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EXECUTIVE SUMMARY 
We used tree rings to reconstruct the fire history and quantify the climate conditions 
associated with historic fires in the montane forests of the Rocky Mountain Forest 
District. All study stands were dominated by large-diameter western larch, Douglas-fir, 
and ponderosa pine trees and were in the Montane Spruce (MS) biogeoclimatic zone. 
Each stand was structurally complex with an upper stratum of veteran trees that 
established prior to 1870.  
 
We developed 18 new site-specific ring-width chronologies, seven Douglas-fir, seven 
western larch and four ponderosa pine, and one regional chronology for each species. 
The Douglas-fir, western larch and ponderosa pine chronologies were up to 334, 506 
and 516 years in length, respectively. All chronologies had significant inter-annual 
variation with narrow marker rings resulting from one- and two-year droughts driven by 
the combined effects of above-average temperatures and below-average precipitation.   
 
Of the 30 fire history study sites, 10 sites were subjectively selected to represent old-
growth stands and 20 sites were randomly selected to represent southerly, warm-aspect 
slopes (n = 10) and northerly, cool-aspect slopes (n = 10) in the landscape. Fire records 
from the 10 old-growth sites were based on 100 fire scar samples that yielded 296 fire 
scars and 100 individual fire years between 1540 and 1973. At the site level, the median 
fire intervals ranged from 10.3 to 25.6 years, with two to 123 years separating 
successive fires within sites. Results for the 20 randomly selected sites revealed longer 
median fire return intervals.  Fire scars were present at 18 sites and 149 fire scar 
samples yielded 272 fire scars between 1509 and 2003.  Median fire return intervals 
ranged from 15.5 to 77.5 years at the site level, with 5 to 138 years between fires within 
sites. For 60 of 76 fire years, scars were recorded at only one site; in seven years three 
or more sites burned.  Evidently, the old-growth sites represent a subset of the 
landscape in which historic fire frequency was relatively high. We recommend that 
management decisions based on fire regime attributes take into account the full range of 
natural variation.  
 
Historic fires burned during significant droughts and were most common during multi-
decadal periods of warm and dry climate driven by changes in the circulation patterns in 
the Pacific and Atlantic Oceans. Historically, fires burned during all combinations of 
climate conditions, but were more likely to burn when (a) the Pacific Decadal Oscillation 
(PDO) was positive and the Atlantic Multi-decadal Oscillation (AMO) was negative, 
regardless of variation in El Niño-Southern Oscillation (ENSO or El Niño versus La Niña 
events), (b) during El Niños when PDO and AMO were positive, and (c) during La Niñas, 
when PDO and AMO were negative. Fires were least likely when PDO is negative and 
AMO is positive. Currently, we are in the positive phases of the PDO and AMO, meaning 
fires are most likely to occur during El Niño events. 
 
Our fire scar records included only 6 fires since 1944. The low incidence of fire during 
the past 65 years suggests fire suppression is having a substantial impact on the fire 
regime of forests in the Rocky Mountain Forest District. Time since last fire has 
exceeded the maximum interval between historic fires at 16 of 28 (57%) sites. Had fires 
burned and scarred trees as frequently throughout the 20th century as they did over the 
entire fire record, we would have expected 20 fire years between 1944 and 2004. The 
low incidence of fire scars is partly due to climate and largely due to fire suppression. 
Climate conditions were not conducive to fire from 1946 to 1966, but conditions suitable 
for local and regional fires have dominated since 1981.  
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MIXED-SEVERITY FIRE REGIMES: 
REGIONAL ANALYSIS OF THE IMPACTS OF CLIMATE ON FIRE FREQUENCY IN 

THE ROCKY MOUNTAIN FOREST DISTRICT 

 
 

BACKGROUND AND INTRODUCTION 
 
Many forest companies and government agencies, including Tembec, Canfor, and Parks 
Canada, have developed or are developing a system of criteria and indicators to 
measure their performance in ecological, social, and economic areas. For example, 
Tembec is using its system of Criteria and Indicators as the basis for its Sustainable 
Forest Management Plan. Indicators of ecological sustainability include individual 
structural elements, such as large, green trees, snags, and downed logs, and 
assemblages of elements, such as forest structure classes and age classes. In order to 
plan for long-term sustainability of these attributes, information is required on the natural 
range of variability in their amounts and spatial distribution. This, in turn, requires an 
understanding of the natural disturbances that create and maintain them, including 
wildfire. 

Fire regimes are described by a range of metrics that quantify timing, size, and 
magnitude of fires in a landscape (Brown 2000). Within the Invermere TSA, eight 
separate Historic Natural Fire Regimes have been described and mapped (Blackwell et 
al. 2003), providing a useful baseline from which further analysis of the relationships 
between disturbance processes and resulting forest patterns. This relationship has been 
quantified in studies by Gray and others (Gray 1999, Gray et al. 2002) for the more 
frequent fire regimes associated with dry forests dominated by ponderosa pine, Douglas-
fir, and western larch. These studies have provided interim data linking landscape-
oriented stand structure characteristics to fire regime characteristics. Less study, 
however, has occurred in the adjacent mixed-severity fire regimes located throughout 
the Rocky Mountain Forest District. 
 
