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Abstract 
13 

14 Natural disturbances including wildfire, insects and disease are a growing threat to the remaining late successional forests in the Pacific 
15 North west, USA. These forests are a cornerstone of the region's ecological diversity and provide essential habitat to a nUIYlber of rare terrestrial and 
16 aquatic species including the endangered northern spotted owl (Strix occidentalis caurina). Wildfires in particular have reduced the amount of late 
17 successional forests over the past decade, prompting land managers to expand investments in forest management in an attempt to slow losses and 
18 mitigate wildfire risk. Much of the emphasis is focused specifically on late successional reserves established under the Northwest Forest Plan to 
19 provide habitat for spotted owls. [n this paper, we demonstrate a probabilistic risk analysis system for quantifying wildfire threats to spotted owl 
20 habitat and comparing the efficacy of fuel treatment scenarios. We used wildfire sinlldation 111ethods to calculate spatially explicit probabilities of 
21 habitat loss for fuel treatInent scenarios on a 70,245 ha study area in Central Oregon, USA. We silnulated 1000 wildfires with randon1ly located 
II ignitions and weather conditions that replicated a recent large fire within the study area. A thune length threshold for each spotted owl habitat stand 
23 was determined using the forest vegetation simulator and used to predict the proportion of tires that resulted in habitat loss. Wildfire modeling 
24 revealed a strong spatial pattern in burn probability created by natural fuel breaks (lakes and lava flows). We observed a non-linear decrease in the 
25 probability of habitat loss with increasing treatment area. Fuels treatments on a relatively minor percentage of the forested landscape (20%) 
26 resulted in a 44% decrease in the probability of spotted owl habitat loss averaged over all habitat stands. The modeling system advances the 
27 application of quantitative and probabilistic risk assessment for habitat and species conservation planning. 
28 Published by Elsevier B.Y. 
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The Northwest Forest Plan was developed and ill1plell1ented 
to sustain biological diversity in the Pacific Northwest, USA, 
via a network of late sLiccessional forest reserves (US[);\ Forest 
Service and USf)! Bureau or L,und i'vlanagclnenL 1Y94; LInt. 

20(5). Managell1ent of the forest reserves is focLised on the 
habitat requirenlents for the endangered northern spotted owl 
(Slrix occidelllalis caurina). although the reser\c~ are a 
"urrogate for a wIde array of oLher old growth dependent 
species. and are a corner~tone of the region's ecological 
diver~ity. Since the plan was implemented. the rate of spotted 
owl habitat lo~~ frO]l1 timber harvest has declined sharply 
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However, stand replacing wildfire and other disturbances 44 

continue to erode the habitat network, especially in the interior 45 

dry forests enVirOnll1ents east of the Cascade Mountains 46 

((~ollrtnL'Y et aI.. 2004: Lint, 2005: Spic~s et a1., 20(6). Wildfire 47 

accounted for 750/0 of the disturbance-caused loss of spotted 48 

owl habitat between 1994 and 2003 (lJSI)1 Fish and Wildlife 49 

Service. 2(04). Decades of fire suppression and selective till1ber 50 

harvesting practice~ (At2I.'l.'. l()()~: IIl'""bllr~ and A~('l.'. :2()()]: 51 
\V rlt: III and A~I.'l·. ~()(J-t) ha ve led to a bui ldup of ladder and 52 

surface fuel. and the potential for severe. stand replacing 53 

wildfire~. Under the current management trajectory. the future 54 

trend for the late succe~sional reserves appear~ to be continued 55 

tree mortality. Incrca~ed fuel accumulation and further stand 56 

replacement wild fi re e\ ents (\'h:nd\..' I 11\:lll·ln ...Hl. ~(J(}2. H1I ITl 57 

I111..' J .. I nd (' ~tl h. Ill. ~ ( }lIS. I I.: \' ;III d I rv, In. 2\ J( )" ). ') ~ 

There l~ broad con~ensu~ among rore~t nlanagers and 59 

sClentl~t~ that fuel treatment Including mechanical thinning 60 

Please cite this article in press as: Ager. A.A. et aI.. Modeling wildfire risk to northern spotted owl (Strix occidentalis caurina) habitat in Centra] 
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60 

62 old growth stands from wildfire lo~~es (i\~I.'I.'. 2()(l2: SPI\,'''' 

64 to address wildfire risk at the stand and landscape level 

66 beyond the individual stand scale remains an experlJ11ental 

61 and prescribed fire may improve the 10ng-teft11 protection of 

63 ct al.. 20(6) and a number of strategies have been proposed 

65 (Spic~ L't al.. 20(6). However. the efficacy of fuel treatment 

67 topic (Finne). 2n()l: J'lfH1C: \,'t aI.. 2(){lh). FlIrthernl0re. stand 
68 treatment to mitigate long-term wildfire damage may carry 
69 significant short-term adverse effects to nesting spotled owls 
70 (Carc) c! al.. 1492: Zahcl ct 

71 Bond et a I.. 20n2: Lee and 
72 managing the dry forest of 
73 mllltistoried stands favored 
74 examined in several papers 

u1.. It)45: f';orth c( al. 1l)L)l): 

Invi n. 20(5). The paradox of 
the east cascades for dense 
by spotted owls has been 

(Agee~ 2002: Lee and [r\vin. 
75 2005: Spies et aI.. 2006). Wildfire risk n1itigation for spotted 

