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Abstract 24 

 The hydrological consequences of wildfires are among the most significant and 25 

long-lasting effects. Since wildfire severity impacts post-fire hydrological response, fuel 26 

treatments can be a useful tool for land managers to moderate this response. However, 27 

current models focus on only one aspect of the fire-watershed linkage (fuel treatments, 28 

fire behavior, fire severity, watershed responses). This study outlines a spatial modeling 29 

approach that couples three models used sequentially to allow managers to model the 30 

effects of fuel treatments on post-fire hydrological impacts. Case studies involving a 31 

planned prescribed fire at Zion National Park and a planned mechanical thinning at Bryce 32 

Canyon National Park were used to demonstrate the approach. Fuel treatments were 33 

modeled using FuelCalc and FlamMap within the Wildland Fire Assessment Tool 34 

(WFAT). The First Order Fire Effects Model (FOFEM) within WFAT was then used to 35 

evaluate the effectiveness of the fuel treatments by modeling wildfires on both treated 36 

and untreated landscapes. Post-wildfire hydrological response was then modeled using 37 

KINEROS2 within the Automated Geospatial Watershed Assessment Tool (AGWA). 38 

This coupled model approach could help managers estimate the impact of planned fuel 39 

treatments on wildfire severity and post-wildfire runoff/erosion, and compare various fuel 40 

treatment scenarios to optimize resources and maximize mitigation results.  41 
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50 word abstract: 47 

Assessing the effectiveness of fuel treatments on reducing post-fire hydrologic response 48 

is an important challenge in fire management. We linked fuel treatment, wildfire, and 49 

hydrological models spatially to measure the impacts of fuel treatments on post-fire 50 

runoff and erosion in two case studies on National Park Service lands. 51 
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Introduction 70 

 The increase in large damaging wildfires in the western United States in recent 71 

decades has engaged the attention of scientists, Federal agencies, policy makers, and the 72 

public, who increasingly agree on the need to move away from total suppression (GAO 73 

2007; GAO 2009; Stephens et al. 2013). Since most dry forests of the United States were 74 

historically prone to frequent, low intensity fires, fuel treatments have emerged as a 75 

potential supplement to suppression (Allen et al. 2002; Graham et al. 2004; GAO 2007; 76 

Fulé et al. 2013). 77 

While direct effects of wildfires on vegetation are often the focus of public 78 

attention, post-fire flooding and erosion can be one of the most damaging effects 79 

wildfires can have on the landscape. Peak discharge can increase following a fire for a 80 

variety of reasons, while water yield may increase but less dramatically (Anderson et al. 81 

1976; Canfield et al. 2005; Moody et al. 2013). Vegetation cover is greatly reduced and 82 

hydrophobic soils can form, causing decreased interception and infiltration which lead to 83 

an increase in runoff and erosion during a precipitation event (Robichaud et al. 2000; 84 

DeBano et al. 2003). 85 

There is evidence that pre-wildfire fuel treatments can indirectly mitigate post-fire 86 

runoff and erosion (Anderson et al. 1976; Wohlgemuth et al. 1999; Loomis et al. 2003; 87 

Meixner and Wohlgemuth 2004). If fuel treatments can be successful in reducing post-88 

fire runoff and erosion by moderating fire severity, this may be a more cost-effective 89 

solution than spending large sums fighting wildfires and then mitigating high fire severity 90 

areas after the wildfire occurs to prevent flooding and severe erosion. 91 
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 Although fuel treatments can take many forms, the most common types used on 92 

public lands are prescribed fire and mechanical thinning (GAO 2007). Prescribed burning 93 

is used to facilitate the reintroduction of fire into an ecosystem in a way that can be 94 

controlled and limited in fire intensity. Mechanical thinning involves removal of 95 

understory trees, spreading surface fuels, and thinning the crown layer in order to lessen 96 

the load and continuity of fuels in a forest. Both methods have proven to be locally 97 

successful in reducing the intensity of wildfires, with concomitant reductions in fire 98 

severity (Agee and Skinner 2005; Martinson and Omi 2013; Kennedy and Johnson 2014). 99 

However, despite large increases in investment into fuel treatments, the amount of treated 100 

area within forests in the United States is still not sufficient to limit fire severity on a 101 

large scale (North et al. 2012). Scientists have recommended treating even larger areas in 102 

the future, which may increase the role of fuel treatments in national fire policy (Stephens 103 

et al. 2013).   104 

Modeling fuel treatments, wildfire, and post-fire hydrological response 105 

 Models can help land managers simulate and visualize the effects of treatments, 106 

and their potential impacts on fire severity and post-fire hydrological response. One non-107 

spatial model that simulates fuel treatments is FuelCalc, which calculates initial forest 108 

fuel characteristics from forest inventory data and allows users to select specific 109 

treatments to apply to a particular stand. It then outputs post-treatment fuel 110 

characteristics, which can then be input into fire simulation models if desired (Heward et 111 

al. 2013). 112 

 The most widely used fire effects model is the First Order Fire Effects Model 113 

(FOFEM). FOFEM uses fire behavior inputs along with forest inventory data, including 114 



Accepted – International Journal of Wildland Fire – December 18, 2014 
 

tree density, species, tree height, diameter-at-breast-height (DBH), and canopy class, to 115 

model tree mortality, fuel consumption, smoke emissions, and soil heating (Reinhardt 116 