Based on research conducted in dry mixed-conifer forests of the western United States 
(e.g., Veblen et al. 2000, Buechling and Baker 2004 in Colorado; Taylor and Skinner 
1998, Taylor 2000 in northern California; Arno et al. 2000 in Montana; and Wright and 
Agee 2004 in Washington) and the Cariboo region of British Columbia (Daniels and 
Watson 2003, Iverson et al. 2001), we know that mixed-severity fire regimes included a 
combination of low- and high-severity fires that burned at variable return intervals 
averaging c.20 to 100 years. Mixed-severity fire regimes are complex due to spatial and 
temporal variation at multiple scales and result in structurally diverse vegetation patterns 
with complicated dynamics (Agee 1998, Lertzman et al. 1998, Arno et al. 2000). They 
include both low-severity, stand-maintaining fires and high-severity, stand-replacing fires 
at stand and landscape scales. Within stands, fire severity and its effects on vegetation 
are heterogeneous both during individual fires and between successive fires at a given 
location (Ehle and Baker 2003). Landscape topography, including elevation, slope angle 
and aspect, exert strong influence over stand composition and structure, fuels, 
microclimate and, ultimately, fire severity (Taylor and Skinner 1998, Heyerdahl et al. 
2001, Rollins et al. 2002). Temporally, inter-annual to decadal variations in climate have 
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a strong influence on the timing and severity of fires in a mixed-severity regime (Veblen 
et al. 2000, Heyerdahl et al. 2002).  
 
For forest with mixed-severity regimes, it is often difficult to determine whether current 
stand structures differ from historic stands, making it hard to detect the impacts of fire 
suppression (Veblen et al. 2000, Schoennagel et al. 2004). In some mixed-severity 
landscapes, fire suppression due to changes in land use and direct fire exclusion 
appears to have increased fuels and the risk of high-severity fires (Arno et al. 2000). In 
other landscapes, effective fire suppression has had negligible impacts on stand 
structures and fire regimes (Taylor and Skinner 1998, Veblen 2003). The combined 
effects of these multiple-scale, spatial and temporal sources of variation are a complex 
set of characteristics unique to mixed-severity fire regimes that are difficult to quantify 
and challenging for managers to emulate (Agee 2005).  This complexity highlights for 
local, ecosystem-specific baseline knowledge of disturbance regimes and impacts on 
stand structures when we establish criteria and indicators for sustainable forest 
management. 
 

Purpose and Objectives 
 
The purpose of this study was (1) to quantify the temporal and spatial attributes of the 
historic fire regime of 20 sites that statistically represent the portion of the landscape that 
is currently identified as a mixed-severity fire regime, and, (2) to discern the influence of 
regional climatic variation on the historic fire regime and differentiate climate impacts 
from human impacts such as European settlement and fire suppression during the 20th 
century. This work provides essential background information required to assess the 
historic range of variability for a variety of stand attributes, including large old trees, 
snags, and downed logs (2006/7 FSP Grant Y071167 to Daniels). The fire regime and 
stand structure data will be used to evaluate the input data to the predictive stand 
structure model developed by Tembec (Davis 2006).  
 
The information from this project can be incorporated into Tembec and Canfor’s 
Sustainable Forest Management Plans in the following ways: 
 
1) Data on the historic range of variability in the abundance and distribution of stand 

attributes, including large old trees, snags, and downed logs, can be used to help 
develop and/or assess targets in the Criteria and Indicator system for these 
attributes. For example, current targets in Tembec’s SFMP for downed logs are 
based on data from current condition in forested stands, which may not be the same 
as the condition under historic disturbance regimes.  

 
2) Data on historic fire regimes will allow an evaluation of whether current rotation ages 

and structural retention fall within the range of historic variability. This is especially 
important for stands with low- and mixed-severity fire regimes. In these stands, age 
class is not a good indicator of old growth condition. Old-growth stands were created 
and maintained by frequent low- and moderate-severity fires, interspersed with less 
frequent, higher severity fires.  Age-structure is not the result of infrequent high 
severity fires, followed by development undisturbed by fire over a period of time. 
Thus, in order to create or maintain old growth stands in these stand types, data on 
the abundance of large trees, snags, and CWD is required, so that prescriptions and 
stand entries can be tailored to maintain these attributes. In the higher elevation 
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stands where frequent fires were the main disturbance regime, data on the frequency 
of historic fires can be used to calculate how much old growth was present under 
historic disturbance regimes. This can be used to assess current requirements for 
old growth stands under biodiversity planning, and to determine if these 
requirements are in fact compatible with historic disturbance regimes.  

 
3) Data on historic fire regimes can be incorporated into the Stand Structure and Seral 

Stage model, which will result in more accurate predictions of historic variability in 
stand structure classes across large landscapes. This can be compared to current 
conditions, and to assess how far current conditions depart from historic conditions. 
This in turn is one measure of ecological risk. If current conditions depart severely, it 
suggests that biodiversity may not be maintained under current practice, and 
changes are required.  

 
 

Specific Objectives for 2006-7: 
 

• To use dendrochronology to reconstruct past regional climate and to test for 
climate influences on fire occurrence and frequency. 

• To use GIS analyses to select 20 new study sites that are statistically 
representative at the regional scale and to collect and analyze fire scar data 
from those sites. 

• To determine fire frequency and variation in fire frequency at the stand and 
regional scales to be incorporated into the predictive structure class model. 

 
STUDY AREA 
We have sampled stands within the elevational limits (C. 1100 to 1600 m.a.s.l.) of the 
Dry Cold Montane Spruce (MSdk) biogeoclimatic subzone in the Rocky Mountain Forest 
District for which the historical fire regime was likely of mixed-severity.  The MSdk 
subzone covers 471,420 ha or 17.9% of the Cranbrook and Invermere TSAs (Daniels et 
al. 2006).  Within the zone, we identified all stands that originated prior to 1870, included 
multiple canopy strata and/or veteran trees that were >200 years old, which account for 
c. 20% of the subzone.  The remaining stands are predominantly even-aged lodgepole 
pine that established after natural disturbance such as fire or an insect outbreak, land 
clearing and burning during the settlement era, or industrial forestry. 
 
