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Introduction 14 

Knowledge of the natural disturbances likely to affect forested landscapes is 15 

essential to any forest management plan, whether the objective is timber production, 16 

wildlife conservation or wilderness management (Agee 1993). Fire history research 17 

examines fire processes responsible for stand structure in forested landscapes through the 18 

study of fire regime parameters: fire size, timing and frequency, and severity. 19 

Historically, research has focused on fire as either a high-severity (stand-destroying) or 20 

low-severity (stand-maintaining) disturbance within a specific landscape. However, 21 

recent research has shown that in the mixed-conifer forests of western North America fire 22 

regimes often include a spatial and temporal combination of low- and high-severity fires, 23 

referred to as a mixed-severity fire regime (Agee 1993; Arno et al. 2000; Baker et al. 24 

2007) . The spatial and temporal variability of a mixed-severity fire regime is a vital 25 

attribute of a forest ecosystem and the resultant patterns can be used to guide forest 26 

management (Landres et al. 1999). Although mixed-severity fire regimes have been 27 

shown to be a key disturbance process in many mixed conifer forests, there has been little 28 

research within this forest type in British Columbia.  29 

Many montane forests of southeastern B.C. have highly complex stand structures, 30 

consisting of multiple age cohorts of numerous conifer species, notably interior Douglas-31 

fir (Pseudostuga menzeisii var glauca (Beissn.) Franco), western larch (Larix occidentalis 32 

Nutt.) and lodgepole pine (Pinus contorta var latifolia Engel.). Occupying mid-elevations 33 

in the Rocky Mountain Trench and the surrounding area, these complex stands often are 34 

surrounded by even-aged stands dominated by lodgepole pine. We hypothesize that these 35 

forests result from a mixed-severity fire regime. However, studies conducted in these 36 



 

 

forests have either focused on high-severity fire regimes in subalpine forests or on low-37 

severity regimes near valley bottoms. In general, these fire regime studies were limited in 38 

their sampling efforts and scale and very few have been published (Wong et al. 2003). 39 

The objective of this chapter is to quantify fire frequency and increase the 40 

understanding of spatial and temporal variation in the fire regimes of the complex, 41 

mixed-conifer stands of southeastern British Columbia. Fire frequency is examined at 42 

multiple scales to address the following research questions: (1) Is fire frequency similar 43 

in mixed-conifer stands with similar stand structure? (2) Spatially, does fire frequency 44 

vary between slopes with contrasting warm or cool aspects? Do topographic factors other 45 

than aspect affect fire frequency? and (3) Temporally, has fire frequency changed in 46 

response to documented changes in land-use? To address these questions, we quantified 47 

and compared fire frequency at the plot, sub-regional and regional scales using fire scars 48 

collected from 20 randomly selected plots from across the landscape.   49 

 50 

Study Area 51 

The study area represents 1.4 million hectares (ha), located in southeastern British 52 

Columbia, bounded by the town of Golden to the north and the Canada-United States 53 

border to the south and bordered by the Purcell Mountains to the west and the Rocky 54 

Mountains to the east Figure 1). It is dominated by the north-south oriented southern 55 

Rocky Mountain Trench, which is divided equally into the north-flowing Columbia River 56 

and the south-flowing Kootenay River. Glacial drift is widespread along valley bottoms  57 

and gentle lower slopes, but steeper slopes consist of rocky outcrops and colluvium 58 



 

 

derived from hillslope geomorphic processes (Meidinger and Pojar 1991). Dominant soils 59 

are eutirc brunisols or gray luvisols (Valentine et al. 1978). 60 

 61 

Figure  Study area in the southern Rocky Mountain Trench of southeastern British 62 

Columbia. Locations on all 20 plots are indicated with stars. Total area (shaded light 63 

grey) is 1.4 million hectares. Area defined as montane forests (shaded dark grey) is 64 

255,000 hectares.  65 

 66 

Climate of the study area is classified as Cordilleran, with the Rocky Mountain 67 

Trench having a semi-arid climate as the Pacific air-stream must descend to enter the 68 



 

 

trench (Hare and Thomas 1979). Local climate is strongly influenced by topography as 69 

elevation in the trench ranges from 650m at valley bottom to 3400m at ridge top. Winters 70 

at valley bottom are cold with a mean January temperature of -6.5°C, while summers are 71 

warm with a mean July temperature of 17.9°C. Yearly mean precipitation is 439mm with 72 

77% of this falling as rain and 60% of this falling between May and August (Wasa Lake 73 

station 49° 49’ N 115° 37’ W at 930 m.a.s.l., 1971-2000, Environment Canada 2006).  74 

Montane forests for the purpose of this study are defined as those located within 75 

the Dry Cool Montane Spruce (MSdk) subzone, as classified by the biogeclimatic 76 

ecosystem classification (BEC) system. The BEC system is a hierarchical classification 77 

scheme that uses regional, local and chronological integration with climatic, vegetation 78 

and site classification to describe the ecosystems of BC. (Pojar et al. 1987). These 79 

montane forests occupy the mid slopes of the southern Rocky Mountain Trench and the 80 

valley bottoms of the neighbouring drainages. Late-successional stands on zonal sites are 81 

dominated by hybrid white spruce (Picea glauca Parry x engelmannii) and subalpine fir 82 

(Abies lasiocarpa (Hook) Nutt.). Stands on other sites are dominated by Douglas-fir and 83 

western larch. Large, early-successional, even-aged stands of lodgepole pine result from 84 

high-severity fires (Braumandl 1992). Forest management agencies in BC use Natural 85 

Disturbance Type (NDT) to classify and describe the disturbance regimes of BEC 86 

subzones. The mixed-conifer forests of southeastern BC are currently classified as NDT 87 

3, indicating a fire-dominated disturbance regime with return intervals of 150-200 years 88 

for stand replacing fires (BCMOF 1995).  89 

The study area was first occupied by the Ktunaxa Nation 4,000 – 10,000 years 90 

ago.  It forms a portion of their traditional territory, which now includes the Shuswap and 91 



 

 

Akisq’nuk bands. Fire was an integral part of Ktunaxa use of the landscape (personal 92 

communication Lucas), although the timing and specific purposes for fire in this area are 93 

not known with certainty. In the Ktunaxa territory to the south, researchers have 94 

documented oral history on the use of broadcast burning to maintain open stands, 95 

improve hunting, clear land, improve grazing and communication, and direct links were 96 

found between short fire intervals and high levels of First Nation land-use prior to 1860 97 

(Barrett and Arno 1982). European settlement began in the study area in the 1820’s when 98 

a small number of people settled on the banks of the Columbia and Windermere Lakes 99 

(Society 1972). The European population began to grow in the early 1860’s when gold 100 

was discovered near present day Fort Steele and Invermere (Bancroft 1890; White 1988). 101 

After new discoveries of other mineral deposits near Kimberley and the completion of the 102 

southern railway, the European population increased again in the early 1880’s (White 103 

1988).  104 

 105 

Methods 106 

Research Design and Site Selection 107 

 In this research, we utilized a stratified-random approach to sample the mixed-108 

conifer stands with multi-cohort structure in the montane forests of southeastern BC. 109 

Sample sites and plots within sites were placed objectively using GIS analyses, allowing 110 

our results to be extrapolated to the entire sampled population.   111 

Throughout the province, the BC Ministry of Forests and Range has classified 112 

vegetation cover using aerial photographs and a classification scheme that identifies 113 

homogenous forest stands. These stands have been delineated, classified by features such 114 