106 of: (1) the probability of a fire at a specific intensity and 

IIJ analysis system has broad application for conser\atlon 

76 owl habitat has been explored with simulation models in 
77 several case studies (\V i1son an d Bakcr. 199 X: Hurlll11 cIand 
78 Calkin. 2005: Roloff ct al.. 20(5). However. these and related 
79 studies have yet to yield operational tools for quantifying the 
80 probability of habitat loss from wildfire and the potential 
81 benefits. if any. of mitigation efforts. As elaborated in Finney 
82 (2005), empirical data on fire size distribution in the western 
83 USA support the argument that large fire spread is a major 
84 determinant of wildfire probability. For instance, on the 
85 Deschutes National Forest in Central Oregon, USA, where 
86 ca. 90,000 ha of lands are managed to preserve and create 
87 late successional forests, the historical record for mapped 
88 fires (> 1.18 ha) between 1908 and 2003 shows that a mere 
89 100/0 of the fi res accounted for 740/0 of the total burned area 
90 (156,648 ha). These data indicate that the probability that a 
91 given stand will experience a fire is primarily a question of 
92 large fire spread rather than local fuel conditions. Thus, 
93 wildfire risk analysis must account for spatial patterns of 
94 wildfire spread over areas comparable to recent large 
95 wildfires. Furthermore, since risk is the probability of actual 
96 loss or gain (Society for Risk i\nalysis~ 2(06), a wildfire risk 
97 model must also consider fire intensity and effect to be a 
98 useful tool for assessing the potential impact of fire on 
99 landscape attributes. 

100 In this paper, we describe a wildfire risk analysis system 
101 for quantifying potential wildfire impacts on spotted owl 
102 habitat and measuring the efficacy of landscape fuel 
103 treatment on reducing risk. We used the formal definition 
104 of risk (BriIJinger. 2003: Society for Risk /\naJysis. 2()()6: 
105 Kerns and l\ger. in press), defined for wildfire as the product 

107 locatIon. and (2) the resulting change in financial or 
1n~ ecologica I val ue (Fi nnl'~. 2(){)~: .~\. nt t. 2f H)h L The n ~k 

109 assessment was tested on a 70.245 ha ~tudy area on the 
110 Deschutes National Forest In Central Oregon that contain~ a 
111 I9.888 ha Iate success iona1 fore st re se r\ e IIIanagedunder the 
112 Northwest Forest Plan for spotted owl habitat. The n~k 

114 planning and biodiversity management where natural 
115 eli st urbances like wi Id fire pose a long-ternl lhreat to habitat 
116 management objectIves. and the efficacy of mitigation 
117 strategies are in question. 

117
 

2. Materials and methods 
118
 

2. I. Study area 
119
 

The Five Buttes Interface planning area is located 80 knl 120
 

~outh of Bend. Oregon. and contain~ 60.867 ha of land 121
 

managed by the Deschutes National Forest (henceforth the 122
 

Forest) and 9378 ha of private lands (l:I~. I L The area wa~ 123
 

identified by forest nlanager~ and staff for a fuel reduction ]24
 

project to mitigate wildfire hazard to the Davis Late 125
 

Successional Reserve (LSR) and other resources in the area 126
 

CFig. 1). The site is within the high lava plain physiographic and 127
 

geological province of Central Oregon, characterized by young 128
 

lava flows and scattered cinder cones and lava buttes (Franklin 129
 

and Dyrness. 1988). The vegetation varies considerably with 130
 

elevation, topography and substrate, with the relatively flat 131
 

pumice plains dominated by dense stands of lodgepole pine 132
 

(Pinus contorta). Vegetation on the buttes gradually changes 133
 

with elevation, with ponderosa pine (Pinus ponderosa) and 134
 

Douglas-fir (Pseudotsuga l11enz.iesii) growing below approxi­ 135
 

mately 2000 n1~ and white fir (Abies concolor), mountain 136
 

hemlock (Tsuga Inertensiana) and western white pine (Pinus 137
 

Inonticola) growing between about 2200 and 2400 m. In the 138
 

western, higher elevation portion of the study area (>2400 m), 139
 

mountain hemlock, western white pine and lodgepole pine are 140
 

the most common tree species. Old growth ponderosa pine 141
 

forests in this area had a natural fire return interval of 4-1 1 142
 

years and fires were low severity. Fire frequency was 143
 

considerably lower in the mesic mountain hemlock forests at 144
 

higher elevations, with return intervals in the range of 50-200 145
 

years. and fires that were generally high severity~ stand 146
 

replacing events (Spies ct aI.. 2(06). 147
 

Approximately, 800/0 of the study area is administered 148
 

according to the Northwest Forest Plan, including the Davis 149
 

Late Successional Reserve (19,888 ha) where management 150
 

goals are to sustain and create forest habitat for the spotted 151
 

owl (Fig. 1). Wildfire and other disturbances are frequent 152
 

within the study, most notably the June, 2003 Davis fire which 153
 

burned 8268 ha, including 240/0 of the Davis Late Succes­ 154
 

sional Reserve, two spotted owl home ranges and 2267 ha of 155
 

spotted owl habitat. A recent assessment by the forest noted 156
 

that the most illlmediate need within the late successional 157
 

reserve was to reduce the loss of existi ng late and old 158
 

structured stands that are imminently susceptible to insect 159
 

attack or wildfire. This finding and other threats to late 160
 

succe~sional forests within the study area led to the initiation 161
 

of the Five Buttes Interface fuel treatment project and 162
 

motivated the present st udy. 16J
 

2.2. Vegetation and filers data 
164
 

Vegetation and fuel" data were obtained from exiqing fore"l 165
 

In\entory databa~e"", F\lre"-l ~tand~ tn the ~tudy area were 166
 

defined u~ing operational forest planning GIS layer~ and 167
 

included a total of 5292 polygons. The average polygon size 16R
 

was 13.3 ha. ranging from a minimum of 3 ha to a maximum of 169
 

t5 t5 ha. The foresti I1ventory database was created using a 170
 

Please cite lhis article in press as: Ager. A.A. et aI.. Modeling wildfire risk lO northern spotted owl (Strix occidentalis caurina) habitat in Centra] 
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hg. 1 M.lp of th~ 70.245 ha Flv~ Buttc'~ ~tudy area ,hawing m(ln ..lg.~mcnt buundanc~ ,.LIlU mdlLlI lc' ..lturc',", The- D..L\ h L..Llc' SucL'c'~~lon ..d R~~c'rv~ wa~ credted unuc'r lh~ 

Northwest Forest Plan. The 8268 ha Davis tire burned in 2003 and consumed 24% of the Davis re~erve. 