We identified and sampled 30 stands dominated by large-diameter western larch, 
Douglas-fir, and ponderosa pine trees (Table 1, Figure 1). Each stand was structurally 
complex, originated prior to 1870 and included an upper stratum of veteran trees that 
were >200 years old. Ten of the sites were subjectively selected to represent forest 
composition and structures typical of old-growth management areas. These sites were 
on slopes with south-facing aspects except one site (Bittern Lake) which was relatively 
flat with an east aspect. The remaining 20 sites were randomly selected from stands in 
the MSdk subzone that had predominantly southerly, warm aspects (1,446 polygons, 
totalling 15,719 ha) or northerly, cool aspects (1,261 polygons, totalling 14,355 ha) 
(Figure 1). We sampled 10 sites on slopes with warm aspects and 10 sites on cool 
aspects. As well, increment cores were sampled from canopy trees at nine sites 
surrounding or near the fire history sites. 
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Figure 1. Maps of the study area and location of sample sites in the Dry Cold Montane 
Spruce biogeoclimatic subzone of the Rocky Mountain Forest District of British 
Columbia. Yellow stars are targeted old-growth sites and green stars are randomly 
selected representative sites. 
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Table 1.  Location and description of the 30 sample sites in the Dry Cold Montane 
Spruce biogeoclimatic subzone of the Rocky Mountain Forest District of British 
Columbia.  
 

Site 
No. 

Location UTM 
Easting 

UTM 
Northing 

Slope 
(%) 

Aspect 
(direction) 

Elevation
(m) 

       
Targeted Old-Growth Sites 

OG 01 Spring Crk. 518159 5653957 15 South 1188 
OG 02 Bittern Lake 528315 5647515 5 East 1011 
OG 03 Jubilee Mtn. 540200 5638771 35 South 932 
OG 04 Jack Creek 616416 5588934 30 South 1600 
OG 05 Fenwick Crk. 595121 5594736 10 South 1042 
OG 06 Bootface 564225 5498711 52 South 1248 
OG 07 Dublin Crk. 563950 5479083 45 South 1588 
OG 08 Palmer Bar 577351 5479571 40 South 1245 
OG 09 Etna Crk. 582343 5455126 45 South 1032 
OG 10 Joseph Crk. 593101 5476796 10 South 1305 

       
Randomly Selected Representative Sites 

Plot 01 Whiteswan 593467 5556126 12 North 1128 
Plot 02 Newbolt Crk. 583196 5548584 31 North 1158 
Plot 04 Coyote Ridge 606911 5541350 30 South 1372 
Plot 05 Semlin Crk. 576866 5472620 24 South 1554 
Plot 06 Bruce Crk. 554131 5600455 22 North 1311 
Plot 07 Moscow FSR 608444 5560918 41 South 1310 
Plot 09 St. Mary Crk. 576007 5494155 14 South 1143 
Plot 10 Camp One Rd. 585065 5560918 24 North 1189 
Plot 11 Sinclair Pass 577546 5614153 31 South 1554 
Plot 12 Palliser-Albert 601745 5597687 30 North 1219 
Plot 13 Fenwick Crk. 599025 5591280 28 South 1143 
Plot 14 White River 601230 5582965 41 South 1250 
Plot 15 Dog Leg FSR 550502 5612069 20 North 1158 
Plot 16 Wild Horse Crk. 606032 5511794 37 South 1490 
Plot 17 St. Mary Crk. 575505 5494322 7 North 1125 
Plot 18 Lost Dog FSR 579407 5510640 7 South 1250 
Plot 19 Whiteswan  592829 5556969 28 North 1189 
Plot 20 Jack Crk. 593313 5599130 11 South 1341 
Plot 21 Dog Leg FSR  551420 5611896 5 North 1113 
Plot 22 East White 626638 5560099 6 North 1358 
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METHODS 
CHRONOLOGY DEVELOPMENT 
Ten to 25 dominant trees of Douglas-fir, western larch, ponderosa pine and/or lodgepole 
pine at each sample site were cored to produce species-specific master ring-width 
chronologies. Large trees with healthy crowns and boles were selected to maximize the 
length of the chronology and to ensure that the information gained reflected community-
level environmental effects, specifically climate influences, rather than tree-to-tree 
interactions. One increment core was extracted at breast height from each tree and 
species and diameter at breast height (dbh) were recorded.  
 
The increment cores from canopy dominant trees were mounted on wooden supports 
and sanded with a belt sander and/or palm sander using successively finer sand paper 
to 400 grit (Stokes and Smiley 1968). All increment cores were visually crossdated and 
the rings were measured to the nearest 0.01 mm using a Velmex bench interfaced with a 
computer. To ensure that calendar years were accurately assigned to each ring, the 
resulting ring-width series were statistically crossdated using the program COFECHA 
(Holmes 1986). COFECHA compares each tree-ring series against all other series in 
each site to identify errors in tree-ring dates. Properly dated and highly correlated ring-
width series were combined in master ring-width chronologies to represent average tree 
growth at each site (Fritts 1976). 
 
The computer program ARSTAN (Cook, 1985) was used to standardize the ring-width 
series, then combine the series into standard and residual chronologies for each species 
and site. ARSTAN corrected for the age-related trend inherent to ring-width series by 
standardizing (or detrending) the series from individual trees by fitting either a modified 
negative exponential curve, a linear trend line of negative slope, or a horizontal line 
through the mean of the measured ring-width series. The series were then divided by the 
value of the curve and averaged together to produce the standard chronology for each 
site. Departures from the standard chronology or variability from average tree growth 
were represented by the residual chronology.  
 
