to where HRV 1223 
and DCs were derived. 1224 

Variable Value HRV or DC References 
TPA 15-60 HRV Rasmussen 1941, White 1985, 

Covington and Moore 1994b, 
Covington et al 1997, Fulé et al 
1997, 2002, 2006, Mast at al. 
1999, Roccaforte et al. 2009, 

Abella et al. 2011, USDA 
Forest Service 2011b 

BA (ft2/acre) 40-74 HRV Sanchez Meador et al. 2008, 
Roccaforte et al. 2009 

BA (ft2/acre) 20-80 DC USDA, Forest Service 2011a 
SDI 67.5-180 DC USDA Forest Service 2011c 
RDI 0.15-0.40 DC USDA Forest Service 2011c 

CWD (tons/acre) 3-10 DC USDA, Forest Service 2011a 
20 ft Wind (mph) 40 97th Percentile Fire Family Plus 2009 

0 35 90th Percentile Fire Family Plus 2009 
 1225 
 1226 

 1227 

 1228 
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Table 4: Pretreatment stand condition grown from CSE date until 2011. Values represent the average, minimum, and maximum 1229 
for each variable out of the 26 stands used for analysis. 1230 

 1231 
Table 5: Change in average tree density (TPA) at the start of simulation, the minimum and maximum condition, condition after 1232 
final treatment, condition at the end of the simulation, and overall condition trend. * refers to high points in the treatment interval 1233 
at year 2062. **refers to low points in the treatment interval at year 2062. 1234 

 Control Individual 
tree 
selection  
Only 

Individual 
tree 
selection  & 
Burn 7 Yr 
Interval 

Individual 
tree 
selection  & 
Burn 22 Yr 
Interval 

Individual 
tree 
selection  & 
Burn 7-22 
Yr Interval 

Burn Only 
7 Yr 
Interval 

Burn Only 
22 Yr 
Interval 

Burn Only 
7-22 Yr 
Interval 

Starting Condition 168 168 168 168 168 168 168 168 
HRV 15-60 15-60 15-60 15-60 15-60 15-60 15-60 15-60 
Minimum Condition 139 73 19 24 23 36 51 46 
 Maximum Condition 170 168 168 168 168 170 170 170 
Final Treatment   (2012, 
51, 57, 59) N/A 73 19 24 23 36 51 46 
Ending Result (2062) 139** 110* 28* 27** 40* 40* 52** 53* 
Trend at end of 
Simulation Decreasing Increasing Decreasing Decreasing Decreasing Decreasing Decreasing Decreasing 
Range 139-170 73-168 19-168 34-168 23-168 36-170 51-170 46-170 

 1235 
Table 6: Change in average BA (ft2/acre) at the start of simulation, the minimum and maximum condition, condition after final 1236 
treatment, condition at the end of the simulation, and overall condition trend. * refers to high points in the treatment interval at 1237 
year 2062. **refers to low points in the treatment interval at year 2062. 1238 

 Control Individual 
tree 
selection  
Only 

Individual 
tree 
selection  & 
Burn 7 Yr 
Interval 

Individual 
tree 
selection  & 
Burn 22 Yr 
Interval 

Individual 
tree 
selection  & 
Burn 7-22 
Yr Interval 

Burn Only 
7 Yr 
Interval 

Burn Only 
22 Yr 
Interval 

Burn Only 
7-22 Yr 
Interval 

Starting Condition 104 104 104 104 104 104 104 104 
Minimum Condition 104 63 53 54 54 79 89 87 
Maximum Condition 137 104 104 104 104 107 107 107 
HRV 40-74 40-74 40-74 40-74 40-74 40-74 40-74 40-74 
Desired Condition 20-80 20-80 20-80 20-80 20-50 20-80 20-80 20-80 
Final Treatment   (2012, 
51, 57, 59) N/A 63 53 66 61 79 102 92 
Ending Result (2062) 137* 95* 53 66 63 80 102** 96 
Trend at end of 
Simulation Increasing Increasing Static Increasing Static Decreasing Increasing Static 
Range 104-137 104-63 104-53 104-54 104-54 107-79 107-89 107-87 

 1239 
 1240 

Variable Average Minimum Maximum 
TPA 168 87 267 
BA 104 77 167 
SDI 184 137 286 
RDI 0.41 0.31 0.64 

Flame Length 103.5 50.0 129.0 
Probability of Torching 0.88 0.6 1.0 

Torching Index 4.54 0.0 19.5 
Crowning Index 34.9 19.7 51.0 

PM2.5 0.14 0.1 0.2 
CWD 19.6 18.8 20.7 

Fine Woody Debris 4.6 3.5 5.7 
Litter 2.6 1.5 4.3 
Duff 2.2 2.1 2.4 

Total Fuel Loading 29.1 26.1 32.6 
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Table 7: Change in average relative density index (SDI/450) at the start of simulation, the minimum and maximum condition, 1241 
condition after final treatment, condition at the end of the simulation, and overall condition trend. * refers to high points in the 1242 
treatment interval at year 2062. **refers to low points in the treatment interval at year 2062. 1243 

 Control Individual 
tree 
selection  
Only 

Individual 
tree 
selection  & 
Burn 7 Yr 
Interval 

Individual 
tree 
selection  & 
Burn 22 Yr 
Interval 

Individual 
tree 
selection  & 
Burn 7-22 
Yr Interval 

Burn Only 
7 Yr 
Interval 

Burn Only 
22 Yr 
Interval 

Burn Only 
7-22 Yr 
Interval 

Starting Condition 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41 
Desired Condition 0.15-0.40 0.15-0.40 0.15-0.40 0.15-0.40 0.15-0.40 0.15-0.40 0.15-0.40 0.15-0.40 
Minimum Condition 0.41 0.23 0.16 0.18 0.18 0.25 0.32 0.29 
 Maximum Condition 0.49 0.41 0.41 0.41 0.41 0.42 0.42 0.42 
Final Treatment   (2012, 
51, 57, 59) N/A 0.23 0.16 0.19 0.18 0.24 0.32 0.29 
Ending Result (2062) 0.49* 0.35* 0.17* 0.20** 0.21* 0.25* 0.32** 0.31 
Trend at End of 
Simulation Increasing Increasing Static Static Static Static Static Static 
Range 0.41-0.49 0.23-0.41 0.16-0.41 0.18-0.41 0.18-0.41 0.24-0.42 0.32-0.42 0.29-0.42 