 

 

as species composition, age class and height class, and the boundaries digitized. The 115 

resulting forest cover maps provide a database of “polygons” (discrete patches of forest) 116 

that can be searched for compositional and structural attributes of interest. In this study, 117 

we searched all forest cover polygons in our study area for the following attributes in 118 

order to identify all potential sample polygons: 119 

i. Within area defined as montane forest;  120 

ii. Documented presence of at least two separate cohorts; or 121 

iii. Oldest tree cohort established before 1860; and 122 

iv. Not logged between 1950 - 1999. 123 

 124 

For the purpose of sampling, we limited our search to polygons that were greater 125 

than three hectares in size to reduce the influence of forest edges on a one hectare sample 126 

plot. Potential mixed-conifer stands to sample had a total area of represented 25% of the 127 

total area occupied by montane forest.  128 

Aspect directly affects fire behavior through variations in the amount of solar 129 

radiation and wind that a plot will receive (Pyne et al. 1996). To test for the influence of 130 

aspect on fire frequency, we stratified potential sample polygons into southern or ‘warm’ 131 

aspect (165° – 185°) and northern or ‘cool’ aspect (345° – 105°) strata, representing 5.6% 132 

and 6.2% of the total area of the MSdk subzone, respectively (Figure 2). From these two 133 

strata, polygons were randomly selected and plotted on a map to determine access and 134 

land ownership or the licensee. GIS software was used to objectively determine the UTM 135 

coordinates for the center of our 1.0ha circular sample plot. The sample plot was located 136 

in the field using a handheld GPS unit and the UTM coordinates for plot center. 137 



 

 

Field Sampling 138 

Within each 1.0ha plot, all fire-scarred trees, stumps, snags or logs (hereafter 139 

“fire-scarred trees”) were identified and marked in numerical sequence. For each 140 

numbered fire-scarred tree, we recorded the species, location, whether it was alive or 141 

dead, estimated age and the number of external fire-scars. At each plot we sampled up to 142 

10 fire-scarred trees. From all identified fire-scarred trees, we randomly selected five to 143 

sample. To capture the longest possible fire record, we also sampled the “best” five fire-144 

scarred trees in each plot, which were subjectively selected as trees with the oldest fire 145 

scars, the most fire scars, and easy and safe to sample (Arno and Sneck 1977; Brown et 146 

al. 2000). This sampling scheme resulted in 10 of 20 plots having less than 10 samples 147 

taken, as six plots had the best five trees also randomly selected and four plots contained 148 

less than 10 fire-scarred trees.  149 

Fire-scarred trees were sampled using a gas-powered chainsaw either by cutting a 150 

complete stem cross-section or, when possible, a partial stem cross-section was removed 151 

using the procedure in (Cochrane and Daniels submitted) . Samples were collected to 152 

obtain the longest and most complete fire history for each tree. This required multiple 153 

samples from different heights along the stem of some trees. Cross-sections were 154 

removed systematically, so that for each section we visually identified the fire scars and 155 

selected the sample that provided the best fire scar information.  156 

Topographic properties associated with each plot likely had a strong influence on 157 

fire history by affecting the potential for fire ignition and fire behavior. Slope steepness 158 

affects solar radiation and fuel moisture, influencing ignition potential, and has a direct 159 

effect on flame length and rate of spread of a fire (Pyne et al. 1996). Local changes in 160 



 

 

elevation, and thus temperature, will affect the rates of fine fuel production and 161 

decomposition (Moore et al. 1999b; Trofymow et al. 2002), length of fire season (Pyne et 162 

al. 1996) and likely the relative exposure of a plot to either lower elevation, higher 163 

frequency fire regimes or higher elevation, lower frequency regimes. To test for the 164 

influence of these properties on fire history, we recorded slope angle (S) in degrees at 165 

each plot center. Plot elevation (E) in meters was obtained using 1:50,000 topographic 166 

maps for the area. Seasonal global solar radiation values (G) were calculated for each plot 167 

for the period of March to October, using the ArcView 3.3 GIS extension Solar Analyst© 168 

1.0 and the appropriate digital elevation models (resolution: 25m x 25m). Global solar 169 

radiation includes both direct and diffuse radiation, both of which directly influence the 170 

amount of solar radiation a site receives (Dubayah and Rich 1995) and directly influence 171 

the fire regime through changes in ignition potential and fire behavior.  Seasonal values 172 

of solar radiation were calculated using the total yearly radiation received over the seven 173 

month period surrounding the summer fire season (April – October).  174 

Determining Fire Years and Seasons 175 

Samples were air dried and sanded to a maximum grit of 600 so that the cell 176 

structure was visible under magnification and annual rings could be accurately crossdated 177 

(Stokes and Smiley 1968). Samples were visually cross-dated (Yamaguchi 1991) using 178 

regional ring-width chronologies developed for Douglas-fir, western larch and ponderosa 179 

pine trees in the study area (Daniels et al. 2006). The ring-width series of the majority 180 

(67%) of samples  were measured to 0.001mm accuracy on a Velmex measuring bench 181 

interfaced with a computer and statistically crossdated using the program COFECHA 182 

(Grissino-Mayer 2001a).  183 



 

 

Fire scars on cross-dated samples were assigned an exact year and, when possible, 184 

a season. Each sample was assessed independently, then compared to other samples from 185 

the same study plot. In the first assessment of fire scars, only scars that were positively 186 

identified as caused by fire were included. In the second assessment, these positive fire 187 

dates were compared to the season and year of smaller, minor scars on samples from the 188 

same plot to verify they were caused by fire. Fire season was determined by the position 189 

of the fire scar tip within the annual growth ring and were classified as earlywood, 190 

latewood, dormant or unknown season (Baisan and Swetnam 1990; Dieterich and 191 

Swetnam 1984). A dormant-season fire is a fire scar that occurs between two annual 192 

growth rings. While little data on the phenology of cambial growth exists for our study 193 

area, Heyerdahl et al. (2007) found the cambial growth of interior Douglas-fir in the Stein 194 

Valley, B.C. ceased between mid-June and mid-August. According to the 1950 to 2007 195 

fire records for the Invermere TSA (BCMOFR 2007), the greatest number of fires start in 196 

July and August and the majority of lightning fires (54%) occur in August. Therefore, we 197 

assumed the majority of dormant-season fire scars resulted from fires that burned late in 198 

the growing season after the annual growth ring was complete. 199 

For the 194 scars for which we determined the season of fire, we visually 200 

compared the proportion of earlywood, latewood and dormant-season fires in plots with 201 

southern versus northern aspects and at low (1097 to 1189 m.a.s.l.) versus middle (1250 202 

to 1341 m.a.s.l.) versus high (1554 m.a.s.l.) elevations.  We also compared the season of 203 

fire scars for western larch versus Douglas-fir. –I was thinking that we should do a 204 

Kolmorgorov-Smirnov test between these, but in Emily’s paper in Ecology she compares 205 



 

 

the differences using percentage between the watersheds. I think this might be the way 206 

for us to go as it does not require a K-S test which isn’t very strong.  207 

Fire History Statistics 208 

i. Plot-Level Fire Intervals 209 

To examine the effect of spatial scale, we calculated fire history statistics at the 210 

plot, sub-regional, and regional scales.  At the plot scale, we used both the individual tree 211 

and composite fire records. For individual trees, we calculated the mean number of scars 212 

per tree and individual tree fire intervals (ITFI) using the procedure outlined by Kou and 213 