170 

171 Inost similar neighbor procedure (Cruukston ct JL, 20(2) where 

172 571 inventory plots were imputed to the 5292 stands in the 

173 study area. The imputation procedure used a 2001 Landsat 5 

174 scene and topographic indices derived from digital elevation 

175 data. Each inventory plot was used for 8.68 other stands on 

176 average (range = 1-251). The resulting database contained tree 

177 list data including diameter. density and species of trees in each 
178 stand, along with biophysical attributes including slope, aspect 

179 and elevation. Summaries of the imputed data were reviewed by 

180 forest staff as part of operational planning and compared to field 

181 observations and 1: 12,000 color aerial photography. The data 
182 were then formatted according to forest vegetation simulator 

183 (FYS) requirements ((~rookstun ('t al.. 20(6). 

2.3. Fuel lreaflnent sil11ulatioll 

I ~4 

It<) Fuel treatments were ~imulated on indivIdual ~tands using 

l~b the Southern Oregon variant of FV S (1)\ \~)/1. 2{){).~). The Fire 

1~7 and Fuels Extension to FVS (FVS-FFE. R.\.'lnhdrdt ..tlIJ 

I~~ Cnhd\."(Pll. 2()().~) and the Parallel Proce~sing Extension 

1~9 (FVS-PPE. Cn)('I\\."l\1n .Hhl S{~p('. Jl)lJl) was invoked for 

190 additional functionalily as described below. FVS is an 
191 individual-tree. di~tance-independentgrowth and yield model 

19.2 that is extcnsively used to model fuel treatment~ and other stand 

193 managemcnt activities. FVS simulations and proce~sing of 

194 outputs were automated within ArcGIS (Ch~.tn~. 2(}()-L A~,-'r 

195 L·t ~t1 .. 20(6). 

195 

The treatment constraints and priOritIes were modeled 196 

within FYS-PPE. Specifically, we simulated six treatment 197 

scenarios patterned after operational practices in consultation 198 

with forest managers and staff. Treatment area varied from 00/0 199 
to 500/0 of the forested lands in 10 percentile increments (TRT- 200 

0, TRT-l 0, TRT-20, TRT-30, TRT-40 and TRT-50). A treatment 201 

priority variable was calculated for each stand and used in the 202 

simulation to strategically locate treatments to slow fire spread 203 

into the inventoried spotted owl habitat stands. We assumed a 204 

wind direction of 210 0 Azimuth as part of fire weather scenario 205 

patterned after the Davis fire. The treatment priority was 206 

calculated for each stand was calculated as: 

1 
PRIORITY = --------- ­ 208(ABS(AZOWL - 210)/DlST) 

209 

where PRIORITY is the numerical ranking or stand treatment :210 

priority. AZOWL the aZInluth (degrees) from the centroid of the 111 

~tand being evaluated to the centroid of the nearest spotted owl 212 

habitat stand and DIST is the distance (m) from the cenLroid of 113 

the stand being evaluated to nearest spotted owl habitat stand. 214 

When sinlulaLed in FVS-PPE the priority values created 215 

treallnent Lones adjacent to cxisting habitat and on the 216 

windward side in the assunled direction of approaching 217 

wildfires (i'It! .?). Stands considered ror treatment with the 218 

~patial priority scheme also had to exceed stand density index 219 

thresholds as explained below to qualify for treatment. The toLal 

Please cite this article in press as: Ager. A.A. el at. Modeling wildfire risk to northern spotted owl (Slrix occidenzalis caurina) habitat in Central 
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251
219
 

220 area treated was controlled by the treatment constraint treated stand~ with a fuel model TL 1 (ScPt{ dnd Burt?an . .:()()~) 252
 

226 Treatments were triggered when the stand density index (SOL) 2.4. Wildfire simulations
 

221 associated with each scenario. after observing that the SouLhern Oregon variant of FVS-FFE 2'iJ
 

222 The FVS simulated fuel treatment prescriptIon called for assigned fuel l110dels 2 (grass) or 5 (shrub) to treated stand:-,. 2~4
 

223 thinning from below, followed by site rel110val of surface fuels Neither of the latter fuel models reflected expected fire behaVIor 255
 

224 and underburning, thereby reducing both surface and ladder under post-treatment conditions within the study area. 256
 

225 fuels and reducing crown density (/\gee and Skinner. 20(5).
 