 1244 
Table 8: Change in average total flame length (ft) at the start of simulation, the minimum and maximum condition, condition 1245 
after final treatment, condition at the end of the simulation, and overall condition trend. * refers to high points in the treatment 1246 
interval at year 2062. **refers to low points in the treatment interval at year 2062. 1247 

 Control Individual 
tree 
selection  
Only 

Individual 
tree 
selection  & 
Burn 7 Yr 
Interval 

Individual 
tree 
selection  & 
Burn 22 Yr 
Interval 

Individual 
tree 
selection  & 
Burn 7-22 
Yr Interval 

Burn Only 
7 Yr 
Interval 

Burn Only 
22 Yr 
Interval 

Burn Only 
7-22 Yr 
Interval 

Starting Condition 103.5 103.5 103.5 103.5 103.5 103.5 103.5 103.5 
Minimum Condition 102.8 54.5 19.2 21.0 22.1 23.6 29.4 27.8 
 Maximum Condition 111.5 103.5 103.5 103.5 103.5 105.1 105.1 105.1 
Final Treatment   (2012, 
51, 57, 59) N/A 60.7 19.2 21.0 22.1 23.6 29.4 28.0 
Ending Result (2062) 102.8 79.2 20.1 21.0** 27.4 23.6 29.4** 27.8 
Trend at End of 
Simulation Static Static Static Decreasing Decreasing Decreasing Decreasing Decreasing 
Range 102.8-111.5 54.5-103.5 19.2-103.5 21.0-103.5 22.1-103.5 23.6-105.1 29.4-105.1 27.8-105.1 

 1248 
Table 9: Change in average probability of torching (p-torch) at the start of simulation, the minimum and maximum condition, 1249 
condition after final treatment, condition at the end of the simulation, and overall condition trend. * refers to high points in the 1250 
treatment interval at year 2062. **refers to low points in the treatment interval at year 2062. 1251 

 Control Individual 
tree 
selection  
Only 

Individual 
tree 
selection  & 
Burn 7 Yr 
Interval 

Individual 
tree 
selection  & 
Burn 22 Yr 
Interval 

Individual 
tree 
selection  & 
Burn 7-22 
Yr Interval 

Burn Only 
7 Yr 
Interval 

Burn Only 
22 Yr 
Interval 

Burn Only 
7-22 Yr 
Interval 

Starting Condition 0.88 0.88 0.88 0.88 0.88 0.88 0.88 0.88 
Minimum Condition 0.78 0.62 0.29 0.38 0.32 0.50 0.62 0.56 
 Maximum Condition 0.91 0.88 0.88 0.88 0.88 0.88 0.88 0.88 
Final Treatment   (2012, 
51, 57, 59) N/A 0.65 0.30 0.41 0.36 0.53 0.62 0.60 
Ending Result (2062) 0.78 0.64 20.1 0.43 0.37 0.53 0.63 0.56 
Trend at End of 
Simulation Decreasing Static Decreasing Decreasing Decreasing Decreasing Decreasing Decreasing 
Range 0.78-0.91 0.62-0.88 0.29-0.88 0.38-0.88 0.32-0.88 0.50-0.90 0.62-0.90 0.56-0.90 

 1252 
 1253 
 1254 
 1255 
 1256 
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Table 10: Change in average torching index (mph 20 ft winds) at the start of simulation, the minimum and maximum condition, 1257 
condition after final treatment, condition at the end of the simulation, and overall condition trend. * refers to high points in the 1258 
treatment interval at year 2062. **refers to low points in the treatment interval at year 2062. 1259 

 Control Individual 
Tree 

Selection  
Only 

Individual 
Tree 

Selection  & 
Burn 7 Yr 
Interval 

Individual 
Tree 

Selection  & 
Burn 22 Yr 

Interval 

Individual 
Tree 

Selection   
& Burn 7-22 
Yr Interval 

Burn Only 
7 Yr 

Interval 

Burn Only 
22 Yr 

Interval 

Burn Only 
7-22 Yr 
Interval 

Starting Condition 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5 
90th Percentile 35 35 35 35 35 35 35 35 
97th Percentile 40 40 40 40 40 40 40 40 
Minimum Condition 4.5 0.4 4.5 4.5 4.5 4.5 4.5 4.5 
 Maximum Condition 6.9 10.5 29.3 26.8 25.3 27.4 27.7 28.0 
Final Treatment   (2012, 
51, 57, 59) N/A 8.2 29.3 26.8 25.3 26.9 27.7 26.9 
Ending Result (2062) 6.9 1.6 28.9 26.8 24.3 27.4 27.7 28.0 
Trend at End of 
Simulation Increasing Static Increasing Increasing Increasing Increasing Increasing Increasing 
Range 4.4-6.9 0.4-10.5 4.5-29.3 4.5-26.8 4.5-25.3 4.5-27.4 4.5-27.7 4.5-28.0 

 1260 
Table 11: Change in average crowning index (mph 20 ft winds) at the start of simulation, the minimum and maximum condition, 1261 
condition after final treatment, condition at the end of the simulation, and overall condition trend. * refers to high points in the 1262 
treatment interval at year 2062. **refers to low points in the treatment interval at year 2062. 1263 