2003; Lutes 2013). The Wildland Fire Assessment Tool (WFAT) couples and runs 117 

FOFEM and FlamMap, a fire behavior model, in a GIS format. WFAT requires users to 118 

supply the raster layers needed to run FlamMap along with a layer of tree characteristics 119 

needed in FOFEM to model fire effects. The tool runs FlamMap to obtain the necessary 120 

fire behavior inputs for FOFEM before running FOFEM and FuelCalc (Tirmenstein et al. 121 

2012).  122 

 Several models exist to predict the impacts of post-fire runoff and erosion. The 123 

Water Erosion Prediction Project (WEPP) is a process-based model that focuses on 124 

erosion processes for single hillslopes and small watersheds (Larsen and MacDonald 125 

2007). The Erosion Risk Management Tool (ERMiT) is an erosion-prediction tool widely 126 

used for post-fire modeling, allowing for the determination of sediment yield 127 

probabilities at the hillslope level (Robichaud et al. 2007). The tool uses WEPP to 128 

provide these probabilities based on variability in weather, fire effects, and distribution of 129 

fire severity (Robichaud et al. 2007). 130 

 Although the above models are useful for predicting post-fire erosion at a 131 

hillslope or small watershed scale (< 1km2), a model that can treat larger watersheds and 132 

predict runoff and erosion across several scales (hillslope to large watershed) would be a 133 

useful planning tool. The Kinematic Runoff and Erosion Model (KINEROS2) is a 134 

physically-based event-driven hydrological model that is usable in a GIS interface by its 135 

inclusion in the Automated Geospatial Watershed Assessment Tool (AGWA; Semmens 136 

et al. 2007; Goodrich et al. 2012). AGWA incorporates KINEROS2 into GIS by 137 
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automating certain processes and running the model on all hillslopes and channels within 138 

a delineated watershed. 139 

 While these models are all used independently, there is currently no method that 140 

couples them to predict how pre-wildfire fuel treatments impact post-wildfire 141 

hydrological effects. Linked or coupled models are used widely in ecology, where no 142 

single platform is likely to be adequate to address all potential research applications 143 

(Foley et al. 1998). Such a modeling approach is outlined in this study, linking FuelCalc, 144 

FOFEM, and KINEROS2 in order to give land managers a way to model planned fuel 145 

treatments, wildfire, and post-fire hydrological impacts together (Fig. 1). We demonstrate 146 

this modeling approach in case studies at Zion (ZION) and Bryce Canyon (BRCA) 147 

National Parks. 148 

Methods 149 

Study sites 150 

 Zion and Bryce Canyon National Parks are located in southwestern Utah, USA, 151 

within the Temperate Desert Mountains ecoregion as defined by Malamud et al. (2005). 152 

In Southwestern Utah, most fires occur during the hot, dry summer months which are 153 

followed by late summer monsoon thunderstorms (National Park Service 2004). Both 154 

Parks are within the Arizona rainfall type with the medium intensity condition defined by 155 

Moody and Martin (2009), having a 2-year, 30-minute rainfall intensity of 20-36 mm hr-1. 156 

The hydro-geomorphic regime of Zion National Park is characterized by steep slopes and 157 

easily eroded soils. Bedrock/slickrock exposures are common (National Park Service 158 

2004). Deep, narrow slot canyons can carry rapid flash floods as a result of these 159 

conditions. Bryce Canyon is characterized by a forested plateau above cliffs and tower 160 
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formations of exposed sandstones and shales. These formations are very steep and highly 161 

erodible, which can lead to large sediment yields during rain events (Kelletat 1985; 162 

Doremus and Kreamer 2000). 163 

 The modeled watershed in Zion includes Wildcat Canyon at the north edge of the 164 

Park, which drains into the Right Fork of North Creek (Fig. 2). The outlet of the 165 

watershed is within a slot canyon in North Creek about 2.5 kilometers downstream from 166 

the outlet of Wildcat Canyon. The watershed is 2,297 hectares in area, with elevations 167 

ranging from 1,704 to 2,492 meters above sea level. This watershed was selected for 168 

study because it includes the location of a planned prescribed burn. The burn area is in 169 

the northern section of the watershed and includes about 460 hectares (about 20% of the 170 

watershed) of mixed forest types including white fir (Abies concolor), pinyon/juniper 171 

(Pinus monophylla and edulis/Juniperus osteosperma), quaking aspen (Populus 172 

tremuloides), ponderosa pine (Pinus ponderosa), and gamble oak (Quercus gambelii; 173 

Zion National Park 2009). Much of the area’s current forest conditions are more 174 

overgrown than historical conditions, due to more than a century of fire suppression 175 

efforts (National Park Service 2004). The Park’s goals for the prescribed fire include 176 

limiting fire spread into the Wildland Urban Interface, improving vegetation species 177 

diversity, and providing benefits to wildlife (Zion National Park 2009). 178 

 The modeled watershed in Bryce Canyon is at the southern end of the Park near 179 

Rainbow Point lookout (Fig 2). The watershed outlet is at the Park boundary and it drains 180 

into Willis Creek, part of the larger Paria River watershed. The watershed is 216 hectares 181 

in area, and ranges in elevation between 2,306 and 2,778 meters above sea level. Park 182 

staff have identified 12.51 hectares of the upper part of this watershed (about 6% of the 183 
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entire watershed) for a mechanical thinning treatment. The treatment area is above the 184 

plateau rim and includes thick, mixed conifer forest. The Park’s goal for the thinning 185 

project is to reduce hazardous fuels that would support extreme fire behavior in and 186 

around heavily-visited areas that contain several historical structures (Brothwell 2012).  187 