227 exceeded 650/0 of the maximum SOl for each plant community 257
 

228 type as defined by Cochran ct a1. (1994). Stands were thinned to For each treatment scenario, we simulated 1000 fires with 258
 

229 a target SOL of 350/0 of the maxinlum for the stand. The thinning randomly located ignitions and burn conditions that replicated 259
 

230 prescriptions favored the retention of early seral species such as the two 12-h spread events during the Davis fire. Specifically, 260
 

231 ponderosa pine and Douglas-fir. Underburning and mechanical we simulated a 24 h burn period with a wind speed of 48 km 261
 

232 treatment of surface fuels was simulated with the FVS-FFE and wind azimuth of 210°. Fuel moisture data were obtained 262
 

233 keywords SIMFlRE and FUELMOVE (Reinhardt and Crook­ from Forest staff. Wildfires were simulated using minimum 263
 

234 ~tOIl. 2003). The surface fuel treatments silTIulated the removal travel tilTIe fire growth algorithms of Finney (2002) as 264
 

235 of 900/0 of the 7.6-14.8 cm and 400/0 of the 2.5-7.6 cnl surface ilnplelnented in FlanlMap (Finney. 2006: Finney ct al.~ 265
 

236 fuels. Underburning was sil11ulated using weather conditions 20(6). Fire growth is calculated while holding environlnental 266
 

237 and fuel mOIsture guidelines provided by forest staff fuels conditions constant exposing the effects of topography and 267
 

23R specialists. Although the treatment prescription did not arrangcl11ent of fuels on fire growth. The simulations were 268
 

239 precisely replicate field practices in the entire study area, the performed on a UNISYS 7000 with 16 XEON processors with a 269
 

240 sil11ulations represent a highly detailed landscape modeling of Microsoft Windows Server 2003 operating system. The wildfire 270
 

241 fuel treatment. The FVS-PPE simulations were perfon11ed on a .... Imulatlons were perfornlcd at 90 m resolution to accelerate 271
 

242 1600 mHz single processor PC and requircd about 60 min per processing time. and required 4 h to process e~ch scenario. 272
 

24J scenario. PrelimInary simulations showed that 1000 fires with 24-h burn 273
 

244 Polygon data on canopy bulk density (kg/m~). height to live periods and the a~sumed weather conditions described above 274
 

245 crown (ft). total stand height (ft). canopy cover (~) and fuel resulted in at least one fire on about 9SCJr of the study area. 275
 

246 model (SentI and Bllr~an. 20(l)) generated frol11 FVS-FFE were excluding non-burnable land (Davis and Odell Lakes. lava 276
 

247 used to build a raster (30 m x 30 m) landscape file in the format bcds. cinder cones). IgnitIons on these lattcr arcas werc not 277
 

248 requircd by FlamMap (Finnl'~. ~()()h). Slope (o/e) and aspect considcred in the calculations. 278
 

249 (degrees) data also rcquired by FlamMap were calculatcd from Simulations conductcd to replicate thc Davis fire with 279
 

250 USGS digital elevation data on filc at the Deschutes National FlamMap gencrated a fire perimcter of similar shapc. although 280
 

2S1 Forest. We replaced the fuel model calculated by FVS-FFE for the size of the fire was about 70% of the size of the actual fire 281
 

Please cite this article in press as: Ager. A.A. et aI.. Modeling wildfire risk to northern spotted owl (Strix occidentalis caurina) habitat in Central 
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perimeter. Two factors contributed to the difference. one being 
283 that FlamMap doe~ not model spotting behavior. which 
284 accelerated crown fire spread during the Davis tire. Second. 
285 some ]0- ]5Cfc of the area within the fire peri]l1eter resulted [ro]n 
286 burn out operation~ as part of fire suppres~ion effort~ that we did 
2~7 not simulate. 

2.5. Wildjirf! spread pal/ern 

28~ 

289 Fla]nMap was also used to silTlulate spread of a single large 
290 wildfire through the study area to generate maps of the major 
291 wildfire flow paths and arrival time (Finney, 2(06). This 
292 simulation used the same weather conditions as described 
293 above and a linear ignition extending across the southwest edge 
294 of the study area. The simulation replicates a large wildfire 
295 entering the study area and spreading until all pixels are burned. 
296 The minilnum travel tilne algorithm in FlanlMap calculates the 
297 fastest fire paths and arrival time alnong equally spaced nodes 
298 on the landscape. The fire path calculations can be sUInmarized 
299 to reveal the ]najor flow paths (Fig. 2 in Finney, 2(06). Flow 
300 paths were used to identify the effect of topography, lakes and 
301 other landscape features on wildfire spread 2(06) and 
302 were calculated using the 500 In default interval in FlaInMap. 

2.6. EstiJrzating burn probability 

303 

304 Outputs from the wildfire simulations included the burn 
305 probability for each pixel, defined as the number of times a 
306 pixel burned as a proportion of total number of fires and a 
307 frequency distribution of flame lengths observed for each pixel 
308 in 0.5 m classes over all simulated fires. The burn probability 
309 for a given pixel is an estimate of the likelihood that a pixel will 
310 burn given a random ignition within the study area and burn 
311 conditions similar to the Davis fire. Burn probability is not an 
312 estimate of the future likelihood of a wildfire and should not be 
313 confused with empirical wildfire occurrence probabilities like 
314 those estimated in Brillinger et al. (2006) and similar studies. 

2.7. Estinlating the probability of habitat loss
 

315
 

316 The conditional probability of habitat loss for each pixel was
 
317 defined as the proportion of simulated fires in each pixel that
 
318 eliminated the required spotted owl habitat characteristics.
 
319 Spotted owl habitat has been defined many ways in the
 
320 literature, and the present study used a relatively simple
 
321 delinition obtained fronl ~tatT. Suitable spotted owl habitat was
 

defined as a stand that had at least one Douglas-tir tree per 
0.40 ha. with a diameter at breast height (DBH. 147 cln above 
ground) greater than 86.36 cm. at least one snag per 0.40 ha 
with a DBH greater than 40.64 cm and at least 40Q canopy 
closure. Based on the inventory data. 9178 ha in the study area 
met the habitat criteria. This included ~tands both within and 
outside of [he Da\ Is Late SuccessIonal Re~L'rve that \\ as 
established in the NorthV\est Forest Plan. 