 Control Individual 
Tree 

Selection  
Only 

Individual 
Tree 

Selection  
& Burn 7 

Yr Interval 

Individual 
Tree 

Selection  
& Burn 22 
Yr Interval 

Individual 
Tree 

Selection   & 
Burn 7-22 Yr 

Interval 

Burn 
Only 7 

Yr 
Interval 

Burn Only 
22 Yr 

Interval 

Burn Only 
7-22 Yr 
Interval 

Starting Condition 34.9 34.9 34.9 34.9 34.9 34.9 34.9 34.9 
90th Percentile 35 35 35 35 35 35 35 35 
97th Percentile 40 40 40 40 40 40 40 40 
Minimum Condition 33.5 34.9 34.9 34.9 34.9 34.9 34.9 34.9 
 Maximum Condition 35.8 55.4 103.3 88.7 90.5 71.5 57.0 61.0 
Final Treatment   (2012, 
51, 57, 59) N/A 50.7 103.3 88.7 90.5 71.5 57.0 61.0 
Ending Result (2062) 35.8 46.0 92.1** 88.7* 69.6** 68.6** 57.0 56.1** 
Trend at End of 
Simulation Static Static Increasing Increasing Increasing Increasing Static Increasing 
Range 33.5-35.8 34.9-55.4 34.9-103.3 34.9-88.7 34.9-90.5 34.5-71.5 34.5-57.0 34.5-61.0 

 1264 
Table 12: Change in CWD >3” (tons/acre) at the start of simulation, the minimum and maximum condition, condition after final 1265 
treatment, condition at the end of the simulation, and overall condition trend. * refers to high points in the treatment interval at 1266 
year 2062. **refers to low points in the treatment interval at year 2062. 1267 

 Control Individual 
Tree 

Selection  
Only 

Individual 
Tree 

Selection  
& Burn 7 

Yr Interval 

Individual 
Tree 

Selection  
& Burn 22 
Yr Interval 

Individual 
Tree 

Selection   & 
Burn 7-22 Yr 

Interval 

Burn 
Only 7 

Yr 
Interval 

Burn Only 
22 Yr 

Interval 

Burn Only 
7-22 Yr 
Interval 

Starting Condition 19.62 19.62 19.62 19.62 19.62 19.62 19.62 19.62 
Desired Condition 3-10 3-10 3-10 3-10 3-10 3-10 3-10 3-10 
Minimum Condition 19.58 19.62 2.98 4.83 3.42 5.04 8.29 6.52 
 Maximum Condition 25.65 22.28 20.20 20.20 20.20 19.62 19.62 19.62 
Final Treatment   (2012, 
51, 57, 59) N/A 20.20 3.45 5.14 3.72 6.47 9.41 7.00 
Ending Result (2062) 26.5 22.28 4.52 5.49** 6.33* 8.01 9.88** 10.80* 
Trend at End of 
Simulation Increasing Increasing Static Static Static Static Static Static 
Range 19.6-25.7 19.6-22.3 2.7-20.2 4.8-20.2 3.4-20.2 4.4-19.6 8.3-19.6 6.4-19.6 

 1268 
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Table 13: Change in fine woody debris <3” (tons/acre) at the start of simulation, the minimum and maximum condition, 1269 
condition after final treatment, condition at the end of the simulation, and overall condition trend. * refers to high points in the 1270 
treatment interval at year 2062. **refers to low points in the treatment interval at year 2062. 1271 

 Control Individual 
Tree 

Selection  
Only 

Individual 
Tree 

Selection  
& Burn 7 

Yr Interval 

Individual 
Tree 

Selection  
& Burn 22 
Yr Interval 

Individual 
Tree 

Selection   & 
Burn 7-22 Yr 

Interval 

Burn 
Only 7 

Yr 
Interval 

Burn Only 
22 Yr 

Interval 

Burn Only 
7-22 Yr 
Interval 

Starting Condition 4.63 4.63 4.63 4.63 4.63 4.63 4.63 4.63 
Minimum Condition 4.63 4.09 0.12 0.12 0.12 1.12 1.82 1.61 
 Maximum Condition 5.92 7.68 7.68 7.68 7.68 4.63 4.63 4.63 
Final Treatment   (2012, 
51, 57, 59) N/A 7.68 0.68 0.95 0.91 1.12 2.11 1.86 
Ending Result (2062) 5.92 4.15 1.04 1.09** 1.82* 1.87 2.31** 3.16* 
Trend at End of 
Simulation Increasing Static Static Static Static Static Static Static 
Range 4.6-5.9 4.1-7.7 0.1-7.7 0.1-7.7 0.1-7.7 1.0-4.6 1.8-4.6 1.8-4.6 

 1272 
Table 14: Change in litter (tons/acre) at the start of simulation, the minimum and maximum condition, condition after final 1273 
treatment, condition at the end of the simulation, and overall condition trend. * refers to high points in the treatment interval at 1274 
year 2062. **refers to low points in the treatment interval at year 2062. 1275 

 Control Individual 
Tree 

Selection  
Only 

Individual 
Tree 

Selection  
& Burn 7 

Yr Interval 

Individual 
Tree 

Selection  
& Burn 22 
Yr Interval 

Individual 
Tree 

Selection   & 
Burn 7-22 Yr 

Interval 

Burn 
Only 7 

Yr 
Interval 

Burn Only 
22 Yr 

Interval 

Burn Only 
7-22 Yr 
Interval 

Starting Condition 2.60 2.60 2.60 2.60 2.60 2.60 2.60 2.60 
Minimum Condition 2.60 3.14 0.20 0.29 0.29 0.51 0.80 0.63 
 Maximum Condition 3.36 1.92 3.14 3.14 3.14 2.71 2.71 2.71 
Final Treatment   (2012, 
51, 57, 59) N/A 2.79 0.34 0.52 0.42 0.71 1.05 0.88 
Ending Result (2062) 3.35 2.52 0.59 0.66** 1.12* 1.05 1.25** 1.61* 
Trend at End of 
Simulation Increasing Increasing Static Static Static Static Static Static 
Range 2.6-3.4 1.9-3.1 0.2-3.1 0.3-3.1 0.2-3.1 0.4-2.7 0.8-2.7 0.6-2.7 