Modeling fuel treatments 188 

Prescribed fire at Zion 189 

 WFAT was used to simulate the prescribed fire in Wildcat Canyon in Zion. The 190 

spatial topography and fuel input layers necessary to run the model were obtained from 191 

LANDFIRE (LF; available at http://www.landfire.gov/; Rollins, 2009). Fuel inputs 192 

included canopy base height, canopy bulk density, canopy cover, and canopy height, fire 193 

behavior fuel model (FBFM), and fire effects fuel model (FEFM). The National Tree List 194 

Layer (NTLL) was also used as an input into WFAT. NTLL contains the information 195 

necessary for FOFEM to calculate tree mortality (Drury and Herynk 2011). The NTLL 196 

makes use of the LF-Reference Database, a database of geo-referenced field data for 197 

forest fuels used to compile LF layers within the United States. 198 

 Weather conditions for the prescribed fire were set according to the Weather and 199 

Fuel Guidance Parameters, as specified by the desired prescribed fire intensity conditions 200 

in the Wildcat Prescribed Burn Plan (Table 1; Zion National Park 2009). To input these 201 

weather conditions in WFAT, fixed fuel moisture files were created and used for the fire 202 

simulation (Tirmenstein et al. 2012). Fuel moistures from the Burn Plan for 1-hour, 10-203 

hour, 100-hour, live herbaceous, and live woody fuels were used.  204 

 After the prescribed burn was simulated using existing fuels, WFAT input layers 205 

were altered to represent the treated landscape. The input layers obtained from LF were 206 
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altered or ‘treated’ by WFAT in the prescribed burn simulations automatically, and were 207 

output by the tool. Preparing the tree list layer for wildfire simulation required manual 208 

alterations since a treated tree list layer is not an output of WFAT. This required 209 

manipulating the tree list database outside the GIS interface using the percent mortality 210 

output layer from the WFAT prescribed burn simulation, which provided the percent of 211 

trees killed within each cell. In order to remove all the killed trees from the tree lists, 212 

enough trees were removed from each tree list to match the percent mortality value for 213 

that cell. To select which trees to remove from the tree lists for cells that experienced 214 

partial mortality, it was assumed that the prescribed fire killed the smallest diameter trees 215 

first. This assumption is supported by multiple studies that have shown DBH to be 216 

negatively correlated to tree mortality, especially when used as a surrogate for bark 217 

thickness and canopy height (Harrington 1987; Ryan and Reinhardt 1988; Stephens and 218 

Finney 2002; Hull Sieg et al. 2006).  219 

Mechanical thinning at Bryce Canyon 220 

 Since WFAT did not include the mechanical thinning functionality of FuelCalc at 221 

the time of this study, tree list manipulation and the stand-alone non-spatial version of 222 

FuelCalc were used to model the planned mechanical treatment at Bryce Canyon. Tree 223 

lists from NTLL were input into the model, which calculated pre-treatment stand 224 

measurements corresponding to LF layers for canopy bulk density, canopy base height, 225 

canopy cover, and FBFM. The mechanical thinning treatment applied was a simplified 226 

version of the methods described in the Rainbow Point Mechanical Fuel Reduction Plan 227 

(Brothwell 2012). This involved altering, or ‘thinning’ all tree lists that had >40 stems 228 

per hectare to below that threshold, deleting from the tree lists all the smallest trees with a 229 
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diameter at breast height of <20.3 cm (8 in) first. Once this treatment was applied, the 230 

treated tree lists were placed back into FuelCalc to calculate post-treatment stand 231 

characteristics.  232 

Modeling wildfire with WFAT 233 

 In order to evaluate the effect of fuel treatments on wildfire severity, we modeled 234 

wildfires on both untreated and treated landscapes. Wildfires on the untreated landscapes 235 

in both Parks used unaltered LF 2008 and NTLL layers for spatial inputs into WFAT. For 236 

the wildfire on the treated landscape in Zion, the output layers from WFAT following the 237 

prescribed fire simulation and the manually-altered NTLL tree lists were used. For the 238 

wildfire on the treated landscape in Bryce Canyon, the LF layers needed to be altered 239 

manually since the mechanical thinning treatment couldn’t be simulated within WFAT. 240 

FuelCalc calculates values such as canopy bulk density and canopy base height directly 241 

from the input tree list. Since these values are also available from LF layers, it was 242 

possible to compare the calculated stand measurement values in FuelCalc from NTLL 243 

with those from LF. However, the pre-treatment stand measurement values derived from 244 

the NTLL tree lists in FuelCalc did not always match the values from the LF layers in the 245 

same location. Therefore, post-treatment stand measurement values could not be derived 246 

directly from the FuelCalc results to create post-treatment spatial layers. Instead, the 247 

percent change from the pre- to post-treatment stand measurements recorded by FuelCalc 248 

from the NTLL tree lists was applied to the pre-treatment LF layers to obtain spatial post-249 

treatment layers. These created layers, along with the treated NTLL tree lists, were input 250 

into WFAT to model wildfire on a treated landscape. 251 
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 All simulated wildfires were based on the weather conditions directly preceding 252 

recent wildfires at the two Parks. For Zion, conditions preceding and during the 2006 253 