Baker (2006). The ITFI was calculated by first calculating the mean fire interval for each 214 

sampled tree using all scar-to-scar intervals from that tree. These means were then 215 

averaged among all sampled trees, weighted by the number of intervals used to estimate 216 

each mean.  217 

All fire dates were combined into composite fire chronologies for each study plot 218 

from which we calculated summary statistics of mean and Weibull median fire intervals, 219 

using the program FHX2 (Grissino-Mayer 2001b). We estimated composite fire intervals 220 

for all plots as both the mean and Weibull median for number of years between all 221 

recorded fires. Estimating a mean fire interval assumes that the population are normally 222 

distributed, which is rarely true. Johnson (1979) first suggested the use of a Weibull 223 

distribution to quantify fire intervals, as its increased flexibility was better suited for non-224 

normally distributed fire intervals. For mixed-severity fire regimes that include frequent, 225 

low-severity fires and infrequent high-severity fires, as hypothesized for our study area, 226 

fire interval data may not be represented by either a normal or Weibull distribution. The 227 

flexible power of the Weibull distribution may be limited for populations which are 228 



 

 

bimodally distributed, which is likely the case for mixed-severity fire regimes. Therefore 229 

we conducted Kolmogorov-Smirnov (K-S) goodness-of-fit tests between plot-level fire 230 

interval data and the normal and Weibull distributions using SAS 9.1.3.   231 

 232 

ii. Sub-regional Fire Frequency 233 

At the sub-regional scale, we grouped plots according to slope aspect into 234 

northern and southern strata and calculated summary statistics using the program FHX2 235 

(Grissino-Mayer 2001b). We plotted the composite fire record for the two strata and 236 

identified common fire years.  Mean and Weibull median fire intervals were compared 237 

between aspect strata using the statistical software SAS 9.1.3 and a non-parametric 238 

Wilcoxon two-sample test. 239 

Logistic Regression of Fire Intervals  240 

 We used logistic regression modeling (SAS 9.1.3) as an alternate approach for 241 

quantifying fire frequency, as this approach does not require assumptions about the 242 

statistical distributions of fire intervals. We developed a logistic regression model to 243 

address three objectives: (a) quantify fire intervals from composite fire-scar records at the 244 

plot scale; (b) test for biophysical factors influencing fire intervals among plots using the 245 

regional dataset; and (c) compare fire intervals between aspect strata at the sub-regional 246 

scale.  247 

For the logistic regression model, a fire interval was defined as the number of 248 

years between two consecutive fires in the composite fire record for each plot. In this 249 

model the fire intervals are the dependent response variable and each interval is 250 

binomially distributed, whereby each year between two consecutive fires is assigned the 251 



 

 

value zero and each year after the second fire is assigned a value of one. A fire interval is 252 

therefore the number of years that dependent variable equals zero and the binomial 253 

transition from zero to one indicates the occurrence of fire. The logistic regression model 254 

(equation 1) uses these binomial variables for all fire intervals to parameterize a 255 

probability curve of fire at each plot: 256 

xM
xM

e
e

rP
−

=
1           (1) 257 

where, Pr is the probability that fire will occur and Mx is the model of fire likelihood, 258 

containing the independent variable(s). In the simplest case, the model of fire likelihood 259 

(M1) includes only a single independent variable: 260 

tM ⋅+= 11 βα           (2) 261 

where t is time since fire in years, and α  and β are calculated regression coefficients. The 262 

parameters for the probability curve of each plot can be used to estimate plot-level fire 263 

frequency. Fire is modeled to occur when the probability of fire is 50% (Pr = 0.5) and 264 

knowing α and β, equations 1 and 2 can be used to solve for t0.5. Time since fire when Pr 265 

= 0.5 is a measure of central tendency for the plot-level fire intervals, heretofore the 266 

‘modeled fire interval’. 267 

To test for the influence of physical attributes on fire interval length, we 268 

combined all composite fire records into a single data set, which included 272 fire 269 

intervals from the 18 study plots. The physical attributes of each plot were added as 270 

independent variables to the model of fire likelihood. Plot-level fire intervals are likely 271 

influenced by the interaction between topography and climate. Elevation, slope angle and 272 

aspect drive fire behavior, which determines intensity and rate of spread (Pyne et al. 273 



 

 

1996). These plot attributes were incorporated into the model in a forward step-wise 274 

process, as follows: 275 

AtM 212 ββα +⋅+=         (3) 276 

EBAtM 3213 ++⋅+= ββα         (4) 277 

LEtM 4314 βββα ++⋅+=         (5) 278 

SEtM 5315 βββα ++⋅+=         (6) 279 

GSEtM 65316 ββββα +++⋅+=        (7) 280 

where, A is class variable for plot aspect (1=Southern and 2=Northern), S and E are the 281 

slope angle and elevation of each plot, L is plot latitude (UTM coordinates) and G is the 282 

modeled solar radiation. 283 

Each parameter was tested for its effect on the linear function, by calculating 284 

maximum likelihood estimates, which were reported as p-values and odds-ratio estimates, 285 

using SAS 9.1.3. Only parameters that significantly contributed to each model were 286 

included in subsequent models. The resulting models were compared in order to identify 287 

the model with the lowest values for the fit statistics of -2log likelihood and Akaike’s 288 

Information Criterion (AIC).   289 

The final model (M6) was used to test for the effect of varying topographical 290 

attributes on the length of plot-level fire intervals. Elevation, slope angle and solar 291 

radiation were each modeled for four different values, representing the range of values 292 

for the plots. For each attribute, the predicted probability of fire was calculated yearly for 293 

the four values, independently of the other attributes, using a time since fire that ranged 294 

from zero to 100. Mean values for the attributes not being tested were used in the model. 295 

The effect of each attribute on fire interval can be interpreted by comparing the four 296 



 

 

curves; fire is modeled to occur at P = 0.5 and difference in fire interval length between 297 

the curves at this point illustrates the effect of varying each attribute.  298 

 To compare the probability of fire between northern and southern aspects, we 299 

stratified the data by aspect and combined all fire intervals for each stratum. We used an 300 

Odds Ratio Estimate (SAS 9.1.3) to compare the probability of fire occurring in the 301 

southern strata to the probability of fire occurring in the northern strata.  302 

 303 

Results 304 

Fire History 305 

i. Plot Characteristics 306 

The 20 sampled plots ranged in elevation from 1097 metres above sea level 307 

(m.a.s.l.) to 1554 m.a.s.l., representing the full elevational range of the Montane Spruce 308 

biogeoclimatic zone in this study area (Table 1). The northern-most plot location was 50° 309 

40’ 27”N by 115° 54’ 09” W, while the southern-most plot was at 49° 24’ 05”N by 115° 310 

56’ 26” W (Table 1). Slope angles ranged from 5° to 41° and modeled solar radiation 311 

from 6.3X105 Watt hours per metre squared (WH/m2) to 11.1X105 WH/m2 (Table 1).  312 

All plots had multiple aged strata of conifer tree species, but the specific species 313 

composition of the canopy and sub-canopy varied among the plots (Table 1). The canopy 314 

in the majority of plots (85%) contained dominant or veteran western larch (85%) and/or 315 

Douglas-fir (95%) trees in addition to other species. Eight plots contained hybrid spruce 316 

within the stand, but only plots 16 and 22 had spruce present in the canopy as dominants 317 

or co-dominants (Table 1). Lodgepole pine was present in the canopy of 12 stands and 318 

only plots 16 and 22 contained subalpine fir (Table 1). 319 



 