CLIMATE AND TREE GROWTH 
In this study, we used marker ring analysis and correlations to evaluate common 
variation among chronologies. A key element for crossdating ring-width samples from 
many sample sites is the degree to which chronologies from different sites exhibit 
common growth variability. If the chronologies in a network are similar, it indicates that 
tree growth is primarily controlled by a common limiting factor such as climate. If the 
chronologies are dissimilar, it indicates that either tree growth is not primarily controlled 
by a common limiting factor or that the common factor is highly variable between sites. 
Differences in fire history may explain potential dissimilarities among sites in this study. 
Individual wide or narrow “marker” rings that are temporally synchronous within and 
between chronologies suggest common environmental factors influence tree growth. In 
this study, marker rings were defined as those years when the normalised ring-width 
value of the residual chronology is more than one standard deviation from the 
chronology mean. All positive and negative marker rings in each site- and species-
specific chronology were listed. For each species we identified marker rings between 
1750 and 2004 that occurred in ≥60% of chronologies. These common marker rings 
were compared among species as well.  
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We acquired monthly precipitation and temperature records for Cranbrook from the 
Historical Canadian Climate Database provided by the Climate Research Branch of the 
Meteorological Service of Canada (Mekis and Hogg 1999, Vincent and Gullett 1999). 
These records have been corrected for variation and bias due to changes in station 
location, exposure, instrumentation and measurement procedures. To assess the 
climate-growth relations for each species, correlation and response functions were 
calculated between the regional residual chronologies and the climate variables using 
the program DendroClim2002 (Biondi and Waikul 2004). Climate-growth relations were 
calculated using monthly climate parameters for the 18 months from April of the year 
prior to ring formation (prior year) through September of the year in which each ring was 
formed (current year). Bootstrapped confidence intervals were calculated to determine 
the significance of both the correlation and response function coefficients (Biondi and 
Waikul 2004). 
 

FIRE HISTORY 
We used two approaches for sampling fire history. At the 10 sites representing old-
growth forests, we searched the forest to identify trees, snags and stumps with multiple, 
external basal scars within areas ranging from 20 to 50 ha. We collected nine to 11 stem 
cross-sections from each site for a total of 100 fire-scarred samples. For the 20 sites 
representing warm and cool aspects, we established a 1 ha circular plot and 
systematically searched it for fire-scarred trees, snags and stumps. We sampled up to 
10 cross-sections from each site for a total of 149 samples. 
 
Fire scars were differentiated from scars caused by mountain pine beetle or other 
disturbance agents based on scar morphology, presence of charcoal and fungal stains in 
the wood (McBride 1983, Dietrich and Swetnam 1984). Basal scars that were triangular 
in shape, with all bark missing from the face of the scar were considered fire scars. Often 
these trees had multiple scars and charcoal was present. The wood samples were 
examined to determine if they were stained by fungi. Red stain generally indicates fire, 
whereas blue stain indicates disturbance by mountain pine beetle. In this study we report 
only scar dates caused by fire; however some trees had been disturbed or killed by 
mountain pine beetle as indicated by the blue stain in the wood closest to the bark.  
 
All samples were dried and prepared for analysis using a planer, belt sander and/or palm 
sander with successively finer sand paper to 600 grit (Stokes and Smiley 1968). Disks 
from live trees were visually crossdated by matching the negative marker rings from our 
site- and regional-scale species-specific chronologies. For all dead trees and c. 70% of 
living trees that had missing rings, the ring-width series were measured and statistically 
crossdated as follows. The rings along one radius of each disk were measured to the 
nearest 0.01 mm using a Velmex bench interfaced with a computer. To ensure that 
calendar years were accurately assigned to each ring, the resulting ring-width series 
were statistically crossdated using the program COFECHA (Holmes 1986). COFECHA 
compares each tree-ring series against all other series in each site to identify errors in 
tree-ring dates due to false and missing rings. In the east Kootenay region, mid- to late-
growing season drought may cause false rings and, during extremely dry conditions or 
during multiple-year droughts, rings may be incomplete or missing from the radius. The 
ring-width series of samples from dead trees and stumps were crossdated against the 
standard chronologies from live trees to determine the calendar year of the outer-most 
ring on the disc and estimate the year of death. Once accurate calendar years were 
assigned to individual rings, the date associated with each fire scar was determined.  
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When the tip of a fire scar is clearly visible, its position within the annual tree ring 
approximates the season in which the fire burned. In this study, the majority of scars 
were dormant-season scars, meaning the scar tips were along the boundary between 
two annual rings. Assigning a single year to a dormant-season scar is difficult because 
the scar results either from fires that burn in the fall (year x), after the annual ring has 
formed, or in early spring (year x+1), before the new ring begins to form. Modern fire 
records indicate that fires started by lightning are more common in late-summer or fall 
than in the spring; however fire may have been used in spring by First Nations. The 
following criteria determined if dormant-season scars resulted from spring or fall burns:  

(a) We considered all fire scars at a given site for a given year. If the seasonality (fall 
or spring) of at least one scar was certain, then we reported all dormant-season scars 
to be consistent with that observation. For example, at Bittern Lake, earlywood scars 
on lodgepole pine and Douglas-fir indicated a spring fire in 1890, while the scars on 
adjacent larch were dormant-season scars positioned between the 1889 latewood and 
1890 earlywood. Assuming the secondary growth of larch initiated after the other two 
species, which explains the observed discrepancy among scar positions between 
trees, the 1889 dormant-season scars were recorded as spring fires in 1890.   
(b) If seasonality was not certain, then dormant-season scars were assigned to the 
calendar year of the fall, consistent with the modern fire record. 