Kolob Fire were used (National Park Service 2006). For Bryce Canyon, conditions for 254 

the 2009 Bridge Fire were used. In order to best represent the conditions in the study area 255 

preceding these fires, weather parameters were obtained from Remote Automated 256 

Weather Stations near the wildfire locations (Lava Point for Zion, Aqua Canyon for 257 

Bryce Canyon). WFAT allows fuel moistures to be ‘conditioned’ by weather variables 258 

preceding the simulated fire (Tirmenstein et al. 2012), which was done for the wildfires 259 

in this study. Conditioning variables included the daily precipitation totals, high and low 260 

temperatures, relative humidity percentages, and wind characteristics for the five days 261 

preceding the two fires.  262 

 Two wildfires were modeled at each Park: one covering the entire watershed, and 263 

another covering only the upper portion of the watershed (which in both cases included 264 

all of the treated area).  265 

Modeling post-fire runoff and erosion with AGWA 266 

 The KINEROS2 model within AGWA was used to model all rainfall events in 267 

this study. Spatial inputs into AGWA included 10x10 meter digital elevation models 268 

(DEMs) from the United States Geological Survey’s (USGS) National Map (available at 269 

http://nationalmap.gov/viewer.html), STATSGO soil layers (available at 270 

http://soildatamart.nrcs.usda.gov/), and Park vegetation maps modified to fit National 271 

Land Cover Database classifications (available at 272 

http://www.usgs.gov/core_science_systems/csas/vip/index.html). AGWA alters 273 

KINEROS2 input parameters (Manning’s n roughness coefficient, saturated hydraulic 274 
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conductivity, and interception) to represent a post-fire landscape by altering land cover 275 

based on burn severity (Canfield et al. 2005; Burns 2013). The Keane Severity Index 276 

(KSI) output from WFAT was used to create the fire severity layer used by AGWA to 277 

alter land cover values. KSI uses three fire effects outputs from FOFEM to create fire 278 

severity classes of low, moderate, and high. Metrics include soil heating, tree mortality, 279 

and fuel consumption (Keane et al. 2010). KSI is used as an index of fire severity in this 280 

study since it is a built-in output in WFAT and corresponds well with the definition of 281 

fire severity from Keeley (2009) as the loss of organic matter from aboveground and 282 

belowground sources. All references to “fire severity” in this study relating to WFAT 283 

outputs refer to the KSI directly. 284 

 At both study sites, rainfall events were modeled on three landscapes for each of 285 

the two wildfire scenarios: untreated and unburned, untreated and burned by wildfire, and 286 

treated and burned by wildfire. 2-year 30-min design storms were modeled on both sites 287 

to match typical monsoonal rains of southern Utah (13.6 mm rainfall depth in 30 min at 288 

Zion, 11.9 mm rainfall depth at Bryce Canyon). The 2-year 30-min storm has been 289 

suggested as an appropriate metric to use when examining post-fire hydrologic responses, 290 

since post-fire runoff and erosion can be significant even at low return intervals and short 291 

durations (Moody et al. 2013). The depth and durations of these storms were obtained 292 

from the online NOAA Atlas 14 point precipitation frequency estimates (National 293 

Oceanic and Atmospheric Administration 2013) using coordinates of the centroids of the 294 

watersheds. The storm was applied uniformly over the entire watershed using a SCS 295 

Type II intensity distribution built into AGWA (Burns 2013). While monsoonal 296 

thunderstorms are typically not spatially uniform over watersheds of this size (Goodrich 297 
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et al. 2008), this assumption treats the entire watershed equally from the perspective of 298 

rainfall inputs. This enables Park managers to focus on assessing the effects of treatments 299 

and wildfires without the compounding complication of storm location and movement.  300 

The implications of this assumption are explored in more detail in another study in this 301 

special issue (Sidman et al. 2014). 302 

Results/Discussion 303 

Fuel treatments 304 

 Both modeled fuel treatments clearly changed stand characteristics within the 305 

treatment areas (Fig. 3). The prescribed burn at Zion affected a wide range of 306 

characteristics, altering canopy base height, canopy cover, canopy bulk density, and tree 307 

density, and changing the canopy height and fuel loading models (FLM) in some areas. 308 

Mechanical thinning at Bryce Canyon did not change canopy height or FLM, since by 309 

design, the treatment did not remove any large trees that control the canopy height, and 310 

did not remove or add any ground fuels. Another difference between the two treatments 311 

was that the prescribed burn (Zion) increased areas of non-forested land, while the 312 

mechanical thinning (Bryce) did not. This is because the prescribed burn consumed all 313 

trees in some areas, rendering them non-forested by the model. The mechanical thinning, 314 

however, reduced only tree density, never removing all the trees from an originally 315 

forested area.  316 

 The untreated landscape in Bryce Canyon had a higher percentage of area with 317 

denser forest than Zion: 91% of Bryce Canyon’s treatment area had canopy base heights 318 

of 0-0.9 meters, and 87% had more than 300 trees per hectare (Fig. 3). Bryce Canyon’s 319 

mechanical thinning was focused on reducing the density in those denser areas, while 320 
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ignoring the less-dense areas. The post-treatment landscape represents this aim. The 321 

mechanical thinning reduced areas with a canopy base height of 0-0.9 meters down to 322 