 

ii. Fire Records 320 

External fire scars were present in trees at 18 of the 20 plots (Table 2). We found no 321 

visible evidence of fires, such as fire scars or charred logs and snags, at two of the study 322 

plots located on slopes with northern aspects. For plots with external scars, the density of 323 

fire-scarred trees ranged from 5/ha to 122/ha, with more scars present on live trees than 324 

snags, stumps or logs (Table 2). The mean (± standard deviation) number of fire-scarred 325 

trees per plot was 34.0 ± 26.7 from all plots, 42.1 ± 36.0 for the plots with northern 326 

aspects and 27.5 ± 12.3 for plots with southern aspects.  Western larch and Douglas-fir 327 

were the most common fire-scarred species; lodgepole pine and ponderosa pine also had 328 

fire scars but were less abundant (Table 2).  329 

We collected a total 164 samples from different trees. The majority of these 330 

samples were from dead trees (66%) and the most common tree species were western 331 

larch (52%) and Douglas-fir (38%). We successfully cross-dated 149 of 164 samples 332 

(Table 3). For 67% of these samples we used the statistical program COFECHA to verify 333 

scar dates and for the remaining 33% we used visual cross-dating methods. Analysis of 334 

the cross-dated samples yielded a total of 272 fire scars and 76 fire years (Table 3).  335 

iii. Fire Season 336 

We determined the fire season for 194 (71%) of the 272 fire scars based on the 337 

intra-annual position of the scar (Figure 3). The majority of these scars occurred at the 338 

ring boundary (44%) as dormant season fires, which likely occurred in late-summer or 339 

fall as most lightning-caused fires in this area burn in August and burning conditions 340 

remain favourable into the fall (BCMOFR 2007). All other scars occurred during the 341 



 

 

formation of the earlywood or latewood (35% and 21% respectively), indicating fires in 342 

spring or early summer.  343 

 344 

Figure  Variation in season of fire scars.  Season was determined for 194 scars (“All”, 345 

left).  Scars were stratified by plot aspect (center, left) and elevation (center right) and 346 

by tree species (right). Season was divided into three categories, earlywood, latewood 347 

and dormant, based on the position of the fire scar tip in the annual ring. Dormant 348 

season scars were located between two annual rings and were considered to have 349 

occurred in the fall of the previous year, due to favourable fall burning conditions in 350 

this region.  351 

 352 

Fire season was similar between the northern- and southern-aspect strata (Figure 3). 353 

Fire season varied with plot elevation, where 66% of fires cars formed during the 354 



 

 

dormant season at the middle-elevation plots and 47% of scars formed in the earlywood 355 

of trees at the high elevation plots. Fire season also differed between the two major tree 356 

species, where 59% of fire scars in Douglas-fir were dormant-season scars, but the 357 

majority (43%) of scars formed in the earlywood of western larch (Figure 3). 358 



 

 

 Table 1  Characteristics of the 20 sampled plots in southeastern British Columbia, stratified by aspect. Seasonal solar radiation is the 359 

total modeled solar radiation for April through October. 360 

 361 
 362 

 363 

 364 

 365 

 366 

 367 

 368 

 369 

 370 

 371 

 372 

 373 

 374 

 

Plot 
Number 

Plot 
Latitude 

Plot 
Longitude 

Elevation 
(m.a.s.l.) 

Slope 
Angle (°) 

Slope 
Aspect (°) 

Seasonal Solar 
Radiation 
(WH/m2) 

04 50° 00’ 53”N 115° 30’ 27”W 1372 30 190 1106296 
05 49° 24’ 05”N 115° 56’ 26”W  1554 24 246 1002162 
07 50° 12’ 20”N 115° 28’ 49”W 1310 41 182 1051978 
09 49° 35’ 43”N 115° 56’ 54”W 1143 14 256 953176 
11 50° 40’ 27”N 115° 54’ 09”W 1554 31 185 1105213 
13 50° 27’ 55”N 115° 36’ 17”W 1143 28 209 944033 
14 50° 23’ 24”N 115° 34’ 33”W 1250 41 262 816576 
18 49° 44’ 35”N 115° 53’ 52”W 1250 7 228 1018553 
20 50° 31’ 12”N 115° 40’ 59”W 1341 11 260 1003827 

Southern 
Stratum 

21 50° 39’ 24”N 116° 16’ 21”W 1113 5 210 1017144 

01 50° 09’ 00”N 115° 41 30”W 1128 12 70 916374 
02 50° 05’ 01”N 115° 50’ 14”W 1158 31 12 632397 
06 50° 33’ 13”N 116° 14’ 09”W 1311 22 3 791079 
10 50° 11’ 40”N 115° 48’ 30”W 1189 24 32 761513 
12 50° 31’ 20”N 115° 33’ 53”W 1219 30 12 657998 
15 50° 39’ 30”N 116° 17’ 08”W 1158 20 61 869142 
16 49° 44’ 57”N 115° 31’ 41”W 1490 37 58 934962 
17 49° 35’ 48”N 115° 57’ 19”W 1097 7 92 916495 
19 50° 09’ 28”N 115° 42’ 02”W 1189 28 72 799919 

Northern 
Stratum 

22 50° 10’ 46”N 115° 13’ 35”W 1358 6 33 692315 



 

 

 Table 2  Summary of fire-scarred material sampled from 20 plots in southeastern British Columbia, stratified by aspect. Total fire-375 

scarred trees includes all live trees, snags, logs and stumps with external fire scars.  376 

 377 

 
Fire Scarred Trees Species Sampled Trees 

 

Plot 
Number Total  Live Dead Western 

Larch Douglas-fir Lodgepole 
Pine 

Ponderosa 
Pine Unknown Total 

Sampled 

With 
Multiple 

Scars 

04 34 8 26 17 12 - - 5 9 5 
05 5 0 5 5 - - - - 10 4 
07 16 0 16 5 8 1 - 2 10 8 
09 26 6 20 18 3 - 2 3 10 7 
11 40 31 9 - 37 3 - - 10 4 
13 17 12 5 4 13 - - - 7 3 
14 35 23 12 12 17 6 - - 9 4 
18 25 8 17 25 - - - - 9 3 
20 50 25 25 4 18 27 - 1 9 3 

Southern 
Stratum 

21 27 14 13 - 24 3 - - 10 1 

All Southern 275 127 148 90 132 40 2 11 93 42 

01 24 12 12 12 9 1 1 1 10 8 
02 34 21 13 23 7 4 - - 10 4 
06 12 4 8 - 11 1 - - 8 2 
10 37 11 26 26 10 1 - - 10 6 
12 122 98 24 98 10 13 - 1 10 3 
15 12 5 7 - 12 - - - 7 - 
16 - - - - - - - - - - 
17 19 2 17 18 - - - 1 7 4 
19 77 38 39 20 57 - - - 9                3 

Northern 
Stratum 

22 - - - - - - - - - - 

All Northern 337 191 146 197 116 20 1 3 71 30 

All Plots 612 318 294 287 248 60 3 14 164 72 



 

 

Table 3  Summary of fire history statistics for 18 of 20 sampled plots in southeastern British Columbia, stratified by aspect. The fire 378 

recording period includes the time from first fire to death of last recording tree. Total fire scars, fire intervals, range of intervals and 379 

all fire frequency values were calculated for the full recording period.  380 

 