 1276 
Table 15: Change in duff (tons/acre) at the start of simulation, the minimum and maximum condition, condition after final 1277 
treatment, condition at the end of the simulation, and overall condition trend. * refers to high points in the treatment interval at 1278 
year 2062. **refers to low points in the treatment interval at year 2062. 1279 

 Control Individual 
Tree 

Selection  
Only 

Individual 
Tree 

Selection  
& Burn 7 

Yr Interval 

Individual 
Tree 

Selection  
& Burn 22 
Yr Interval 

Individual 
Tree 

Selection   & 
Burn 7-22 Yr 

Interval 

Burn 
Only 7 

Yr 
Interval 

Burn Only 
22 Yr 

Interval 

Burn Only 
7-22 Yr 
Interval 

Starting Condition 2.26 2.26 2.26 2.26 2.26 2.26 2.26 2.26 
Minimum Condition 2.26 2.26 0.20 0.96 0.64 0.42 1.34 0.96 
 Maximum Condition 3.18 2.99 2.34 2.34 2.34 2.34 2.34 2.34 
Final Treatment   (2012, 
51, 57, 59) N/A 2.32 0.20 0.96 0.64 0.42 1.35 0.97 
Ending Result (2062) 3.18 2.99 0.24 0.96** 0.68 0.45 1.35** 1.03 
Trend at End f 
Simulation Increasing Increasing Decreasing Decreasing Decreasing Decreasing Decreasing Decreasing 
Range 2.3-3.2 2.3-3.0 0.2-2.3 1.0-2.3 0.6-2.3 0.4-2.3 1.3-2.3 1.0-2.3 

 1280 
 1281 
 1282 
 1283 
 1284 
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Table 16: Change in total fuel loading (tons/acre) at the start of simulation, the minimum and maximum condition, condition after 1285 
final treatment, condition at the end of the simulation, and overall condition trend. * refers to high points in the treatment interval 1286 
at year 2062. **refers to low points in the treatment interval at year 2062. 1287 

 Control Individual 
Tree 

Selection  
Only 

Individual 
Tree 

Selection  
& Burn 7 

Yr Interval 

Individual 
Tree 

Selection  
& Burn 22 
Yr Interval 

Individual 
Tree 

Selection   & 
Burn 7-22 Yr 

Interval 

Burn 
Only 7 

Yr 
Interval 

Burn Only 
22 Yr 

Interval 

Burn Only 
7-22 Yr 
Interval 

Starting Condition 29.10 29.10 29.10 29.10 29.10 29.10 29.10 29.10 
Minimum Condition 29.10 29.10 3.98 6.96 5.50 6.73 12.50 9.48 
 Maximum Condition 38.10 33.31 33.31 33.31 33.31 33.31 33.31 33.31 
Final Treatment   (2012, 
51, 57, 59) N/A 32.75 4.67 7.57 6.1 8.92 13.92 10.46 
Ending Result (2062) 38.10 31.94 6.39* 8.19** 9.69* 11.37* 14.79** 16.59* 
Trend at End of 
Simulation Increasing Increasing Static Decreasing Static Static Static Static 
Range 29.1-38.1 29.1-33.3 3.8-33.3 7.0-33.3 4.9-33.3 6.7-29.3 12.5-29.3 9.5-29.3 

 1288 
Table 17: Change in average smoke concentration of PM2.5 (tons/acre) at the start of simulation, the minimum and maximum 1289 
condition, condition after final treatment, condition at the end of the simulation, and overall condition trend. * refers to high 1290 
points in the treatment interval at year 2062. **refers to low points in the treatment interval at year 2062. 1291 

 Control Individual 
Tree 

Selection  
Only 

Individual 
Tree 

Selection  
& Burn 7 

Yr Interval 

Individual 
Tree 

Selection  
& Burn 22 
Yr Interval 

Individual 
Tree 

Selection   & 
Burn 7-22 Yr 

Interval 

Burn 
Only 7 

Yr 
Interval 

Burn Only 
22 Yr 

Interval 

Burn Only 
7-22 Yr 
Interval 

Starting Condition 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 
Minimum Condition 0.14 0.13 0.02 0.04 0.03 0.04 0.07 0.05 
 Maximum Condition 0.18 0.16 0.14 0.14 0.14 0.14 0.14 0.14 
Final Treatment   (2012, 
51, 57, 59) N/A 0.16 0.02 0.04 0.03 0.04 0.07 0.05 
Ending Result (2062) 0.18 0.15 0.03 0.04** 0.05* 0.05 0.07** 0.07* 
Trend at End of 
Simulation Increasing Increasing Decreasing Decreasing Decreasing Decreasing Decreasing Decreasing 
Range 0.14-0.18 0.13-0.16 0.02-0.16 0.04-0.16 0.03-0.16 0.04-0.14 0.07-0.14 0.05-0.14 
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1292 

Figure 1: Flagstaff, Arizona located with the Coconino National Forest WUI. Stands that were selected to use in modeling 
simulations were limited to those that fit under selected criteria, and were located within the analysis area. 
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Figure: 2 Simulation results for tree density defined in the number of TPA. The portion of the figure defined in yellow displays where the HRV (15-60 TPA). The control is 1293 
displayed by the blue line. The individual tree selection  only treatment is displayed by the red line. The individual tree selection  and burn treatment is displayed by the green line. 1294 
The burn only treatment is displayed by the purple line. The 7, 22, and 7-22 year intervals define the period of time between entries with prescribed fire 1295 
 1296 