45% of the total treatment area, and removed all area with more than 300 trees per 323 

hectare. It also reduced area with a canopy bulk density of equal to or greater than 0.10 324 

kg m-3 from 34% pre-treatment to only 12% post-treatment.  325 

 Zion’s treatment area had lower initial forest density. Only 20% of the area had 326 

canopy base heights of 0-0.9 meters and 50% of the area had more than 300 trees per 327 

hectare. The prescribed burn influenced the treatment area more uniformly than the 328 

mechanical thinning, affecting both the dense and sparse areas. The burn reduced areas 329 

with a canopy base height of 0-0.9 meters from 20% to 10% of the treatment area, and 330 

areas of 1.0-1.9 meters from 25% to 17%. Prescribed fire did not completely eliminate 331 

areas with over 300 trees per hectare, reducing those areas from 50% to 33%. Yet the 332 

increase in non-forested land shows that some of the sparser areas were burned and some 333 

dense areas burned with high intensity. 96% of the prescribed burn area with less than 334 

150 trees per hectare resulted in at least low burn severity, while about 20% of areas with 335 

more than 300 trees per hectare resulted in high burn severity. 336 

Wildfire 337 

 The two fuel treatments had different impacts on subsequent wildfires that burned 338 

over the areas in which they were implemented (Fig. 4). The prescribed burn increased 339 

the watershed’s unburned area in both the entire watershed wildfire (3% increase) and the 340 

upper watershed wildfire (24% increase), whereas the mechanical thinning did not 341 

change unburned area at all (Table 2). This can be attributed to the fact that the 342 

prescribed fire completely consumed some areas of forest, rendering them unburnable by 343 
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the wildfire. This was not the case for the mechanical thinning, which simply reduced 344 

stand density. The prescribed burn was more effective than the mechanical thinning at 345 

reducing high severity area for both wildfire scenarios, but the mechanical thinning did 346 

more to reduce moderate severity area in both wildfire scenarios. The larger decrease in 347 

high severity area caused by the prescribed burn is likely due to some of the high severity 348 

area in the untreated scenario becoming unburned in the treated scenario since it was 349 

burned at high severity during the prescribed fire. 350 

 By virtue of the ratios of treatment areas to wildfire sizes, the fuel treatments had 351 

less impact on the entire watershed wildfire than on the upper watershed wildfire. The 352 

prescribed fire reduced high severity in the entire watershed wildfire (20% treatment 353 

area/wildfire area) by 22%, whereas it was reduced by 39% in the upper watershed 354 

wildfire (45% treatment area/wildfire area). Similarly, the mechanical thinning reduced 355 

high severity in the entire watershed wildfire (5.9% treatment area/wildfire area) by 5% 356 

and in the upper watershed wildfire (45% treatment/wildfire area) by 29%. This is 357 

because the treatment areas make up a larger portion of the upper watershed wildfire 358 

areas than the entire watershed wildfire areas, increasing the impact of the treatments. 359 

Because of the random nature of wildfire ignition location and weather conditions, it is 360 

impossible to choose a ‘best’ or ‘most realistic’ wildfire extent when running WFAT. The 361 

comparison in this study of differing wildfire sizes simply points to the importance of 362 

modeling different sized fires in order to gain a better understanding of the range of 363 

outcomes that are possible in a given area. 364 

Post-wildfire hydrological response 365 
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 In the entire-watershed wildfire scenarios, fuel treatments had a larger impact on 366 

stream reaches just downstream of the treatment areas than at the watershed outlets (Fig. 367 

5). In Zion’s Wildcat Canyon just below the treatment area, the prescribed fire reduced 368 

peak flow by 7% while change was negligible in the slot canyon at the watershed’s outlet 369 

(Fig. 6; Table 3). In Bryce Canyon peak flow was reduced by 34% at a trail crossing just 370 

below the mechanical thinning area, while the change was also negligible at the 371 

watershed outlet at the Park boundary. The results from the upper-watershed wildfire 372 

scenarios showed a slightly different pattern (Fig. 7; Table 3). In Zion, the prescribed fire 373 

reduced peak flow by 9% at both Wildcat Canyon and the slot canyon. However, in 374 

Bryce Canyon, the prescribed fire reduced peak flow by 50% at the trail crossing but did 375 

nothing at the park boundary. 376 

 The lack of impact at the watershed outlets for both study sites points to both the 377 

importance of treatment size and treatment location. Firstly, the treatments in both sites 378 

covered relatively small portions of the entire watersheds, effectively limiting the impacts 379 

of the treatments at the watershed outlet. Too large a percentage of the watersheds were 380 

untreated for the treatment to show any substantial impact. Secondly, although total 381 

volume and sediment should not be significantly impacted by treatment location, the 382 

locations of the treatments were too far upstream to impact the peak flows at the outlets. 383 

Rain that fell on the upper watersheds in both sites, including the treatment areas, did not 384 

reach the outlets until the recession limbs of the hydrographs. To have a larger impact on 385 

peak flow, treatment areas would have to be relocated to the centers or lower portions of 386 

the watersheds.  387 
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 At the location directly below the Bryce Canyon treatment area, mechanical 388 

thinning reduced peak flow by a greater percentage than the prescribed burn. This 389 

difference may be due to the lower rainfall total and maximum rainfall intensity exhibited 390 

by the event at Bryce Canyon. Percent change tends to be accentuated at lower absolute 391 

values, so a slight absolute change may appear as a large relative change. In absolute 392 

terms, the prescribed burn reduced peak flow by 0.23 m3 s-1 below the treatment area, 393 

while the mechanical thinning reduced it by only 0.0023 m3 s-1. 394 

Caveats of the modeling approach 395 

 Despite the success of developing this modeling approach linking fuel treatments 396 

to post-fire runoff and erosion, several limitations and sources of error exist. One is the 397 

variable quality of input data. For example, the level of detail included in NTLL 398 