Plot 
Number 

Cross-
dated 

Samples 

Fire 
Recording 

Period 
Fire 

Scars 
Total 

Intervals 
Range of 
Intervals 

Individual 
Tree 

Interval 
Mean Fire 

Interval 

Weibull 
Median 
Interval 

Modeled Fire 
Interval 

04 9 1664 - 2006 14 4 42 - 137 138.0 80.3 77.5 88.2 
05 4 1869 - 2003 9 3 19 - 94 83.0 44.7 37.7 57.4 
07 10 1645 - 2001 23 6 8 - 125 88.1 59.3 45.0 74.3 
09 10 1718 - 2006 26 11 4 - 38 33.1 16.8 15.5 18.0 
11 10 1718 - 2006 15 4 18 - 123 74 49.8 40.9 67.1 
13 7 1662 - 2006 13 6 20 - 65 61.2 43.3 43.4 44.1 
14 9 1739 - 2006 13 3 16 - 108 35.5 50.0 40.6 57.6 
18           9 1720 - 2006 13 3 36 - 85 81.5 68.3 69.1 68.9 
20 8 1831 - 2006 14 2 31 - 55 43.0 43.0 - 43.5 

Southern 
Stratum 

21 9 1831 - 2006 10 2 27 - 28 27.0 27.5 - 28.0 

All Southern 85   150 1 - 44   56.8 
01 9 1509- 2006  33 14 8 - 96 68.1 29.8 25.3 36.0 
02 9 1707 - 2006 15 5 12 - 128 72.7 52.8 45.4 56.0 
06 7 1861 - 2006 9 3 8 - 59 17.5 31.3 27.1 34.2 
10 10 1643 - 2006 17 4 20 - 89 59.7 60.0 58.8 60.5 
12 8 1869 - 2006 12 2 17 - 33 37.5 25.0 - 25.8 
15 5 1749 - 2006 5 1 110 - 110 - 110.5 
17 7 1629 - 2006 13 8 5 - 109 65.8 38.9 33.0 45.5 

Northern 
Stratum 

19 9 1621 - 2006 18 7 15 - 85 59.3 38.1 36.0 40.6 

All Northern 64   122 1 - 41  - 44.8 

All Plots 149   272 1 - 41  -  



 

 35 

iv. Plot-Level Fire Frequency 381 

At the plot level, sampled trees had up to seven fire scars, with 72 of 164 trees 382 

having multiple fire scars from which we calculated the ITFI (Table 2). The mean 383 

intervals for individual trees ranged from 8 years to 232 years and the ITFI for plots 384 

ranged from 17.5 to 138 years (Table 3).  385 

At the plot level, when all fire dates were combined, the full fire period for all plots 386 

spanned from 1509 to 2006 and the common fire period, when all plots were recording 387 

fire, spanned from 1869 to 2001 (Table 3). The number of fire intervals ranged from one 388 

to 14 (Table 3), with an average (± standard deviation) of 4.9 ± 3.3 fires per plot. The 389 

shortest fire interval was four years and the longest was 137 years (Table 3).  The time 390 

since last fire at all plots ranged from three to 123 years and for nine of 18 plots the time 391 

since last fire exceeded the longest fire interval in the corresponding plot-level fire 392 

record. 393 

Mean composite fire intervals at the plot level ranged from 17 to 80 years and 394 

Weibull median fire intervals from 16 to 78 years (Figure 4). Weibull median composite 395 

fire intervals could not be calculated for four of the 18 plots, as one plot had a single 396 

interval (110 years) and three plots had two intervals, allowing only for the calculation of 397 

mean fire intervals. Modeled fire intervals ranged from 18 to 110.5 years and in all cases 398 

were greater than both the mean and Weibull median values (Table 3).399 



 

 

 400 

Figure   Composite fire intervals for 18 plots. The shaded box represents the 25th to 75th percentiles, whiskers are the 10th to 90th 401 

percentiles and outlying values are shown as black circles.  The horizontal line in each box is the median fire interval; triangles are 402 

mean fire intervals; squares are Weibull median fire intervals; diamonds are modeled mean fire intervals.   403 



 

 

Estimation of fire frequency using different measures of central tendency resulted 404 

in different estimates of fire frequency at the plot level (Figure 4), which reflects the 405 

distributions of the interval data and the number of intervals per plot. Although we found 406 

14 of 17 plots to fit a normal distribution (P>0.05, K-S test) and all plots to fit a Weibull 407 

distribution (P>0.05, K-S test), the calculated D-statistics were relatively low. For 408 

example, the D-statistic for the normal distributions, with P>0.05, ranged from 0.117 to 409 

0.379 and for the Weibull distribution from 0.105 to 0.399, while the critical value for a 410 

D-statistic is 0.563 (α = 0.05) when the number of observations is ≤5, which was true for 411 

11 of 18 plots (Conover 1999).  412 

v. Sub-regional Fire Frequency 413 
 414 

Historical fire patterns were similar between the two aspect strata. At the 10 plots 415 

from the southern aspect stratum, we observed 150 fire scars and 41 fire intervals (Table 416 

3), with the first fire in 1645 and the last fire in 2003 and a common fire period from 417 

1869-2001 (Figure 5). At the eight plots from the northern aspect stratum, we observed 418 

122 fire scars and 44 fire intervals (Table 3), with the first fire in 1509 and the last fire in 419 

1971 and a common fire period from 1869-2006 (Figure 6). Eight fire years were 420 

common to >10% of the southern-aspect plots, with two fire years common to >25% of 421 

plots (Figure 5); six fire years were common to >10% of the northern-aspect plots, with 422 

two fire years were common to >25% (Figure 6). Mean and Weibull median fire intervals 423 

were not significantly different between northern and southern aspect plots (S=52.0 and 424 

S=30.0 respectively, P > 0.05). Modeled fire intervals were found to be significantly 425 

longer for southern aspect plots than for northern aspect plots (Odds Ratio Northern vs. 426 

Southern = 0.667).  427 



 

 

 428 

 429 



 

 

Figure   Fire-scar record from 1645 to 2003 for all plots (P01 to P21) in the montane 430 

forests of the southern Rocky Mountain Trench. Horizontal lines show the time span of 431 

each plot-level fire chronology and triangles indicate a fire scar., where hollow 432 

triangles show years when one tree was scarred and solid triangles are years when >1 433 

tree was scarred. Black vertical dashed lines indicate regional fire years (≥3 plots 434 

burned in the same year): 1706, 1718, 1831, 1847, 1886, 1888 and 1889. 435 

 436 

vi. Regional Fire Frequency 437 

 Years in which more than two plots recorded a fire were considered regional fire 438 

years and this occurred seven times over the fire period: 1706, 1718, 1831, 1847, 1886, 439 

1888 and 1889 (Figure 7). The mean fire interval was lowest during the European 440 

settlement period (3.8 ± 3.1years) and greatest during the fire-suppression period (9.6 ± 441 

6.8years) with intermediate intervals during the pre-European settlement periods I (5.9 ± 442 

5.2years) and II (4.3 ± 3.3years) (Figure 7). The only two periods that were significantly 443 

different were the European settlement period and the fire suppression period (t = -2.31, 444 

P<0.05). The percentage of fire-scarred trees was significantly lower for the pre-445 

European settlement period II compared to the European settlement period (t = -2.32, 446 

P<0.05), but did not change significantly during the fire suppression period.  447 