 
We used the fire scar dates to quantify the intervals between fires. For the old growth 
sites, composite fire intervals were compiled using the computer program FHX2 
(Grissino-Mayer 2001). Fire intervals were analysed using all fire scars and a more 
conservative subset of the data that included fire years in which two or more recorder 
trees were scarred, representing fires of greater magnitude and impact at the site. Fire 
intervals were computed for scar-to-scar dates; the interval between stand initiation and 
the first fire scar and the interval between the last fire scar to the present were excluded. 
For each site, we analysed the full fire record and the period from 1828 to 2004, which 
was common to all study sites. The minimum, maximum and Weibull median probability 
interval (WMPI) was calculated from fire interval distributions. WMPI is a measure of 
central tendency of the Weibull distribution in which half of the fire intervals in the 
modelled frequency distribution are longer than WMPI and half are shorter than WMPI.  
 
We combined the fire history data from individual sites to create a regional composite fire 
chronology. At the regional scale, we calculated minimum, maximum and Weibull 
median fire intervals for (a) the full record, (b) fires that scarred at least two trees, (c) 
fires that scarred at least two trees and ≥10% of all recorder trees, and (d) years in which 
fires scarred at least two trees on at least two sites. The latter analyses identified fire 
years with more severe impacts on the landscape by scarring a large proportion of trees 
and at multiple locations.  
 
We tested for influences of inter-annual variation in climate on fire occurrence between 
1700 and 1970 using four indices of climate. Climate records included the Palmer 
Drought Severity Index (PDSI; Cook et al. 2004), NIÑO3 Index (D’Arrigo et al 2005), 
Pacific Decadal Oscillation Index (PDO, D’Arrigo et al 2001) and the Atlantic Multi-
decadal Index (AMO, Gray et al. 2004), all of which have been reconstructed from tree 
rings. PDSI represents regional drought for southeastern British Columbia (grid point 
67), with positive (negative) values indicating wet (dry) years. NIÑO3 represents winter 
(December to February) sea surface temperatures in the tropical Pacific Ocean, with 
positive values indicating El Niño events and negative values indicating La Niña events. 
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El Niños generally result in warmer and drier winters in southern British Columbia and 
have significant impacts on snow packs. Since El Niños and La Niñas last 18 months to 
three years, they contribute to multiple-year variations in climate. The PDO represents 
sea surface temperatures in the northern Pacific Ocean which vary over periods of 20 to 
30 years with positive (negative) values indicating warmer (cooler) than average 
temperatures. Temperature of the north Pacific Ocean influences precipitation regimes 
and storm tracks in British Columbia. The AMO represents sea surface temperatures in 
the northern Atlantic Ocean which oscillate over periods of 20 to 50 years, with positive 
(negative) values representing warmer (cooler) than average temperatures. Temperature 
of the Atlantic Ocean influences atmospheric circulation in the northern hemisphere, with 
influences on regional precipitation throughout North America. 
 
In the first set of climate-fire tests, we used superposed epoch analysis (SEA, Grissino-
Mayer 2001) to characterize the climate conditions associated with the historical 
occurrence of fire in the study region. SEA statistically tests for differences in individual 
climate indices (PDSI, NIÑO3, PDO and AMO) during event versus non-event years. 
The results of SEA depict climate during event years as departures in standard 
deviations from the mean climate conditions during non-event years. SEA was repeated 
to depict climate during (a) the non-fire years, (b) the full fire record, (c) fire years in 
which ≥ 2 trees were scarred, (c) fire years in which ≥ 2 trees and ≥10% of all recorder 
trees were scarred, and (d) years in which fires scarred ≥ 2 trees at ≥ 2 sites.  
 
In the second set of climate-fire tests, we assessed the combined effects of NIÑO3, PDO 
and AMO on non-fire and fire years between 1700 and 1970. Each year was classified 
as a positive or negative value of NIÑO3, PDO and AMO, resulting in eight climate 
phase combinations. We determined the percentage of total years in each climate phase 
combination (expected distribution) and the climate phase combination associated with 
each fire year (observed distribution). We tested for differences in the expected and 
observed number of fires associated with each climate phase combination using a chi-
square goodness of fit test.  
 
To test for changes in the fire regime over time, we compared fire interval data during 
two consecutive 87-year periods: 1858 to 1944 and 1770 to 1857. These periods 
represent the Euro-settlement and pre-settlement eras, respectively. The Euro-
settlement era started with the discovery of gold near Fort Steele and ended in the 
1940s when technology improved the effectiveness of fire suppression. Comparison of 
fire regimes over these periods provides an assessment of human impacts on the fire 
regime in the study area over the past 230 years. 
 
We also compiled composite fire intervals for the sites with warm and cool aspects. Fire 
intervals were computed from scar-to-scar dates for individual trees and plots. Plot level 
data were combined into two regional-scale fire chronologies representing the warm and 
cool aspects. At the plot scale, the minimum, maximum and Weibull median probability 
interval (WMPI) was calculated from fire interval distributions. At the regional scale, fire 
history was assessed for (a) the full record, (b) fires that scarred ≥10% of recorder trees, 
and (c) fires that scarred ≥25% of recorder trees. The latter analyses identified fire years 
with more severe impacts on the landscape by scarring a large proportion of trees and at 
multiple locations.  
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RESULTS AND DISCUSSION 
DENDROCHRONOLOGY 
Chronology Characteristics 
We developed 18 new site-specific ring-width chronologies, seven for Douglas-fir, seven 
for western larch and four for ponderosa pine (Table 2, Figure 2). A regional chronology 
was developed for each species by combining highly correlated samples from different 
sites. Douglas-fir chronologies ranged from 261 to 328 years in length (mean±standard 
deviation = 306±27years), western larch chronologies were 348 to 506 years (395±66 
years), and ponderosa pine chronologies were 346 to 516 years (346±151 years).  
 