(complete stands for the entire contiguous United States), combined with this layer’s 399 

integral role in determining tree mortality, make the accuracy of this layer critical to this 400 

modeling approach due to the sensitivity of KINEROS2/AGWA to fire severity. 401 

However, precision testing done by Drury and Herynk (2011) indicated that only 27% of 402 

pixels matched the dominant species of independent field plots at their study location. 403 

Furthermore, it is unknown if NTLL will ever be updated in the manner of LF to provide 404 

current data. Given these deficiencies, it would be preferable to utilize local tree list data 405 

in lieu of the NTLL if available. Still, in the absence of local data containing all the 406 

necessary parameters to run FOFEM, NTLL is currently the best default alternative on a 407 

national scale. In addition, recent studies have explored the option of classifying fuels 408 

through use of Light Detection and Ranging (LiDAR). Airborne LiDAR scanners may be 409 

a more accurate way to classify fuel characteristics such as canopy height, canopy bulk 410 
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density, and canopy base height (Erdody and Moskal 2010). LiDAR may also have the 411 

capability of providing complete and accurate tree lists over entire landscapes (Van 412 

Leeuwen and Nieuwenhuis 2010; Swetnam and Falk 2014). 413 

 The assumption made in this modeling approach that smaller trees have higher 414 

differential mortality, is another possible source of error. This assumption is simplistic, 415 

since bark thickness, crown base height, tree species, tree vigor, and fire behavior all play 416 

a role in tree mortality (Ryan and Reinhardt 1988; Lutes 2013; van Mantgem et al. 417 

2013a, b). However, the assumption was made for this modeling methodology to limit the 418 

approach’s complexity. 419 

 Another source of error within the KINEROS2/AGWA model comes from the 420 

alterations AGWA makes to KINEROS2 input parameters based on fire severity. 421 

Currently, AGWA modifies only the land cover input layer, changing percent cover and 422 

hydraulic roughness as a function of the level of burn severity. Interception is altered as a 423 

function of canopy cover change.  Hydraulic conductivity is altered solely based on the 424 

drop in percent cover based on results from rainfall simulation experiments conducted 425 

under a variety of cover conditions (Goodrich 1990). Hydrophobicity, ash residue and 426 

impacts of the collapse of soil structures on hydraulic conductivity are not considered, as 427 

this information is not available from the non-field verified Burned Area Reflectance 428 

Classification (BARC; DeBano et al. 1998; Moody et al. 2013). Ideally, field or remotely 429 

sensed indicators of hydrophobicity, ash accumulation and soil structure change could be 430 

incorporated into AGWA to further refine post-fire soil parameter estimates.  During 431 

2014 BAER deployments, post-fire field observations have been used to modify 432 

hydrologic conductivity infiltration parameters in AGWA simulations that were initially 433 
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based solely on the non-field verified BARC maps. Furthermore, the parameter changes 434 

selected for KINEROS2 inputs are based only on one post-fire watershed in New Mexico 435 

(Canfield et al. 2005). Parameter changes could vary in different locations with fires of 436 

different severities and watersheds with different characteristics. Current efforts are 437 

underway to identify and collect high-quality rainfall, runoff, and if available, sediment 438 

observations from watersheds prior to, and after fire, to add to the analysis presented in 439 

Canfield et al. (2005) to determine more robust rules for altering post-fire model 440 

parameters. If remote sensing methods could reliably estimate areas of hydrophobicity 441 

and significant ash residue, more informed methods to alter post-fire KINEROS2 model 442 

estimate using this information would be warranted. 443 

Implications for use by land managers 444 

 The first step in deciding if this modeling approach is viable for use by land 445 

managers is to verify the accuracy of modeled results. The accuracy of the results from 446 

FOFEM/WFAT was determined by comparing the KSI severity distribution of the 447 

untreated wildfires to the burn severity distributions of the actual wildfires they were 448 

designed to emulate (Table 4). The burn severity distributions of the actual wildfires were 449 

obtained from the Monitoring Trends in Burn Severity (MTBS) database, which relies 450 

heavily on satellite imagery to classify burn severity. Therefore, it is inherently different 451 

than the KSI used by WFAT, but comparing the two can still be useful for analyzing how 452 

well FOFEM/WFAT matches actual wildfires. The untreated entire watershed wildfire at 453 

Zion matched the severity distribution of the Kolob Fire very closely, having the same 454 

amount of unburned and high severity area, while underestimating moderate severity and 455 

overestimating low severity by 5%. The untreated entire watershed wildfire at Bryce 456 
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Canyon did not match the severity distribution from the Bridge Fire quite as well; the 457 

modeled fire overestimated moderate severity by 18% and underestimated high severity 458 

by 15%. Still, the unburned and low severity of the modeled fire at Bryce Canyon were 459 

within 4% of the Bridge Fire properties. Considering that weather inputs from the Kolob 460 

and Bridge fires were used for the model wildfires at Zion and Bryce Canyon, it is 461 

encouraging to observe that the severity distributions of the two modeled wildfires match 462 

those of the actual wildfires relatively well.  463 

 To determine the accuracy of post-fire peak discharge modeled by 464 

KINEROS2/AGWA, the change from pre- to post-fire peak discharge modeled by 465 

KINEROS2/AGWA in this study can be compared to measured increases from actual 466 

pre- and post-fire flood events. Neary et al. (2005) recorded several such events, in which 467 

post-fire peak discharges increased by a factor of 1.4x to 2,232x in the western United 468 