330 We defined the probability of habitat loss as thl' proportIon 
331 of simulated fires that eliminated spotted owl habitat. A 

threshold ftanle length was determined for each stand above. 

332
 

which the fire would result in the loss of one or more of the 333
 

spotted ow I habitat criteria. Each stand in the study area was 334
 

burned within FYS-FFE under a pre-defined flame length 335
 

ranging froln 0.5 to 15 m in 0.5 m increments (SIMFIRE and 336
 

FLAMEADJ keywords In FYS-FFE), FYS-FFE uses several 337
 

tire behaVIor models as described ]n /\ndrl'\\ .... {1l)Xh I. V.lll 338
 
\\dt!Il~'] t 1977! and SI.'d{1 dnd RI..'ll1hulJI (2{)U I) to predict fire 339
 

spread. intensity and crown fire initiation. Tree mortality 340
 

following nrc ]s predicted according to the methods imple­ 341
 

mented in FOFEM (RI.·inhardt L'[ a!.. I LJY7). The post-wildfire 342
 

stand tree list was then examined to determine the threshold 343
 

flame length at which habitat criteria were lost. The resulting 344
 

stand-specific threshold flame length was assigned to all pixels 345
 

within a stand. The proportion of total fires on each pixel that 346
 

exceeded the flame length threshold was defined as the 347
 

conditional probability of habitat loss. We considered the 348
 

probability conditional since it represents a subset of the 349
 

probability that a fire of any intensity occurs on a given pixel. 350
 

To calculate wildfire risk for each scenario according to the 351
 

risk equation of Finney (2005)
 

N N 

expected[net value change] == LLP(Fi)[Bij - L ij ] 
i=l j= I 35J 

354
where p(F i) is defined as the probability of the ith fire behavior 
at a specific location over N fires and Buand LUare the benefits	 355
 

356
and losses afforded for the jth value of M values received from 
the ith fire behavior. The expected net value change (E(NVC))	 357
 

358
can include financial, ecological or other values at present day
 
359
or future discounted values. In the present study, wildfire 

benefits were not considered and loss was measured by area	 360
 

361
of spotted owl habitat. Since. we only consider losses, we
 
362
siInplify E(NVC) to expected loss, denoted as EOoss). The 

calculation of expected loss is the product of conditional	 363
 

364
probability of habitat loss and the area of habitat summed over
 
365
all pixels. Since the pixels were equal area, the calculation was
 
366
further reduced to the product of the mean conditional prob­

ability and the habitat area. The expected loss represents the	 367
 

368
area of habitat (ha) that would be eliminated from a random
 
369
ignition location and conditions similar to the Davis fire. 

3. Results
 
370
 

3.1. Wildfire size 
371
 

372
The a\erage wildtire siLe for the 1000 simulated wildfires on
 
373
the untreated landscape (TRT-O) was ]680 ha (fahk' I).
 
374
Wild tire size for the TRT-O scenario ranged from a ]naximum of
 
375
7210 ha to a minimum of 5 ha. Frequency distribution of fire 

~ILes generated from the wIldfire simulations O-l~ . .\) revealed	 376
 

377
that many of the ignitions resulted in relatively small tires
 
378
 

(< 1000 hal cO]l1pared to the 8268 ha Davis fire. Many of the
 
slnall lire~ resulted fron1 Ignitions on the northern edge of the 37Y
 

study area where tires encountered the study area boundary. 3~O
 

Many of the tires were elleclively stopped by lakes and lava 381
 

382
beds within the ~tudy area and spread slowly via lateral nanking
 
and backing tire behavior. Ignitions in the central portion of the 383
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Table 1 
Outputs for wildfire size, bum probability and expected habitat loss for six fuel treatment scenarios simulated on the Five Buttes study area 

Scenario Average Maximum Average probability Average probability Probability of Expected 
fire size (ha) fire size (ha) of burn of burn within owl habitat habitat loss loss (ha) 

TRT-O 1680 7210 0.0135 0.0274 0.0237 218 
TRT-IO 1230 6012 0.0097 0.0195 0.0166 152 
TRT-20 978 4317 0.0076 0.0154 0.0133 122 
TRT-30 789 4050 0.0059 0.0146 0.0124 114 
TRT-40 591 3793 0.004-1 0.0117 0.0099 92 
TRT-50 419 3066 0.0028 0.0087 0.0088 81 

383 

384 study area encountered the Davis fire perimeter and where 

385 spread rates on the recently burned area were dramatically 

386 reduced compared to the unburned portion of the study area. 

387 Although our initial FlamMap simulations of the Davis Fire 

388 ignition generated wildfires of comparable size (e.g., 7000­

389 8000 ha), the vast majority of ignitions in the simulations were 

390 not capable of generating fires as large as the Davis fire. This 

391 finding suggests that conditions for a large wildfire event are 

392 rare within the study area. 

393 The average wildfire size among simulations decreased from 

394 1680 to 419 ha between the TRT-O and TRT-50 scenario 

395 Cfable 1). The maximum wildfire sizes also steadily decreased 

396 with increasing treatment area, from 7210 ha for the TRT-IO 

397 scenario to 3066 ha for the TRT-50 scenario. Average wildfire 

398 size decreased with increasing fuel treatment area at an average 

399 rate of about 25 ha for every percentile of treated area Cfable 1). 

400 On a proportional basis, treating 20% of the forested landscape 

401 (12,695 ha) reduced the average wildfire size by about 27%. 