Mean sensitivity and standard deviation values provide a measure of the year-to-year 
variability in the ring-width chronologies (Fritts 1976, Table 2). Autocorrelation 
coefficients indicate temporal lags and multiple-year influences of enviromental variability 
on tree growth in the region. The mean sensitivity values were similar among the three 
species. Standard deviations and first-order autocorrelation coefficients (AC(1)) were 
greater for the western larch chronologies than for the Douglas-fir and ponderosa pine 
chronologies. Overall the percentage of missing rings was greater for ponderosa pine 
and western larch than Douglas-fir; the greatest percentage of missing rings was for 
Douglas-fir at Palmer Bar. This documented occurrence of missing rings indicates that 
visual and statistical crossdating are essential for determining the exact calendar years 
of individual rings and fire scars.  
 
Marker Rings 
Of the three species, Douglas-fir showed the greatest variation in ring widths and the 
most frequent marker rings (Figure 3). Between 1700 and 2004, Douglas-fir had 51 
narrow and 54 wide marker rings, western larch had 39 narrow and 48 wide marker 
rings, ponderosa pine had 31 narrow and 28 wide marker rings. All three species had 
negative marker rings in 10 years: 1705, 1719, 1751, 1869, 1883, 1931, 1944, 1977, 
1985 and 2001. Negative marker rings were common to two species in 22 years: 1718, 
1721, 1734, 1757, 1772, 1783, 1794, 1796, 1809, 1817, 1823, 1842, 1865, 1889, 1922, 
1926, 1967, 1968, 1971 and 1997. The year 1869 was among the narrowest ring for all 
three species. Both positive and negative marker rings are essential for visually 
crossdating samples to ensure the ring dates, fire scar dates and tree ages are accurate 
at an annual level of resolution. 
 
Climate-Growth Relations 
Temperature and precipitation significantly influenced the growth of all three tree species 
in the Rocky Mountain Forest District; however, the influence of precipitation was more 
consistent than temperature (Figure 4). As indicated by the relatively large first order 
autocorrelation values for the site-specific and regional chronologies (Table 2), climate 
during the year of ring formation and the year prior to ring formation had significant 
impacts on ring widths. For Douglas-fir, ring-width was (a) positively correlated with May 
temperature in the year prior to ring formation, (b) negatively correlated with growing 
season (June to September) temperature in the year prior to and during ring formation, 
and (c) positively correlated with growing season (June to September) precipitation in 
the year prior to and during ring formation. Correlations and response function 
coefficients were greatest in late summer (August and September) of the year prior to 
ring formation and in spring (March, May and June) of the year the ring formed. This 
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means that the narrowest rings formed under drought conditions in which above-average 
temperatures and below-average precipitation occurred during at least two consecutive 
growing seasons. 
 
The climate-growth patterns for western larch were similar to Douglas-fir, but fewer 
correlation and response functions were statistically significant (Figure 4). Ring width 
was (a) negatively correlated with temperature of the growing season prior to ring 
formation, with significant correlations and responses only for prior June temperature, 
and (b) positively correlated with precipitation of the growing season prior to and during 
ring formation, with significant correlations and responses for prior August and current 
June. The narrowest rings of western larch form when a warm, dry year is followed by a 
second dry year, regardless of temperature in the second year. 
 
For ponderosa pine, ring width was (a) negatively correlated with temperature during the 
year of ring formation, with significant correlations and responses for June only and (b) 
positively correlated with precipitation from late summer of the year prior to ring 
formation through the growing season of ring formation (August through August). 
Precipitation correlations and response function coefficients were greatest and most 
significant in September and October prior to ring formation and in May and June in the 
year of ring formation.  
 
 
Table 2. Summary characteristics for tree-ring chronologies in the Rocky Mountain Forest 
District, British Columbia. Mean length is the average number of years in each core in the 
chronology. Descriptive statistics include mean sensitivity (mean sens.), standard deviation (std. 
dev.) and first order autocorrelation coefficients (AC(1)).  
 
Species 
 Site 

No. 
trees 

First 
year 

Last 
year 

No. 
years 

Mean 
length 

Mean 
sens. 

Std. 
dev. 

AC 
(1) 

Missing 
 (%) 