Influence of Site Physical Attributes on Fire Intervals 448 

Of the six models we developed, model M6 best explained plot-level fire intervals 449 

as indicated by the low -2log likelihood and AIC values (Table 4). This model included 450 

the parameters elevation, slope angle and solar radiation; slope aspect and latitude did not 451 



 

 

significantly contribute to the models. Plot elevation contributed the most to the model 452 

(i.e., it reduced the -2log likelihood the most).  453 

Increased elevation, slope angle and solar radiation all caused a significant 454 

increase in fire intervals at the plot scale (Figure 8). For elevation, the modeled fire 455 

interval increased from 47 to 61 years with the increase from 1100m.a.s.l. to 1550m.a.s.l..  456 

As solar radiation increased from 6.3X105 WH/m2 to 1.1X106 WH/m2 fire intervals 457 

increased from 41 to 58 years.  The greatest increase in fire interval due to a single 458 

topographic attribute was related to slope angle.  As slope angle increased from 0° on flat 459 

sites to 45° on the steepest slopes in the study area, fire intervals increased from 36 to 67 460 

years.    461 



 

 

 462 



 

 

Figure 8 Probability of fire through time for forests of different elevations (top), slope 463 

angles (middle), and solar radiation (bottom).  Curves were calculated using logistic 464 

regression model M6 in equation 7 and four values for each attribute that represent the 465 

range of values observed in the 20 sampled plots. For each curve, the fire interval 466 

corresponding to a probability of 0.5 is the modeled fire interval.  Modeled fire 467 

intervals increased with increased plot elevation, plot slope angle and modeled plot 468 

solar radiation.  469 

 470 
Table 4  Comparison of six models on physical attribute influence of plot-level fire 471 

intervals. Independent variables included time since fire (TSF) and five physical plot 472 

attributes. Models were constructed using a forward step-wise procedure. Maximum 473 

likelihood estimates are presented as p-values and odds-ratio (in parentheses); models 474 

were assessed using the -2log likelihood (-2log) and Akaike’s Information Criterion 475 

(AIC). Asterisk marks insignificant values. 476 

 477 

Independent Variables 
Test 

Statistics Model 
TSF Strata Elevation Latitude Slope Radiation -2log AIC 

M1 
<0.0001 
(0.966) - - - - - 8315 8319 

M2 
<0.0001 
(0.966) 

<0.0001 
(0.741) - - - - 8284 8290 

M3 
<0.0001 
(0.964) 

0.3158* 
(1.065) 

<0.0001 
(1.003) - - - 8159 8167 

M4 
<0.0001 
(0.964) - <0.0001 

(1.003) 
0.3242* 
(1.000) - - 8159 8167 

M5 
<0.0001 
(0.964) - <0.0001 

(1.002) - <0.0001 
(1.02) - 8109 8117 

M6 
<0.0001 
(0.963) - 0.0001 

(1.001) - <0.0001 
(1.026) 

<0.0001 
(1.00) 8084 8083 

 478 



 

 

Discussion 479 

Mixed-Severity Fire 480 
 481 

Montane Spruce forests in southeastern British Columbia have multiple lines of 482 

evidence supporting the hypothesis that the historic fire regime included a combination of 483 

low-to-moderate severity and high-severity fires. Low-to-moderate severity fires are 484 

evident in the current forest structure and the fire scar record. Twenty-five percent of the 485 

mixed-conifer forests in this area have an uneven-aged forest structure, consistent with 486 

the structure of mixed-conifer forests studied in other parts of western North America 487 

that exhibited evidence of low-to-moderate severity fires (Arno et al. 2000; Beaty and 488 

Taylor 2001; Heyerdahl et al. 2001; Heyerdahl et al. 2007; Taylor and Skinner 2003; 489 

Veblen et al. 2000; Wright and Agee 2004). In the studied stands, the fire scar record was 490 

long, including 76 fire years between 1509 and 2006, and variable among stands. 491 

Fire scars were abundant at 18 of 20 sampled plots and were found primarily on 492 

western larch and Douglas-fir trees. Numerous individual trees possessed multiple fire 493 

scars, including trees with diameters as small as 2.7 cm (at a height of 90cm above the 494 

ground) when they were first scarred and thin-barked lodgepole pine. Multiple fire scars 495 

on small trees and on lodgepole pine indicated the occurrence of repeated, low-severity 496 

fires. Within single plots, fire intensity and/or spread was variable as not all trees 497 

recorded the same fires. Between plots, the periods of the fire records varied 498 

considerably. Plots with short fire records provided indirect evidence that high-severity 499 

fires occurred at some plots relatively recently, killing recorder trees and consuming fire-500 

scarred coarse woody debris (Ehle and Baker 2003). Occurrence of high-severity fires in 501 

these mixed-conifer forests is further supported by the large percentage of the area that is 502 



 

 

considered even-aged and dominated by lodgepole pine (Braumandl 1992), although 503 

some of this area may be due to modern silvicultural practices or intentional fires set to 504 

clear land during the mining era at the turn of the last century.  505 

Only two of the 20 sampled stands had no external fire scars and possessed stand 506 

features which suggested they developed in the absence of fire. Hybrid white spruce was 507 

dominant or co-dominant in both stands. It is a thin-barked species with a low ground-to-508 

crown height, characteristics which greatly increase the likelihood of tree mortality in a 509 

fire (Kobziar et al. 2006). The large diameter of these trees suggests they were older, 510 

which may indicate any of the following: a) a fire-free period of similar length, perhaps 511 

occurring by chance, b) that only very low-intensity fires that did not scar trees have 512 

occurred or c) these plots are areas of refugia from fire or locations where shifts in fire 513 

behavior reduce the chance of fires burning. The former situation may be related to 514 

topographic properties (Agee 1993; Heyerdahl et al. 2001) or site moisture (Everett et al. 515 

2003; Taylor and Skinner 2003). Assessment of the age structure of these and 516 

surrounding stands could identify distinct cohorts to estimate time since the last stand-517 

replacing fire or if low-severity fires had burned but left little visible evidence.   518 

Measures of Fire Frequency 519 
 520 
 Fire frequency or fire return intervals quantify temporal aspects of a fire regime 521 

and are used to assess changes in the regime and to guide forest management including 522 

timber harvest, ecological restoration and hazardous fuels mitigation. The most 523 

appropriate measure of fire frequency is a debated topic within fire history research 524 

(Baker and Ehle 2001; Kou and Baker 2006; Van Horne and Fule 2006), as fire 525 



 

 

frequency varies with spatial scale and is highly dependent upon research design and 526 

statistical methods of analysis.  527 

We found that fire frequency varied considerably between the individual tree and 528 

composite methods. At the individual-tree scale, mean fire intervals were the longest and 529 

represented the frequency of fire at single point within the stand. At the plot-level, the 530 

individual tree fire interval (ITFI) and the three composite measures (mean fire interval, 531 

Weibull-median interval and the modeled fire interval) represented fire frequency as a 532 

point estimate for each plot within the landscape. All four measures of central tendency 533 

varied in their estimation of fire frequency (Table 3, Figure 4), with the ITFI nearly 534 

always the greatest, followed by the modeled fire interval, while the mean and Weibull-535 

median fire intervals were the smallest and generally similar. It was expected that the 536 