402 Relatively large treatment effects on wildfire size were 

403 observed at the lower treatment levels (TRT-10, TRT-20, 

404 Table 1). 

405 Among the simulated fires, ignition location had a 

406 substantial effect on the resulting fire size (Fig. 4). For 

407 instance, for the TRT-O scenario, ignitions on the south side of 

408 Odell Lake generated fires less than 1000 ha, while ignitions on 

409 the south and southeastern portion of the study area resulted in 

410 fires over 7000 ha in size (Fig. 4). Examination of surface and 

411 canopy fuels where large fires were generated showed that 

400 

350 

300 

g250 
(])

5- 200 
(]) 

Ll: 150 

100 

50 

0 
500 1500 2500 3500 4500 5500 6500 7500 

Fire size (ha) 

FIg.. -' Frequt'ncy dl,tnhullon at hrC' '17t" re,ultlllg tram the 'lmulatlon of 1000 
randomly located Ig.I11t10n~ \\ !thIn tht' 'ludy area Data are lor the TRT-O 
,cenano where fuel treatment wa~ not ~lmulated. Attempted Jgl1ltlon~ on non­
burnable feature~ (water. rock) are not ll1cluded In the figure. 

411 

much of the area contained overstocked stands of lodgepole 412 

pine in fuel model 10 (A.ndcrson. 1982), which has a relatively 413 

high rate of spread. Ignitions on the northern boundary of the 414 

study area generated snlall fires due to the boundary effect. 415 

3.2. Wildfire intensity 
416 

The flame length frequency distribution for each pixel 417 

obtained from FlamMap was used to calculate the area burned 418 

by flame length interval Crable 2). The calculations were 419 

perfonned for the TRT-O and TRT-20 scenarios to COI11pare 420 

overall trends in flame lengths on moderately treated versus 421 

untreated landscapes. Only pixels that experienced at least one 422 

wildfire were included in these calculations. For the TRT-O 423 

scenario, the average fire had a flaine length less than 0.5 m on 424 

21.5% of the area burned, and the flame length was less than 425 

3.0 m on 91.6% of the area burned (Table 2). The area burned 426 

with flame lengths larger than 4 m was less than 2%. The 427 

distribution of flalne lengths for the TRT-20 scenario was 428 

silnilar to the TRT-O scenario (Table 2), the largest difference 429 

being a 6.50/0 increase in the <0.5 m interval (Table 2). Thus, 430 

after treating 20% of the forested landscape, we observed an 431 

6.50/0 increase in the area with low flame lengths. The effect of 432 

the treatments on flame length distribution was similar for 433 

spotted owl habitat stands as the study area as a whole 434 

(Table 2). 435 

3.3. O\;vl hahitat loss function 

436 

The FYS siI11ulations to deternline flanle length thresholds 437 

for owl habitat indicated that loss of the spotted owl habitat 438 

criteria was pronounced even at low flame lengths (Fig. 5). For 439 

instance, 540/(1 of the total habitat (4956 ha) was eliminated by 440 

fires with flame lengths <0.5 m. All spotted owl habitat was 441 

lost when fires were simulated with a 2.5 m flame length. 442 

Examination of the post fire stand condition~ revealed that in all 44J 

cases the canopy criteria (40Cfr minlmunl) was eliminated prior 444 

to the requirement~ for large Dougla,,-flr trees and snags as 445 

flar11e length was lncreased. In general. fire ~u~ceptibility of the 446 

canopy closure criteria wa~ due to mortality in the understory. 447 

3.4. Burn prnhahiliry and ffn'v\' patin 
448 

Burn probability on a pixel ba~is ranged from 0.0 to O. 10 and 449 

averaged 0.0135 for the TRT-O scenario Crable I). Spatial 450 

variation in burn probability was pronounced O~ip. hL with 451 
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\\ t1JtHe lh ..l) generdteJ by the IgnItion d~ dete'nnJlleJ \\ Jlh FLlmM ..lp 

4~ 1 465 

452 areas or high burn probability associated with lllajor wildfire 3.5. Probubiliry oj habilul fo!)!) 
4~J flow path~ obtained from the FlamMap minimum travel time 466 

454 simulation (l'lg'. h ~tllJ 7). Fire "~hadows" were evident on the The average probability of habitat loss ranged [rom 0.0237 467 

455 north side of Odell and Davis Lakes (F;'ig. 6), and elsewhere. for the TRT-O scenario to 0.0088 for the TRT-50 scenario 468 

456 The lowest burn probability outside of the non-burnable (Table 1) and decreased non-linearly with increasing treatment 469 

457 portions of the study area was observed within the Davis fire area. The probabilities represent the average likelihood of 470 

458 perimeter 1 and 6). habitat loss in a given pixel in the event of a wildfire of a size 471 

459 Like wildfire size, average burn probability decreased in a equal to the average sinlulated wildfire size. For instance, the 472 

460 non-linear trend with increasing treatment intensity ('nibIl' J). probability of 0.0237 for TRT-O represents the average 473 

461 For instance, at the maximum treatment rate of 50% (TRT-50 likelihood of loss given a wildfire of 1680 ha, the average 474 

462 scenario), average burn probability was reduced from 0.0135 to size for the TRT-O scenario Crable J). Probability of habitat loss 475 

463 0.0028. Burn probabilities for the spotted owl habitat stands was higher than the average burn probability due to the higher 476 

464 were on average about double those for the entire study area overall burn probabilities within the spotted owl habitat 477 

465 Cfable 1). Cfable 1). Spatial variation in the probability of habitat loss was 478 

Table 2
 
Area distribution of wildfire intensity averaged over the 1000 simulated wild­ ~ 90 
fires for two (TRT-O, TRT-20) of the six treatment scenarios studied co 80 