Figure 3: Simulation results for basal area defined in the ft2/acre. The portion of the figure defined in yellow displays where the HRV (40-74 ft2/acre). The portion defined in blue displays 
the DCs defined by the Coconino National Forest Proposed Revised Forest Plan (20-80 ft2/acre). The control is displayed by the blue line. The thin only treatment is displayed by the red 
line. The thin and burn treatment is displayed by the green line. The burn only treatment is displayed by the purple line. The 7, 22, and 7-22 year intervals define the period of time between 
entries with prescribed fire 
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1297 
Figure 4: Diameter distribution at the end of the simulation timeframe (2062) for each treatment and maintenance interval used in 1298 
simulation. NOTE: The control is on a different Y axis than the simulated treatment distributions. 1299 
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Figure 5: Simulation results for relative density index. The portion of the figure defined in blue displays where the DCs from the 4-FRI Proposed Action (0.15-0.40).  The portion of the figure 
in pink displays the zone of imminent mortality (0.55). Crown closure is identified by the blue text (0.15). The control is displayed by the blue line. The thin only treatment is displayed by the 
red line. The thin and burn treatment is displayed by the green line. The burn only treatment is displayed by the purple line. The 7, 22, and 7-22 year intervals define the period of time between 
entries with prescribed fire. 
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Figure 6 Simulation results for total flame length defined in ft. The control is displayed by the blue line. The thin only treatment is displayed by the red line. The thin and burn 
treatment is displayed by the green line. The burn only treatment is displayed by the purple line. The 7, 22, and 7-22 year intervals define the period of time between entries with 
prescribed fire. 
 
 

Figure 7 Simulation results for the probability of torching (p-torch). The control is displayed by the blue line. The thin only treatment is displayed by the red line. The thin and burn 
treatment is displayed by the green line. The burn only treatment is displayed by the purple line. The 7, 22, and 7-22 year intervals define the period of time between entries with 
prescribed fire. 
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Figure 9: Simulation results for crowning index defined in mph. The 90th percentile for 20ft winds is displayed with orange text. The 97th percentile for 20ft winds is displayed with 1302 
red text. The control is displayed by the blue line. The individual tree selection  only treatment is displayed by the red line. The individual tree selection  and burn treatment is 1303 
displayed by the green line. The burn only treatment is displayed by the purple line. The 7, 22, and 7-22 year intervals define the period of time between entries with prescribed 1304 
fire. 1305 

Figure 8: Simulation results for torching index defined in mph. The 90th percentile for 20ft winds is displayed with orange text. The control is displayed by the blue line. The thin only 
treatment is displayed by the red line. The thin and burn treatment is displayed by the green line. The burn only treatment is displayed by the purple line. The 7, 22, and 7-22 year 
intervals define the period of time between entries with prescribed fire. 
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 1306 

 

 

Figure 10: Simulation results for the coarse woody debris defined in tons/acre. The portion of the figure defined in blue displays the desired condition for the forest from the 
Coconino National Forest Proposed Revised Forest Plan (10-30). The control is displayed by the blue line. The thin only treatment is displayed by the red line. The thin and burn 
treatment is displayed by the green line. The burn only treatment is displayed by the purple line. The 7, 22, and 7-22 year intervals define the period of time between entries with 
prescribed fire. 
 
 

 Figure 10: Simulation results for the fine woody debris defined in tons/acre. The control is displayed by the blue line. The thin only treatment is displayed by the red line. The thin 
and burn treatment is displayed by the green line. The burn only treatment is displayed by the purple line. The 7, 22, and 7-22 year intervals define the period of time between 
entries with prescribed fire 
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Figure 11: Simulation results for the litter defined in tons/acre. The control is displayed by the blue line. The thin only treatment is displayed by the red line. The thin and burn 
treatment is displayed by the green line. The burn only treatment is displayed by the purple line. The 7, 22, and 7-22 year intervals define the period of time between entries with 
prescribed fire. 
 

 
 

Figure 12: Simulation results for duff defined in tons/acre. The control is displayed by the blue line. The thin only treatment is displayed by the red line. The thin and burn treatment 
is displayed by the green line. The burn only treatment is displayed by the purple line. The 7, 22, and 7-22 year intervals define the period of time between entries with prescribedd 
fire. 
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 1309 

Figure 13: Simulation results for the total fuel loading defined in tons/acre. The control is displayed by the blue line. The thin only treatment is displayed by the red line. The thin and 
burn treatment is displayed by the green line. The burn only treatment is displayed by the purple line. The 7, 22, and 7-22 year intervals define the period of time between entries with 
prescribed fire. 

Figure 14: Simulation results for potential smoke concentration of PM2.5 defined in lbs./acre/sec. The 90th percentile for 20ft winds is displayed with orange text. The control is 
displayed by the blue line. The thin only treatment is displayed by the red line. The thin and burn treatment is displayed by the green line. The burn only treatment is displayed by 
the purple line. The 7, 22, and 7-22 year intervals define the period of time between entries with prescribed fire. 
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APPENDIX A: Extra data used in deriving methods  1310 

 1311 
Appendix Table 1: Statistical plot variation information that was used to cull the final 26 stands used for modeling simulation. 1312 

Stand  # # Plots SE TPA SE BA/A 

0304020000940 003  11 38.14809 14.1585 

0304020001740 016  10 23.13948 11.64613 

0304050003240 007  18 43.77115 10.65583 

0304050003240 009  14 44.38405 7.090484 

0304050003240 010  10 36.14099 12.17521 

0304050003240 020  14 23.53619 7.254585 

0304050003250 002  14 16.36556 10.63179 

0304050003250 010 15 45.36609 6.613399 

0304050003260 002  18 15.58696 7.7771 

0304050003260 005  10 23.1237 11.35959 

0304050003260 008  11 11.25795 7.424123 

0304050003270 002  12 35.87484 12.68441 

0304050003270 006  20 24.61723 11.15573 

0304050003270 011  40 25.75462 7.636871 

0304050003280 004  12 25.86446 10.52085 

0304050003280 005  21 33.99625 10.32007 

0304050003460 001  12 9.702631 43626177 

0304050003460 002  10 8.949516 3.240102 

0304050003460 008  10 16.59792 7.118052 

0304050003460 009  11 28.7482 11.28884 

0304050003470 001  11 28.36293 8.181818 

0304050003500 004  14 38.60311 9.944074 

0304050003560 001  11 29.60675 13.50849 

0304050003560 002  10 25.04182 9.287088 

0304050003590 001  34 31.85995 10.04114 

0304050003620 004  10 48.3168 19.21879 
 1313 
Appendix Table 2: 97th percentile and prescribed fire weather and fuel moisture conditions used for modeling. Conditions based 1314 
on Coconino National Forest weather database collected over the past 8 years.  1315 
 Temp (oF) Wind (20ft) I hr   10 hr 100 hr Duff Live Woody Live Herb 