ITFI would be the greatest as this method of calculation does not include all fire years 537 

from a plot. Rather, it is calculated using only those trees with >1 fire year and assumes 538 

that trees are perfect recorders of fire. Composite measures of fire frequency use all fire 539 

years from the plot and assume that all fires burned over the entire plot. We believe that 540 

for this study the composite method better represents the true frequency of fire at the 541 

spatial scale of the 1.0 ha study plot. Moreover, we suggest that few fires that 542 

significantly influence stand structure are smaller than 1.0 ha in size and, therefore, using 543 

a composite fire record would not bias the calculated fire frequency or misguide forest 544 

managers.  545 

 A primary goal of our research was to develop a robust research design that would 546 

ensure the study sites were representative of fire frequency across the complex mixed-547 

conifer stands of southeastern B.C. Baker and Ehle (2001) pointed out that the criteria 548 



 

 

used to select sites and stands in many ponderosa pine studies in the western United 549 

States were largely focused on the temporal component of the fire regime. Sites were 550 

targeted for sampling when they contained older trees, high fire-scar densities, trees with 551 

multiple scars and relict, un-harvested stands. The targetted method of site selection can 552 

significantly bias the fire interval to shorter values which may not be representative of the 553 

entire landscape. To avoid a similar bias in this study, we used a GIS to stratify forest 554 

cover data and identify the population of interest, which included stands with complex 555 

stand structure where logging had not occurred recently. We randomly selected stands to 556 

sample from this population and objectively placed the sample plot in each stand.  557 

Therefore, the reported fire frequencies are an unbiased estimate representing the entire 558 

population of stands with complex forest structure.  559 

Consistent with Baker and Ehle’s (2001) observation that targeted sampling may 560 

overestimate the actual frequency of fire in the landscape, fire frequencies at our study 561 

sites were generally longer than those recorded at 10 sites in the southern Rocky 562 

Mountain Trench that were selected using a targeted sampling design (Daniels et al. 563 

2007). Stands sampled by Daniels et al. (2007) were targeted to represent forest 564 

composition and structures typical of old-growth management areas and specific wildlife 565 

habitat for the northern goshawk (Accipiter gentilis). Areas containing numerous 566 

Douglas-fir and western larch veteran trees with multiple fire scars were preferentially 567 

selected for sampling. As a result, the targeted research plots reported by Daniels et al. 568 

(2007) represent only a subset of the structurally complex forests in the landscape. 569 

Shorter fire intervals associated with these stands are not representative of the full range 570 

of variation in the landscape. Forest managers need to be made aware of the differences 571 



 

 

in calculated fire frequency resulting from different sampling methods and apply research 572 

results knowing the assumptions and limitations of the data. 573 

 A third limitation when quantifying fire frequency are the assumptions underlying 574 

the statistical models used to quantify fire intervals. Typically, the mean or median fire 575 

interval is used to summarize the average interval between fires and normal or Weibull 576 

probability distributions are most commonly used (Fall 1998). In this study, the use of 577 

either of these two distributions was limited by: a) the small number of intervals (≤ 5) at 578 

more than half of plots; and b) fire intervals were bimodally distributed for over half of 579 

the plots. When the number of intervals is low, there is low power for the K-S test to 580 

adequately test the fit of a probability distribution.  Subsequently, nearly all plot-level fire 581 

interval data were assessed as not significantly different from a normal distribution and 582 

none were significantly different from a Weibull distribution. Evidently, the bimodal 583 

distribution of fire intervals associated with a mixed-severity regime are not accurately 584 

summarized by the normal or Weibull distributions. We proposed logistic regression 585 

modeling as a more accurate measure of central tendency, as it required no assumptions 586 

about the distribution of the data. Modeled fire intervals were within six years of the 587 

means and Weibull medians for plots that were not bimodally distributed.  For plots with 588 

a bi-modal distribution the modeled fire intervals were greater than the means and 589 

medians. This result suggests that the use of probability distributions to summarize fire 590 

frequency for some mixed-severity regimes may underestimate the true frequency.  591 

Spatial Variation in Fire Frequency 592 

Fire frequency varied considerably between and among studied plots. Fire 593 

frequency is known to be strongly dependent upon the influences of both top-down and 594 



 

 

bottom-up controls (Heyerdahl et al. 2001; Lertzman et al. 1998). This study was 595 

primarily focused on the influence of bottom-up controls associated with physical plot 596 

attributes of aspect, elevation, latitude, slope angle and modeled solar radiation.  597 

Fires were not more frequent on southern aspect sites than northern aspect sites 598 

when the mean fire intervals or Weibull median intervals were compared. However, the 599 

results of the logistic regression indicated fire intervals were significantly longer for 600 

southern aspect plots, a surprising result. Previous studies in similar forest types in 601 

western North America have found that aspect significantly influences fire frequency 602 

(Heyerdahl et al. 2001; Heyerdahl et al. 2007; Taylor and Skinner 2003). Specifically, 603 

stands with southern aspects had shorter fire intervals due to increased solar radiation and 604 

lowered fuel moisture contents. In our study area, longer fire intervals at the southern- 605 

aspect plots could be the result of one of the two scenarios. Firstly, high frequency may 606 

have resulted in low fire intensities which, in turn, reduced the number of resultant fire 607 

scars at the plots with southern aspects.  This would result in more fire scarred trees 608 

within the northern plots than the southern plots, which was indeed the case.  On average, 609 

there were 12 more fire-scarred trees per plot in the northern stratum than the southern 610 

stratum (Table 3). Alternately, aspect is not a strong determinate of fire frequency in the 611 

montane forests of southeastern B.C. The larger variation in fire frequency observed 612 

between plots rather than between aspect strata provides strong support for the latter 613 

scenario (Figure 4). The total number of fire scar samples, fire scars and years with fire 614 

scars were very similar between the northern and southern aspect strata (Tables 2 & 3), 615 

while the number and length of fire intervals at the plot level vary considerably (Figures 616 

5, 6 & 7).  617 



 

 

Instead of aspect, we suggest that other topographic controls have a dominant 618 

influence on fire frequency. Using logistic regression, we found elevation to be the most 619 

important attribute influencing fire frequency, where increased elevation caused reduced 620 

fire frequency (Figure 8). This was expected as snow cover duration lengthens with 621 

increasing elevation, increasing the fuel moisture content and shortening the period 622 

during which fuels could support fire (Pyne et al. 1996). We believe that plots found at 623 

lower elevations and nearer to the middle of the Rocky Mountain Trench likely had 624 

increased exposure to adjacent, higher frequency fire regimes. Current forest structure 625 

(stands of ponderosa pine and Douglas-fir) in conjunction with some research (Gray et al. 626 

1998) suggests that low-severity fires occurred historically in the valley bottom of the 627 

Trench. This forest structure does not extend to all surrounding watersheds though, which 628 

may decrease the likelihood of fire spread from a low-severity regime. In other areas of 629 

western North America, fire frequency in ponderosa pine and mixed-conifer forests has 630 

been found to decrease with elevation (Taylor and Skinner 2003; Wolf and Mast 1998), 631 

although some exceptions to this trend have been documented (Heyerdahl et al. 2007).  632 

Increased slope angle and solar radiation were also associated with decreased fire 633 

frequency in the logistic regression models (Figure 8); both results are surprising. As 634 

Heyerdahl et al. (2001) pointed out, slope angle does not drive the long-term likelihood 635 

of fire occurrence at a given point on the landscape. However, increased rate of spread 636 

and fire intensity are associated with increased slope angle (Albini 1992; Mcalpine et al. 637 