-0 
+oJ 70Flame length Study area Owl habitat '0

inte'f\..tl (mJ ll/r of total) (q of tot"dJ ~ 60 

fJ) 50TRT-O TRT-20 TRT-U TRT·20 fJ)

.3 40 
<05 21 5 280 214 270 § 30 

05-1 0 l..t 2 124 14 5 12 8 .g 20 
I 0- I 5 193 20 Y 19 J 21 6 

I 10
I 5 -2 0 17 ~ I~ 9 17 ~ 162 
20-2 5 126 10 ) 126 IU ~ o ~ 

0
 

2 5-3 U 62 56 5 Y .5 4
 5 1 0 1 5 20 2 5 

30-3 5 3 ~ 3 1 3 7 1 2 Flame Length (m) 
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Ddtd \\ e're ubtJlIled b) 'llmuJallng nre In edch 0\\ I hubJldt :'ltund at u rang.e ot-l 5-5 0 05 05 06 U6 
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Fig. 6. Map of the Five Buttes study area showing burn probabilities for four of the six management scenarios examined in the study (TRT-O, TRT-I 0, TRT-20. TRT­
50). The management scenarios applied fuel treatments to 0%, 10%,20% and 50CK of the study area, respectively. Burn probability for a given pixel was calculated as 

the number of fires in proportion to the total simulated fires. 

494 

479 substantial (Fig. 8) and was closely patterned after burn 2.40/(1 of the habitat in the study area. Expected loss of spotted 495 

480 probability. The effect of treatment on the probability of habitat owl habitat was substantially reduced between the TRT-O and 496 

481 loss also exhibited considerable spatial variation (Fig. 8), even TRT-50 scenario (F;'jg. 9). with a steep reduction between the 497 

482 at low treatment levels. For instance. comparing TRT-O and TRT-O and TRT-I 0 scenarios. 498 

483 TRT-20, the fuel treatments substantially reduced the prob­
484 ability of loss in the spotted owl habitat stands immediately 4. Discussion 
4R5 south of Davis Lake. and to a lesser extent elsewhere in the 499 

486 project area. The wildfire risk analysis system we described can be u~ed 500 

to begin te,ting the effectivenes~ of proposed ~trategle~ for 501 

47R 

3.6. Expected habitat la.s!', mitlgal,lng wildflre ri~k to late ~ucce~~ional forest~ in the Pacific 502 

487 Northwest (SPI\,." \"'1 lll.. ~I)l)(\). The applicatIon of quantitative 503 

488 Expected habitat loss. calculated as the product of the risk assessment tools to analyze the potential resource impacts 504 

489 probability of habitat loss and the area of habitat ranged from a fron1 wildfire has been advocated in many recent papers (e.g .. 505 

490 high of 218 for the TRT-O scenario to 81 ha ror the TRT-50 t.. S· EPA. IQ9X. l"dIrbr0lhcr and Turnlc'y. 2()().". rinl1l'). 2()()5: 506 

491 scenario (Tabk' 1: Fi~. 0). Thus. the simulations suggest that a Cinn/llle/ l'1 a!.. ~(l()): Ir\\ In and \VI~lL'). 2()()~: 0'1 .au~hltn. 507 

492 random ignition in the study area burning for 24 h under 20n). Rn]nl r l't a I.. ::O(}5. Sl'nll. 2(){)h. Kc rn ... lltld /\~('r. in 508 

493 conditions similar to the Davis fire would burn an average area pre"'''), However. wildfire risk analysIs tools are lacking within 509 

494 of 1680 ha (Tahle I) and eliminate 218 ha of habitat. or aboLLt Federal land managenlent agencies in the USA (LrAC). 20()...}). 510 
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5\ U 543 

5\1 making it difficult for land manager~ to evaluate the occurrence (Vlilk'r. 2UoJ: Pun-"Il'n l'l ~tl .. ~U()): Finnl'). 20U6). 544 

51.2 erf('ctiv('ne~~ of proposed mitigation inve~tmenb. While our However, seasonal variability in weather, suppression 545 

51 ~ modelIng ~y~t('m dol'~ not yield an as~cssment of absolute re~ources. and other factor~ will make this a difficult problem. 546 

51-+ wildlire ri~k, 1.e., the likelihood of a future wildfire, the For the Five Buttes study area, average burn probability for 547 

515 approach does provide a quantitative framework to analyze the untreated landscape (0.0135) was about six times larger 548 

516 potential losses and benefits from specific wildfire events, and a than the burn probability estimated from fire occurrence data 549 

517 method to quantify the effectiveness of landscape fuel for the Deschutes National Forest (0.0022, Finney. 2(05) over 550 

518 treatlnent scenarios while recognizing fire spread, intensity the period of 1910-2003. However, considering the modeled 551 

519 and effects. Furthermore, the risk analysis system presented is fire as an escaped fire, which has approximately a 0.05 552 

520 built with models that are regularly used by Forest Service and probability among all fires (Finney et aI., 20(6), the average 553 

521 other public land management agencies in the USA. The burn probability is about 0.0007, which is about a third of the 554 

522 processing of fuel treatment alternatives with the FlamMap long-term average. An inherent downward bias in our burn 555 

523 program in particular provides a battery of spatial information probability estimate comes from an edge effect that elinlinates 556 

524 on potential wildfire behavior, including burn probabilities, the contribution of fires that migrate into the study area from 557 

525 major wildfire flow paths and arrival time, collectively ignitions elsewhere. Until we factor spatio-temporal data on 558 

526 providing a robust set of information for measuring the ignitions, escape, burn periods and temporal sequences of 559 

527 performance of landscape fuel treatment designs. weather conditions (Parisien ct aI., 2005), it is difficult to relate 560 