97th 
Percentile 85 40 1 2 3 25 80 30 

Prescribed 
Fire 70 8 8 8 10 15 110 95 

 1316 
 1317 
 1318 
 1319 
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Appendix Table 3: Current stand structure, fire behavior and fuel loading at year 2011 in the Wildland Urban Interface of Flagstaff, AZ 320 
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0940003 11 157 114 0.44 116 0.92 19.5 30.9 0.15 5.4 20.7 2.4 2.3 30.8 
1740016 15 152 123 0.46 118 0.96 9.1 31.8 0.15 5.1 19.7 2.8 2.3 29.9 
3240007 10 267 128 0.54 124 0.96 0.0 25.9 0.15 4.9 19.5 3.6 2.4 30.4 
3240009 18 237 117 0.49 121 0.86 0.0 27.8 0.14 4.1 19.4 3.1 2.3 28.9 
3240010 10 156 123 0.47 120 0.80 0.5 26.8 0.14 4.5 19.3 3.1 2.3 29.2 
3240020 14 197 76 0.33 118 0.85 0.4 30.6 0.14 4.2 19.1 2.7 2.3 28.3 
3250002 14 114 99 0.37 72 0.76 2.7 45.7 0.12 4.3 20.1 1.6 2.2 28.2 
3250010 15 167 94 0.38 92 0.93 2.8 39.9 0.13 3.7 19.2 2.2 2.3 27.4 
3260002 18 143 119 0.45 118 0.90 0.4 31.8 0.14 4.3 19.4 2.8 2.3 28.8 
3560005 10 124 122 0.44 117 0.95 4.6 34.6 0.14 4.7 19.8 2.5 2.3 29.3 
3260008 11 85 84 0.30 78 0.59 3.5 44.0 0.13 4.1 19.5 1.9 2.2 27.7 
3270002 12 194 118 0.47 120 0.87 0.0 24.9 0.16 5.7 20.3 4.3 2.3 32.6 
3270006 20 235 125 0.51 124 0.93 0.0 25.1 0.16 5.7 20.1 3.7 2.3 31.8 
3270011 40 218 105 0.44 120 1.0 1.9 30.30 0.15 5.1 20.0 3.2 2.3 30.6 
3280004 12 156 118 0.45 117 0.99 3.4 30.2 0.14 5.3 19.8 2.4 2.2 29.7 
3280005 21 304 128 0.55 129 0.97 0.5 19.7 0.17 5.7 20.0 4.3 2.3 32.3 
3460001 12 146 67 0.28 101 0.73 0.0 37.7 0.13 4.8 20.0 2.0 2.1 28.9 
3460002 11 99 62 0.25 58 0.73 10.4 50.2 0.12 3.5 18.8 1.6 2.2 26.1 
3460008 10 103 74 0.29 50 0.79 16.9 51.0 0.12 3.7 19.0 1.5 2.2 26.4 
3460009 10 130 72 0.29 75 0.86 11.4 42.6 0.12 3.8 18.9 1.5 2.2 26.4 
3470001 11 135 90 0.35 100 0.93 8.8 37.1 0.12 3.9 19.2 2.0 2.2 27.3 
3500004 11 233 74 0.34 86 1.0 0.0 41.9 0.13 4.5 19.6 2.0 2.2 28.3 
3560001 14 114 117 0.42 118 0.93 8.5 33.6 0.14 4.7 19.7 2.9 2.3 29.6 
3560002 10 115 105 0.38 70 0.85 9.0 45.4 0.13 4.2 19.3 2.8 2.3 28.6 
3590001 34 215 144 0.56 118 0.93 2.0 31.5 0.14 5.3 20.0 2.7 2.2 30.2 
3620004 10 171 99 0.40 107 0.83 1.7 36.6 0.13 5.3 19.6 2.3 2.2 29.4 
Average 15 168 104 0.41 103.5 0.88 4.54 34.91 0.14 4.63 19.62 2.6 2.2 29.1 
Minimum 10 87 77 0.31 50.0 0.6 0.0 19.7 0.1 3.5 18.8 1.5 2.1 26.1 

Maximum 40 267 167 0.64 129.0 1.0 19.5 51.0 0.2 5.7 20.7 4.3 2.4 32.6 
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APPENDIX B: Fuel Model Selection Runs 321 

Appendix Table 4: Fuel model selection run for fuel model 165 (XXX). The Green highlighted portions represent the variables that seemed consistent with observed fire behavior on the Coconino 322 
National Forest. 323 

  

Flame 
Length 
Surface (FT) Total Fire Type 

Prob of 
Torching 

Torch 
Index 

Severe 

Crown 
Index 

Severe 
Canopy 
Base HT 

Canopy 
Bulk 

Density Potential Mortality 
Potential Smoke 

T/A < 2.5 Fuel Models 

Year SEV MOD SEV MOD S M S M MI/HR MI/HR Ft KG/M3 
SEV  
%BA 

MOD 
%BA 

SEV Cu 
Vol. 