1991) and will result in greater fire severity.  This may influence the location of complex, 638 

uneven-aged stands versus even-aged stands in the landscape, but it does not explain the 639 

differences in fire frequency among stands with similar, complex structures.  640 



 

 

Decreased fire frequency was associated with increased solar radiation. This lends 641 

further support to the possibility that a high frequency of fires resulted in relatively low 642 

intensities and less fire-scarring. Alternately, sites receiving high levels of solar radiation 643 

may have greater rates of evapotranspiration resulting in lower soil moisture availability.  644 

On such sites, reduced plant productivity would limit fuels accumulation and the spread 645 

of fires following ignition, resulting in fewer fire scars. Surface fire intensity, a critical 646 

factor in fire-scarring (Gutsell and Johnson 1996), is determined primarily by the amount 647 

of fuel consumed and the rate of fire spread (Brown and Davis 1973). Further research in 648 

these montane forests is required to determine if fuel accumulations and fuel properties 649 

differ with respect to plot aspect and if these differences are visible in the fire scar record.   650 

Latitude did not contribute significantly to explaining fire frequency between 651 

plots. Regional gradients in fire frequency, decreasing frequency with increasing latitude, 652 

have been identified for some forests in North America (Brown and Shepperd 2001), but 653 

not for all (Heyerdahl et al. 2007; Wright and Agee 2004). A lack of difference in fire 654 

frequency associated with latitude in this study suggests that for these montane forests, 655 

vegetation and fire frequency do not vary significantly at the regional scale, between the 656 

northern and southern extents of the study area, as hypothesized in Heyerdahl et al. 657 

(2001) to occur in the Blue Mountains of Washington.  658 

Fire season is an important determinant in fire severity and species response to 659 

fire (Agee 1993; Kauffman and Martin 1990). Across all plots, fire season varied most 660 

among plot elevation groups and between species groups (Figure 3). At mid-elevations 661 

most scars were in the dormant season, while most scars at high elevation sites were in 662 

the earlywood.  It is possible that fires burned at different times in these two groups of 663 



 

 

forests.  However, seasonality of fire scars reflects both differences in length and 664 

start/end dates of the fire season and tree phenology at different elevations. As previously 665 

noted, fire season is shorter at higher elevations and this is reflected in more middle 666 

elevation plots recording fires in the dormant season; however it does not explain why the 667 

high elevation plots had slightly more fires in the early season. Environmental factors 668 

affecting the length of growing season, such as temperature, photoperiod, thermoperiod 669 

and amount and periodicity of rain, are selective forces (Spurr and Barnes 1980). At high-670 

elevations these factors trigger later growing seasons to prevent damage by late frosts, 671 

which could cause the same fire to be recorded in the latewood at low-elevations and 672 

earlywood at high-elevations. This hypothesis could be tested using elevational transect 673 

sampling for fire history where seasonal fire scar position should vary for the same fire 674 

year with tree elevation.  675 

Douglas-fir and western larch differed in the season of recorded fire, which is 676 

likely due to species-specific differences in physiology. While there is no data on the 677 

specific timing of cambial growth patterns for these two species in our study area, other 678 

research in southern B.C. noted Douglas-fir starts radial growth in mid-May, with 679 

cessation in mid-June to mid-August and concluded that Douglas-fir ceases radial growth 680 

earlier in the season than other coniferous species (Heyerdahl et al. 2007). As western 681 

larch is a deciduous conifer, we propose it begins and ceases radial growth after Douglas-682 

fir. Therefore, the scar position resulting from a single fire could be found in the 683 

earlywood of western larch and in the dormant-season position of Douglas-fir.      684 



 

 

Temporal Variation in Fire Frequency  685 

Unusually long fire-free intervals during the 20th century is one criterion used to 686 

document changes to fire regimes (Swetnam et al. 1999). In our study area, half of the 687 

stands currently have fire-free intervals that were shorter than the maximum fire interval 688 

recorded in the plot and were within the historic range of variability.  This suggests that 689 

the fire regime has been altered on only part of the landscape, making it difficult to 690 

determine where and how ecological restoration and/or fuels mitigation are needed.  At 691 

the same time, it is important to consider the spatial context of individual stands.  For 692 

example, an individual stand may have a relatively short fire-free interval, but still be 693 

susceptible to severe fires because it is surrounded by stands with long fire-free intervals 694 

in which fuels have accumulated.  In this case, prescriptions for restoration would need to 695 

consider the entire landscape and begin with those stands that have deviated the most 696 

from their range of historic variability. 697 

In some forests, there is growing evidence that fire severity is increasing as a 698 

result of prolonged fire-free intervals (Covington and Moore 1994; Moore et al. 1999a). 699 

In our study, we documented six fires during the fire suppression period, including two 700 

very recent fires in 2001 and 2003, which is rare in fire history studies conducted in 701 

western North America. For various reasons, recently burned stands are often not 702 

sampled for fire history. By including these two stands in our study, we can assess the 703 

impacts of two modern fires. Both stands experienced high-severity fire with mortality of 704 

all trees within the sample plot, including numerous western larch that were >230 years 705 

old and several trees that were nearly 300 years old. When these fires started, the fire 706 

hazard was “extreme” in both areas, meaning that predicted rate of fire spread and total 707 



 

 

fuel available to burn were at their highest (Van Wagner 1987). Fire suppression is highly 708 

effective when fire hazard is low to moderate; however, the probability of containment is 709 

greatly reduced as the initial fire size and initial rates of spread increase (Arienti et al. 710 

2006). This is supported by other research which has found that the average time between 711 

fire discovery and control has increased by as much as 37 days since 1970 (Westerling et 712 

al. 2006). The fires in 2001 and 2003 are inconsistent with the historic fire-scar records 713 

and may be outside the historic range of variability for some parts of the landscape. Our 714 

ability to effectively suppress low and moderate-severity fires and not high-severity fires 715 

could be resulting in a shift in the fire regime of these stands as fire is only occurring 716 

when conditions are extreme. Further research could test if recent fires in this area have 717 

reduced fire behavior heterogeneity.  718 

  719 

Conclusions 720 

Montane spruce forests of southeastern B.C. were influenced by a mixed-severity 721 

fire regime. Studied mixed-conifer forests consist of a mixture of both even-aged and 722 

structurally complex stands, with complex stands constituting 25% of the area. The 723 

majority of sampled plots experienced multiple, low-severity fires, with considerable 724 

variability in fire frequency and the length of the fire recording period. The spatial scale 725 

of examination influenced the calculated frequency of fires, with the shortest fire 726 

intervals at the regional scale and the longest fire intervals at the scale of individual trees. 727 

Local topography significantly influenced the frequency of fires at each plot. Plot 728 

elevation was more important than slope angle and solar radiation, while aspect and 729 

latitude were not significant. Fire frequency was influenced by changes in human land-730 



 

 

use, increasing during the period of European settlement and decreasing during the fire 731 

suppression period.  732 

If management based on natural disturbance is used to maintain ecological 733 

resilience and complex stand structure, management strategies need to incorporate 734 

observed variability, the drivers of variability and the scale at which these are influential. 735 

Focus should be placed on lower elevation areas where frequencies were historically 736 

higher and in areas where the time since the last fire has deviated the most from the 737 

historic range of intervals. Management guidelines on the frequency of disturbance 738 

within these stands must be re-considered. It is apparent from this research that fire was 739 

disturbing these at a frequency much less than every 150 to 200 years as suggested by 740 

current forest management guidelines provided by the BC provincial government 741 

(BCMOFR 1995). 742 
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