528 It is ilnportant to recognize the difference between burn simulation estimates to absolute wildfire probabilities within 561 

529 probabilities estinlated in the current study and empirical the study area. However, on a relative basis, maps of burn 562 

530 estimates of past and future wildfire likelihoods. In the latter probability and expected loss can provide a wealth of spatially 563 

531 (Preisler et aI., 2004; l'v1ercer and Prestenlon, 2005; Brillinger explicit information on potential fire behavior that can be 564 

532 ct al., 20(6), wildfire occurrence data are used to develop integrated into a variety of risk analyses to support landscape 565 

533 statistical nl0dels to explain the effects of explanatories like fuel treatment design. 566 

534 weather, location and time on the probability of ignition and fire The loss of northern spotted owl habitat to wildfire in the late 567 

535 growth. In contrast, burn probabilities as estimated in the successional dry forests of the Pacific Northwest is an ongoing 568 

536 present study were used to compare the effects of lnanagement problem in the overall conservation strategy for the spotted owl. 569 

537 and examine spatial variation in wildfire risk within the study The methods and results of the current study can help guide the 570 

538 area. The quantitative assessment of future wildfire risk over development of strategies to mitigate wildfire risk to remaining 571 

539 large areas (e.g., National Forests, 500,000 ha) and the efficient late successional reserves. Maps of burn probabilities, wildfire 572 

540 allocation of fuel treatment investments to planning units and flow paths and optimized treatment locations (l~i 11 ncy, 20(6) 573 

541 watersheds remains a challenging problem. Other variables within and around late successional reserves can provide land 574 

542 could be included in the current modeling framework to managers with the information to analyze mitigation options to 575 

543 estimate burn probabilities that better reflect future wildfire address the growing threat frOlTI large fires. Wildfire probability 576 
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Fig. 9. Relationship between expected loss (ha) and area treated (% of study
591 

area) for the six management scenarios simulated in the study. Expected loss is 
592 the product of probability and area of habitat lost expressed as a percent of the 
593 maximum expected loss in the no treatment (TRT-O) scenario. 

shadows on the lee ~ide or lava field. lakes and other non­
burning features in the landscape should be con~idered in the 
future modiAcation of the existing habitat network here and 
elsewhere within the range of the spotted owl. In the Five Buttes 
area. we observed higher burn probabi Iities for spotted owl 
habitat stands compared to the overall study area. a finding that 
persisted after simulating fuel treatment in adjacent stands. 
Whether this result stems from fuel conditions within spotted 
ow1 habitat stands or their location relative to major fire flow 
paths in the study area could not be determined in the current 
study. 

A key difference between our study and previous modeling 
of spotted owl habitat-wildfire interactions ((~alkin et a1., 2005: 
Hunl111c] and ('alkin. 2005: L"cc and Invin. 2005: Roloff cl a1.. 
20(5) is that we did not apply treatments within spotted ow1 
habitat. The intent was to denlonstrate that substantial reduction 
in wildfire risk as measured by probabilities or expected habitat 
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593 

594 loss can be realized by stratcgically locating treatmenb to rcduce 
595 fire ~pread to spolted owl habitat stand~. Application of ~patial 

596 treatment optimization (l-illnl,.·> . .2()()h). and allowing treatITIent~ 

597 within spotted owl habitat in the pre~ent study would have 
598 substantially decreased the expected habitat loss at a given 
599 treatment intensity. Although treating within habitat conserva­
600 tion reserves is controversial. the long-term benefits of managing 
601 spotted ow I habitat in dry forests has been argued in numerous 
60~ studie~ as a means to reduce risk from nalural disturbances 
603 (Agl'L'. 2()(J2. Rulon l't ~l.. 20U5). Additional work to explore 
604 these and related questions will further address the role of forest 
605 management in the conservation of spotted ow I habitat. 
606 The methods we describe can be directly applied to other 
607 biological conservation problems where habitat requirements 
608 are defined in terms of forest structure and composition. Habitat 
609 management criteria exist for many species of conservation 
610 concern in the western USA including pileated woodpeckers 
611 (Dryocopus pileatus), Canada lynx (Lynx canadensis) and 
612 Chinook salmon (Oncorhynchus tshavvytscha), to nalTIe a few. 
613 Flame length thresholds can be identified with FVS-FFE as 
6]4 done in the present study for an array of stand structural 
615 attributes calculated by FVS. The methods can also be applied 
6]6 to exalTIine how wildfire nlight ilTIpact forest restoration goals 
617 to create fire resilient forest composition and structure. 
618 Expected loss could also be examined for other deleterious 
619 wildfire effects such as smoke emissions, soil heating, duff 
620 consulTIption (Reinhardt ct aI., 1997) and hydrologic effects 
62] (()'Laughlin. 2005; Roloff et aI.. 20(5). Many other valuation 
622 scenarios could be evaluated, including ones that consider 
623 financial values like treatment costs, potential timber revenues 
624 and projected changes to wildfire suppression cost (Hunllnel 
625 and Calkin. 20(5). 
626 The risk analysis system can also be applied to analyze 
627 telTIporal tradeoffs in wildfire risk mitigation, i,e., whether 
628 potential short-term impacts from fuel treatments are offset by 
629 long-term reduction in wildfire risk (Finney et :11..2006; Invin 
630 and \Vigley, 2005: ()'Laughlin, '2005; Roloff el aI., 20(5). This 
631 ""relative risk" problem, as outlined by ()' Laughlin (2005) and 
632 studied by Roloff l't al. (2005), has yet to be examined in a 
633 probabilistic framework, and remains a significant policy issue 
634 in conservation efforts for the spotted owl. 
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