States. Untreated post-fire peak discharges recorded in this study increased from pre-fire 469 

peak discharge by factors ranging between two and 79. In order to compare 470 

KINEROS2/AGWA modeled sediment yield, results can be compared to total storm 471 

sediment yields reported by Robichaud et al. (2008). That study observed post-fire 472 

sediment yields between 0 and 19.8 Mg ha-1. Storm total sediment yields in this study 473 

ranged between 0.005- 1.81 Mg ha-1. Although this comparison is limited by the differing 474 

study site locations and fire severity distributions, it shows that modeled sediment yields 475 

were within a realistic range. 476 

Almost no studies have attempted to determine the change in runoff and erosion 477 

from wildfire on an untreated to a treated landscape. A significant obstacle to completing 478 

a study of this nature is the limited availability of high-resolution rainfall observations, 479 
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which are essential to validating this approach. Although Wohlgemuth et al. (1999) 480 

provides such an opportunity, the results mentioned are longer-term sediment yields, 481 

rather than event-based yields. This makes it impossible to compare those results with 482 

KINEROS2 results. However, this study’s results are consistent with the general trends 483 

observed: fuel treatments mitigated wildfire severity and therefore post-fire runoff and 484 

erosion. 485 

 There are many potential uses of this linked modeling approach. Land managers 486 

could use these tools to decide which fuel treatments or combination of treatments lower 487 

post-wildfire runoff and erosion down to an acceptable threshold. This would allow them 488 

to better protect values at risk downstream of potential wildfire locations. Given the 489 

limitations noted above it is best currently to use the modeling approach to spatially 490 

compare the relative change of various scenarios in an attempt to identify the best fuel 491 

treatment type and its location. If multiple locations are being considered for fuel 492 

treatments, scenarios could be evaluated with this modeling approach to determine the 493 

best locations to meet management objectives and prioritize where fuel treatments should 494 

be placed. 495 

Conclusion 496 

 The modeling approach described in this study provides a viable option for 497 

landscape scientists, watershed hydrologists, and land managers hoping to predict the 498 

impact of fuel treatments on post-wildfire runoff and erosion, despite several limitations 499 

and potential sources of error. Several uses of the model exist, from measuring how well 500 

treatments mitigate the hydrologic response following wildfire, to determining the best 501 

spatial location of the treatments. It is recommended that the modeling approach be used 502 
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as a relative change tool, rather than a tool to predict absolute values of peak flow and 503 

sediment yield.  504 

 The results of the case studies employed here suggest that the magnitude of the 505 

effect of a fuel treatment on post-wildfire hydrological response mitigation varies 506 

according to several factors, including the size of the wildfire and the size of the fuel 507 

treatment. It was not the objective of this case study to decide whether or not the 508 

proposed fuel treatments in Zion and Bryce Canyon National Parks were worthwhile 509 

management options or under what circumstances they should be implemented. This is 510 

especially true since the main goals of Park staff in both cases were to reduce fire 511 

behavior and improve forest health, not to mitigate post-fire hydrological response. This 512 

study aimed primarily to demonstrate a novel linked model approach, and secondarily to 513 

give Park managers more information and data to make a more-informed management 514 

decision. 515 

 Several items should be addressed to further streamline this modeling approach 516 

and reduce potential limitations and error. Within the WFAT framework, the most 517 

important area to address is the creation of a publicly available national tree list layer. 518 

The functionality of the tree list database could be improved as well to include automated 519 

updates to account for the changes caused by fuel treatments. Better ways to map forest 520 

fuel characteristics on a landscape level must be explored as well, such as the use of 521 

LiDAR.  522 

 Within the AGWA framework, post-fire alterations of KINEROS2 inputs should 523 

be further researched. Parameter changes should be made according to relationships that 524 

are drawn from a larger number of actual wildfires and should include further soil 525 
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alterations due to ash, hydrophobicity and soil structure change. This would decrease 526 

potential sources of error in hydrological modeling and increase model sensitivity to 527 

wildfire effects. 528 
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Table 1. WFAT Input weather parameters for modeled prescribed fires. Values come 696 

from the Wildcat Prescribed Burn Plan (National Park Service, 2009). 697 

Parameter Value  
Relative Humidity (%) 20 
6m Windspeed (ms-1) 4.47 

Wind Direction (degrees) 247 
1-hr fuel moisture (%) 6 
10-hr fuel moisture (%) 6 
100-hr fuel moisture (%) 10 

Woody Live fuel moisture 
(%) 80 

Herbaceous Live fuel 
moisture (%) 80 

 698 

Table 2. Comparison of fire severity (KSI) between wildfires on untreated and treated 699 

landscapes. 700 

 
Entire Watershed Wildfire 

 
ZION  (2297 ha) BRCA (216 ha) 