MOD Cu 
Vol. SEV MOD MOD %WT 

2011 11.6 5.7 115 6 A S 0.98 0.23 29.5 32.1 24 0.056 100 33 2269 632 0.1 0.06 165 100 

2012 13.8 6.7 36 7 P S 0.77 0.22 24.4 53.5 27 0.028 97 43 1221 449 0.12 0.09 165 100 

2013 13.8 6.7 35 7 P S 0.86 0.23 24.5 54 27 0.027 97 42 1251 447 0.11 0.09 165 100 

2015 13.7 6.7 37 7 P S 0.93 0.28 24.7 52.2 27 0.029 97 40 1313 452 0.11 0.09 165 100 

2016 13.9 6.7 29 7 P S 0.83 0.19 28 54.5 30 0.027 96 38 1285 420 0.11 0.09 165 100 

2019 13.8 6.7 30 7 P S 0.76 0.19 28.3 52.7 30 0.028 96 35 1368 415 0.1 0.08 165 100 

2020 13.8 6.7 30 7 P S 0.76 0.14 28.4 51.4 30 0.029 96 34 1396 410 0.1 0.08 165 100 

2022 13.7 6.7 31 7 P S 0.76 0.16 28.5 50.2 30 0.03 96 32 1448 406 0.1 0.08 165 100 

2032 13.6 6.6 24 7 P S 0.63 0.11 31.7 49.2 32 0.031 95 22 1665 335 0.11 0.08 165 100 

2042 13.5 6.6 18 7 P S 0.56 0.04 33.5 50.3 33 0.03 94 17 1813 281 0.11 0.08 165 100 

2052 13.5 6.6 14 7 P S 0.55 0.03 34.8 52.7 34 0.028 93 14 1899 240 0.12 0.09 165 100 
 324 
 325 
 326 
 327 
 328 
 329 
 330 
 331 
 332 
 333 
 334 
 335 
 336 
 337 
 338 
 339 
 340 
 341 
 342 

Appendix Table 5 Fuel model selection run for fuel model 183 (XXX). The Green highlighted portions represent the variables that seemed consistent with observed fire behavior on the Coconino 343 
National Forest. The Red highlighted portions represent the variables that seemed inconsistent with observed fire behavior on the Coconino National Forest. 344 
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Flame 
Length 
Surface (FT) Total 

Fire 
Type 

Prob of 
Torching 

Torch 
Index 

Severe 

Crown 
Index 

Severe 
Canopy 
Base HT 

Canopy 
Bulk 

Density Potential Mortality 
Potential Smoke 

T/A < 2.5 Fuel Models 

Year SEV MOD SEV MOD S M S M MI/HR MI/HR Ft KG/M3 
SEV  
%BA 

MOD 
%BA 

SEV Cu 
Vol. 

MOD Cu 
Vol. SEV MOD MOD %WT 

2011 2 0.9 48 1 C S 0 0 594 32.1 24 0.056 100 18 2269 368 0.1 0.05 183 100 

2012 2.4 1 2 1 S S 0 0 476.5 53.5 27 0.028 15 15 171 171 0.1 0.09 183 100 

2013 2.4 1 2 1 S S 0 0 479.5 54 27 0.027 15 15 173 173 0.1 0.09 183 100 

2015 2.4 1 2 1 S S 0 0 483.7 52.2 27 0.029 15 15 176 176 0.1 0.08 183 100 

2016 2.4 1 2 1 S S 0 0 534.3 54.5 30 0.027 14 14 164 164 0.1 0.08 183 100 

2019 2.4 1 2 1 S S 0 0 539.6 52.7 30 0.028 13 13 167 167 0.09 0.07 183 100 

2020 2.4 1 2 1 S S 0 0 540.8 51.4 30 0.029 13 13 168 168 0.09 0.07 183 100 

2022 2.4 1 2 1 S S 0 0 543.9 50.2 30 0.03 12 12 170 170 0.09 0.07 183 100 

2032 2.3 1 2 1 S S 0 0 596.4 49.2 32 0.031 10 10 173 173 0.09 0.07 183 100 

2042 2.3 1 2 1 S S 0 0 624.9 50.3 33 0.03 9 9 168 168 0.09 0.08 183 100 

2052 2.3 1 2 1 S S 0 0 645.4 52.7 34 0.028 8 8 160 160 0.1 0.09 183 100 
 345 
 346 
 347 
 348 
 349 
 350 
 351 
 352 
 353 
 354 
 355 
 356 
 357 
 358 
 359 
 360 
 361 
 362 
 363 
 364 
 365 
  366 
Appendix Table 6 Fuel model selection run for fuel model 189 (XXX). The Green highlighted portions represent the variables that seemed consistent with observed fire behavior on the Coconino 367 
National Forest. The Red highlighted portions represent the variables that seemed inconsistent with observed fire behavior on the Coconino National Forest. 368 
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Flame Length 

Surface (FT) Total 
Fire 
Type 

Prob of 
Torching 

Torch 
Index 

Severe 

Crown 
Index 

Severe 
Canopy 
Base HT 

Canopy 
Bulk 

Density Potential Mortality 
Potential Smoke 

T/A < 2.5 Fuel Models 

Year SEV MOD SEV MOD S M S M MI/HR MI/HR Ft KG/M3 
SEV  
%BA 

MOD 
%BA 

SEV Cu 
Vol. 

MOD Cu 
Vol. SEV MOD MOD %WT 

2011 8.4 4 77 4 C S 0.77 0.01 50.8 32.1 24 0.056 100 18 2269 373 0.1 0.05 189 100 

2012 10.5 4.8 10 5 S S 0.72 0.02 40.7 53.5 27 0.028 94 17 1171 181 0.11 0.09 189 100 

2013 10.4 4.7 10 5 S S 0.77 0.03 40.9 54 27 0.027 93 16 1197 183 0.11 0.09 189 100 

2015 10.4 4.7 10 5 S S 0.84 0.03 41.3 52.2 27 0.029 93 16 1248 185 0.11 0.08 189 100 

2016 10.5 4.8 11 5 S S 0.75 0.02 45.4 54.5 30 0.027 93 15 1229 172 0.11 0.08 189 100 

2019 10.5 4.7 10 5 S S 0.67 0.02 45.9 52.7 30 0.028 92 14 1300 174 0.1 0.07 189 100 

2020 10.4 4.7 10 5 S S 0.65 0.01 46 51.4 30 0.029 92 13 1322 174 0.1 0.07 189 100 

2022 10.4 4.7 10 5 S S 0.68 0.01 46.2 50.2 30 0.03 92 13 1363 173 0.1 0.07 189 100 

2032 10.3 4.7 10 5 S S 0.54 0.03 50.6 49.2 32 0.031 90 11 1545 173 0.1 0.07 189 100 

2042 10.2 4.6 10 5 S S 0.45 0 52.9 50.3 33 0.03 88 10 1663 170 0.11 0.08 189 100 

2052 10.2 4.6 10 5 S S 0.38 0 54.6 52.7 34 0.028 87 9 1729 163 0.11 0.09 189 100 
 369 
 370 
 371 
 372 
 373 
 374 
 375 
 376 
 377 
 378 
 379 
 380 
 381 
 382 
 383 
 384 
 385 
 386 
 387 
 388 
 389 