 
Douglas-fir 
 Spring Creek 22 1727 2004 278 189 0.14 0.17 0.50 0.12 
 Jubilee Mountain 15 1744 2004 261 169 0.26 0.29 0.40 0.07 
 Cochrane Creek 25 1672 2005 334 212 0.19 0.25 0.58 0.04 
 Fenwick Creek 21 1678 2005 328 207 0.15 0.20 0.59 0.00 
 Bootleg Creek 23 1690 2004 315 246 0.18 0.22 0.47 0.11 
 Palmer Bar 23 1703 2005 303 211 0.24 0.27 0.40 0.50 
 Etna Creek 18 1682 2004 323 200 0.21 0.24 0.47 0.03 
 Regional  107 1672 2005 334 212 0.17 0.19 0.42 0.06 
Western Larch          
 Cochrane Creek 20 1658 2005 348 192 0.17 0.29 0.71 0.08 
 Fenwick Creek 23 1553 2005 453 274 0.18 0.27 0.61 0.13 
 Bootleg Creek 24 1656 2004 349 232 0.17 0.29 0.72 0.24 
 Perry Creek 28 1650 2004 355 248 0.13 0.20 0.68 0.20 
 Dublin Creek 27 1500 2005 506 186 0.20 0.30 0.66 0.24 
 Lumberton 23 1587 2005 419 180 0.19 0.40 0.77 0.05 
 Etna Creek 15 1674 2005 332 199 0.18 0.27 0.65 0.13 
 Regional  106 1650 2005 356 191 0.13 0.19 0.62 0.12 
Ponderosa Pine          
 Fenwick Creek 8 1844 2004 161 112 0.18 0.27 0.61 0.00 
 Bootleg Creek 15 1701 2004 305 245 0.17 0.19 0.43 0.05 
 Palmer Bar 19 1602 2005 404 243 0.20 0.23 0.43 0.15 
 Etna Creek 23 1490 2005 516 270 0.20 0.25 0.47 0.34 
 Regional  35 1490 2005 516 259 0.21 0.24 0.36 0.15 
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Figure 2. Standardized regional chronologies from 1600 to 2004 for Douglas-fir (top), 
western larch (middle) and ponderosa pine (bottom) from the Rocky Mountain Forest 
District. For each chronology, the horizontal line represents the long-term, average ring-
width index of 1.0. Departures above the line indicate years of above-average growth 
(wider rings) and departures below the line indicate years of below-average growth 
(narrower rings). Bold lines represent the sample depth or number of cores contributing 
to each chronology in each calendar year. Maximum sample depths are 106, 93 and 34 
for Douglas-fir, western larch and ponderosa pine, respectively.
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Figure 3. Marker rings from 1700 to 2005 for Douglas-fir (top), western larch (middle) 
and ponderosa pine (bottom). Marker rings are depicted as z-scores or departures in 
standard deviations from the mean residual index value of 0 (horizontal line). Positive 
marker rings (≥1 standard deviation) are represented by the bars above zero and 
negative marker rings (≤1 standard deviation) are represented by the bars below zero.  
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Figure 4. Climate-growth relations for Douglas-fir 
(top, left), western larch (top, right) and ponderosa 
pine (bottom, left). Bars indicated correlations 
between standardized ring width and monthly 
temperature (left) and precipitation (right) from 
April of the year prior to ring formation through 
September of the year in which the ring was 
formed. Lines are 95% confidence intervals. Dots 
indicate significant response functions (∝ = 0.05). 
 

 
 
FIRE HISTORY OF OLD-GROWTH STANDS 
Fire Record 
The 100 fire scar samples from the 10 old growth study sites yielded 296 fire scars 
during 100 fire years between 1540 and 1973 (Figures 5 and 6, Table 3). Fire 
occurrence, indicated by the number of fire scars per year, varied at decadal to century 
time scales (Figure 5a). At the landscape scale, the frequency of fire scars was greatest 
between 1830 and 1940, which precedes and includes the gold rush and the period of 
settlement by Europeans. Prior to 1706, our dataset included fewer than 20 recorder 
trees (fire scar samples)(Figure 5b). Evidence of the oldest fires is lost through time as 
trees die,decay, and previous scars are burned off in subsequent fires, which partly 
accounts for the decreased number of fire scars through time (Swetnam et al. 1999, 
Veblen 2003). Since 1944, only one fire, in 1973, resulted in a fire scar. This fire free 
period corresponds with cessation of burning by First Nations, changes in land use with 
increased grazing and industrial forestry, and effective fire suppression. 
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Notable years in the fire record occurred when a large number of trees and/or a large 
percent of recorder trees were scarred and fires scarred trees at more than one site 
(Figure 5). After 1706 (number of recorder trees ≥ 20), the highest scar frequencies 
were in 1720, 1751, 1773, 1869, 1884 and 1889, when 20% to 38% of recorder trees 
were scarred (Figure 5b). In 1720, 1869 and 1889, fires burned at three different sites 
(Figure 5c). Prior to 1860, fires were recorded at two or more sites in eight years: 1652, 
1655, 1657, 1701, 1720, 1808, 1831 and 1834. In contrast, fires scarred trees at multiple 
sites in 13 of the 73 years between 1864 and 1936. (Figure 5c). 
  
The number of trees scarred at a site is an indication of high fire severity and the number 
of sites that burn in a year differentiates local from regional fires. For the majority of fire 
years (79 of 100 years), scars were recorded at only one site and the majority of fires 
scarred only one tree at one site (Table 3). Fires in 1652 at Palmer Bar and Jack Creek 
were the first fires to scar trees at two or more sites in a single year. Regional fires, fires 
that formed scars at two or more sites indicating synchronous fires in the landscape, 
burned in 21 years from 1652 to 1936 (Figure 5c). In eight of these regional fire years, 
multiple trees were scarred at multiple sites: 1665, 1701, 1720, 1808, 1831, 1869 1889 
and 1905. These dates represent the most severe, regional fire years, in which climate 
was suitable for fire and ignition sources were active. 
 
Fire Intervals 
The period of analysis and number of scars varied among individual sites (Figure 6, 
Table 3). Fire scar records were shortest for the three northern sites, Spring Creek, 
Bittern Lake and Jubilee Mountain. They ranged from 177 to 279 years and included 14 
to 27 fire scars, which represented four to seven fire intervals at each site. At the other 
seven sites, the fire records ranged from 400 to 557 years and included 18 to 47 fire 
scars and eight to 23 fire intervals per site (Table 3).   
 