KSI 
Untreated 

(ha) 
Treated 

(ha) 
% 

Change 
Untreated 

(ha) 
Treated 

(ha) 
% 

Change 
Unburned 346.68 356.40 2.80 43.83 43.83 0.00 

Low 935.37 955.35 2.14 64.08 66.78 4.21 
Moderate 827.91 839.25 1.37 91.62 89.82 -1.96 

High 186.84 145.80 -21.97 16.65 15.75 -5.41 

 
Upper Watershed Wildfire 

 
ZION (1028 ha) BRCA (28 ha) 

 

Untreated 
(ha) 

Treated 
(ha) 

% 
Change 

Untreated 
(ha) 

Treated 
(ha) 

% 
Change 

Unburned 41.13 50.85 23.63 2.61 2.61 0.00 
Low 535.41 555.39 3.73 5.04 7.74 53.57 

Moderate 346.68 358.02 3.27 15.84 14.58 -7.95 
High 105.12 64.08 -39.04 4.86 3.42 -29.63 

 701 

 702 

 703 
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Table 3. Results from KINEROS2/AGWA simulations. 704 

Entire Watershed Wildfire 

 
Prescribed Fire (ZION) 

 
Wildcat Canyon Slot Canyon 

 

Peak Flow 
(m3 s-1) 

Sediment 
(kg s-1) 

Peak Flow 
(m3 s-1) 

Sediment 
(kg s-1) 

Untreated, 
No Wildfire 0.12 21.49 0.97 68.23 
Untreated, 
Wildfire 3.39 1473.61 5.98 804.22 
Treated, 
Wildfire 3.16 1374.11 5.98 804.10 

% Change -6.88 -6.75 0.00 -0.02 

 
Mechanical Thin (BRCA) 

 
Trail Crossing Park Boundary 

 

Peak Flow 
(m3 s-1) 

Sediment 
(kg s-1) 

Peak Flow 
(m3 s-1) 

Sediment 
(kg s-1) 

Untreated, 
No Wildfire 0.000087 0.0012 0.014 0.83 
Untreated, 
Wildfire 0.0067 0.16 0.19 28.63 
Treated, 
Wildfire 0.0044 0.09 0.19 28.63 

% Change -34.46 -44.68 0.00 0.00 
Upper Watershed Wildfire 

 
Prescribed Fire (ZION) 

 
Wildcat Canyon Slot Canyon 

 

Peak Flow 
(m3 s-1) 

Sediment 
(kg s-1) 

Peak Flow 
(m3 s-1) 

Sediment 
(kg s-1) 

Untreated, 
No Wildfire 0.12 21.49 0.97 68.23 
Untreated, 
Wildfire 3.25 1381.76 3.24 324.43 
Treated, 
Wildfire 2.98 1272.44 2.98 293.27 

% Change -8.48 -7.91 -7.98 -9.60 

 
Mechanical Thin (BRCA) 

 
Trail Crossing Park Boundary 

 

Peak Flow 
(m3 s-1) 

Sediment 
(kg s-1) 

Peak Flow 
(m3 s-1) 

Sediment 
(kg s-1) 

Untreated, 
No Wildfire 0.000087 0.0012 0.014 0.83 
Untreated, 
Wildfire 0.0069 0.17 0.029 2.33 
Treated, 
Wildfire 0.0046 0.094 0.029 2.34 

% Change -34.19 -42.99 0.00 0.16 
 705 
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Table 4. Comparison of KSI severity distributions for entire watershed wildfires at ZION 706 

and BRCA with the burn severity distributions from the actual wildfires they were meant 707 

to emulate. Severity distributions for the Kolob and Bridge fires were obtained from 708 

Monitoring Trends in Burn Severity (WLC 2014). 709 

 
ZION Kolob Wildfire BRCA Bridge Wildfire 

 
ha % ha % ha % ha % 

Unburne
d 347 15% 1,029 15% 44 20% 1,223 24% 

Low 935 41% 2,361 34% 64 30% 1,460 29% 
Moderate 828 36% 2,857 41% 92 42% 1,212 24% 

High 187 8% 643 9% 17 8% 1,170 23% 
 710 

  711 
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 712 

Fig. 1. Modeling process. 713 

 714 

Fig. 2. Location of study sites. 715 
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 716 

Fig. 3. Comparison of pre- and post-treatment landscapes. 717 
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 718 

Fig. 4. Comparison of entire watershed wildfires on untreated and treated landscapes. 719 
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 720 

Fig. 5. Comparison of change in hydrological response between untreated and treated 721 

landscapes after entire watershed and upper watershed wildfires. 722 
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 723 

Fig. 6. Hydrographs and hyetographs illustrating design storm rainfall and watershed 724 

response after entire watershed wildfires. Hydrographs, which show the discharge over 725 

time in a stream channel, correspond to the primary (left side) y-axes. Hyetographs, 726 

which show the rainfall intensity over time for the design storms, are inverted and 727 

correspond to the secondary (right side) y-axes. Hyetographs are shown as solid to 728 

indicate that rainfall was applied continuously throughout the storm. 729 
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 730 

Fig. 7. Hydrographs and hyetographs illustrating design storm rainfall and watershed 731 

response after upper watershed wildfires. Hydrographs, which show the discharge over 732 

time in a stream channel, correspond to the primary (left side) y-axes. Hyetographs, 733 

which show the rainfall intensity over time for the design storms, are inverted and 734 

correspond to the secondary (right side) y-axes. Hyetographs are shown as solid to 735 

indicate that rainfall was applied continuously throughout the storm. 736 

 737 