Appendix Table 7 Fuel model selection run for fuel model 2 (XXX). The Green highlighted portions represent the variables that seemed consistent with observed fire behavior on the Coconino 390 
National Forest. The Red highlighted portions represent the variables that seemed inconsistent with observed fire behavior on the Coconino National Forest. 391 
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Flame Length 

Surface (FT) Total 
Fire 
Type 

Prob of 
Torching 

Torch 
Index 

Severe 

Crown 
Index 

Severe 
Canopy 
Base HT 

Canopy 
Bulk 

Density Potential Mortality 
Potential Smoke 

T/A < 2.5 Fuel Models 

Year SEV MOD SEV MOD S M S M MI/HR MI/HR Ft KG/M3 
SEV  
%BA 

MOD 
%BA 

SEV Cu 
Vol. 

MOD Cu 
Vol. SEV MOD MOD %WT 

2011 12.9 4.4 71 4 A S 0.9 0.87 7.3 26.3 7 0.074 100 20 2429 368 0.1 0.06 2 100 

2012 18.4 6 36 6 P S 0.47 0.14 16.4 46.3 22 0.034 97 22 1273 240 0.13 0.1 2 100 

2013 18.2 5.9 30 6 P S 0.47 0.14 18.5 52.1 25 0.029 96 21 1294 232 0.12 0.1 2 100 

2015 18.1 5.9 32 6 P S 0.47 0.15 18 49.2 24 0.031 96 19 1367 226 0.12 0.09 2 100 

2016 18.1 5.9 29 6 P S 0.37 0.12 19.3 54.7 26 0.027 95 18 1377 220 0.11 0.09 2 100 

2019 17.9 5.8 30 6 P S 0.3 0.1 18.9 51.6 25 0.029 95 17 1482 212 0.1 0.07 2 100 

2020 17.9 5.8 32 6 P S 0.4 0.1 19 49.8 25 0.03 95 16 1518 207 0.1 0.07 2 100 

2022 17.7 5.8 34 6 P S 0.4 0.2 18.5 47.6 24 0.032 96 15 1590 205 0.1 0.07 2 100 

2032 17.2 5.6 35 6 P S 0.7 0.24 19.2 45.7 24 0.034 96 11 1924 182 0.1 0.07 2 100 

2042 16.6 5.5 36 5 P S 0.73 0.21 20.7 44.5 25 0.036 95 10 2242 181 0.1 0.07 2 100 

2052 16.2 5.4 34 5 P S 0.7 0.15 22.9 44.3 27 0.036 95 10 2531 193 0.11 0.07 2 100 
 392 
 393 
 394 
 395 
 396 
 397 
 398 
 399 
 400 
 401 
 402 
 403 
 404 
 405 
 406 
 407 
 408 
 409 
 410 
 411 
 412 
 413 

Appendix Table 8 Fuel model selection run for fuel model 9 (XXX). The Green highlighted portions represent the variables that seemed consistent with observed fire behavior on the Coconino 414 
National Forest. The Red highlighted portions represent the variables that seemed inconsistent with observed fire behavior on the Coconino National Forest. 415 
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Flame Length 

Surface (FT) Total Fire Type Prob of Torching 

Torch 
Index 

Severe 

Crown 
Index 

Severe 
Canopy 
Base HT 

Canopy 
Bulk 

Density Potential Mortality 
Potential Smoke 

T/A < 2.5 Fuel Models 

Year SEV MOD SEV MOD S M S M MI/HR MI/HR Ft KG/M3 
SEV  
%BA 

MOD 
%BA 

SEV Cu 
Vol. 

MOD Cu 
Vol. SEV MOD MOD %WT 

2011 5.8 2.3 55 2 C S 0.24 0 77.5 32.1 24 0.056 100 18 2269 368 0.1 0.05 9 100 

2012 7.5 2.8 8 3 S S 0.38 0 60.4 53.5 27 0.028 38 15 392 171 0.1 0.09 9 100 

2013 7.5 2.8 8 3 S S 0.36 0 60.8 54 27 0.027 37 15 390 173 0.1 0.09 9 100 

2015 7.5 2.8 7 3 S S 0.43 0 61.3 52.2 27 0.029 36 15 392 176 0.1 0.08 9 100 

2016 7.6 2.8 8 3 S S 0.35 0 66 54.5 30 0.027 33 14 360 164 0.1 0.08 9 100 

2019 7.5 2.8 8 3 S S 0.31 0 66.6 52.7 30 0.028 30 13 352 167 0.09 0.07 9 100 

2020 7.5 2.8 8 3 S S 0.26 0 66.8 51.4 30 0.029 28 13 345 168 0.09 0.07 9 100 

2022 7.5 2.8 7 3 S S 0.29 0 67.1 50.2 30 0.03 27 12 338 170 0.09 0.07 9 100 

2032 7.4 2.8 7 3 S S 0.19 0 72.4 49.2 32 0.031 18 11 272 173 0.09 0.07 9 100 

2042 7.3 2.8 7 3 S S 0.1 0 75.3 50.3 33 0.03 14 9 233 169 0.09 0.08 9 100 

2052 7.3 2.8 7 3 S S 0.07 0 77.2 52.7 34 0.028 11 9 204 161 0.1 0.09 9 100 
 416 
 417 
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