Fire intervals were calculated for both the full fire record for each site and the period from 
1828 to 2004, which was common to all sites (Table 3). The full fire records provide a 
long-term perspective on fire history in the study area. For the full records, the median 
interval (WMPI) between fires ranged from 10.3 to 25.6 years. Two to 123 years 
separated successive fires at each site. With the exception of the 20th century fire-free 
period, the longest intervals between fires occurred early in each record. During the 
common period, 1828 to 2004, the number of fires and the median and range of fire 
intervals were similar among sites, indicating consistency in the fire regime. Fire was 
recorded after 1944 only at Joseph Creek, which resulted in longer median and 
maximum fire intervals and a shorter time since fire relative to the other sites. 
 
When considering only major fires that scarred at least two trees at each site, the 
number of fires decreased while the minimum, median and maximum intervals between 
fires increased (Table 3). For the full records, only two or three major fires were evident 
in the fire scar records for Spring Creek and Dublin Creek. Therefore, there was 
insufficient information to calculate the Weibull median probability interval for those sites. 
During the common period, three major fires burned at two sites but only one or two 
major fires burned at the other eight sites. Therefore, the Weibull median probability 
interval for major fires was calculated only for Fenwick Creek and Palmer Bar for 1828 to 
2004. 
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Figure 5. Fire scar record from 1540 to 2005 for 10 old-growth forest study sites in the 
Rocky Mountain Forest District.  (a) The number of fire scars per year increases after c. 
1830, partly due to increased sample depth (number of trees per year). (b) The 
percentage of recorder trees scarred per year decreases as sample depth increases. (c) 
The dashed line separates local fires that scarred trees at only one site from major fire 
years in which two or three sites burned in the same year.   
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Figure 4. Fire occurrence from 1500 to 2005 at 10 study sites in the Rocky Mountain Forest District. Sites are arranged according to 
location from north (top) to south (bottom) in the study area. Horizontal lines represent the composite fire chronology for each site. 
Triangles mark the year of fires that scarred ≥1 tree at each site. Combined, there were 100 fire years (all fires, open triangles); 28 
were major fires that scarred >2 trees and >10% of recorder trees (all fires, solid triangles). Regional fires scarred ≥2 trees at ≥2 
sites.
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Table 3. Summary of fire interval statistics for 10 old-growth forest study sites for the full period of record (top) and the period from 1828 to 2004, 
which was common to all sites (bottom). Fire interval statistics were calculated using all fire scar years and years in which at least two trees were 
scarred. For each site, N is the number of fire intervals identified for the period of analysis. Fire intervals are represented by the Weibull median 
probability interval (WMPI) and range, including the minimum and maximum numbers of years between successive scars. Time since fire (TSF), 
the number of years since the last fire scar, was calculated for 2004.  
 
Study site Period of  No. Trees Scars  Intervals (All Fire Scars)  Intervals (≥2 Trees Scarred) 

 analysis Years (n) (n) N WMPI 
(yrs) 

Range 
(yrs) 

Last 
fire 

TSF 
(yrs) 

 N WMPI 
(yrs) 

Range 
(yrs) 

Last 
fire 

TSF 
(yrs) 

                
Full Fire Records 

Spring Creek 1828-2004 177 10 14 4 13.8 4-29 1922 83  1 NA 11 1889 116 
Bittern Lake 1726-2004 279 9 23 6 18.8 3-35 1929 76  3 39.8 35-47 1926 79 
Jubilee Mountain 1732-2004 273 10 27 7 15.9 26-41 1942 63  3 43.3 41-46 1936 89 
Fenwick Creek 1518-2004 488 10 47 17 17.1 3-68 1944 61  8 33.5 16-56 1922 83 
Jack Creek 1535-2004 470 10 47 23 10.3 2-61 1922 83  8 37.1 12-74 1889 116 
Bootleg Creek 1605-2004 400 10 23 8 17.3 2-102 1884 121  4 30.0 3-111 1850 155 
Dublin Creek 1515-2004 423 10 18 8 20.3 3-123 1937 68  2 NA 13-55 1937 68 
Palmer Bar 1550-2004 455 11 37 11 25.6 6-68 1910 95  6 29.9 14-48 1910 95 
Etna Creek 1567-2004 438 10 32 13 19.5 6-52 1905 100  4 37.9 17-115 1905 100 
Joseph Creek 1449-2004 557 10 28 18 18.9 3-93 1973 32  5 40.5 20-110 1905 100 
                

Common Period 
Spring Creek 1828-2004 177 10 14 4 13.8 4-29 1922 83  1 NA 11 1889 116 
Bittern Lake 1828-2004 177 9 21 5 16.2 3-24 1929 76  2 NA 36-47 1926 79 
Jubilee Mountain 1828-2004 177 6 25 6 13.0 2-35 1942 63  2 NA 42-47 1936 89 
Fenwick Creek 1828-2004 177 10 30 8 12.9 3-36 1944 61  3 29.5 16-56 1922 83 
Jack Creek 1828-2004 177 10 17 8 9.2 3-29 1922 83  2 NA 17-25 1889 116 
Bootleg Creek 1828-2004 177 10 15 4 8.9 2-34 1884 121  2 NA 3-16 1850 155 
Dublin Creek 1828-2004 177 10 13 6 10.6 3-20 1937 68  2 NA 13-55 1937 68 
Palmer Bar 1828-2004 177 11 23 5 11.0 6-20 1910 95  3 19.1 14-27 1910 95 
Etna Creek 1828-2004 177 10 11 4 14.3 10-17 1905 100  2 NA 17-22 1905 100 
Joseph Creek 1828-2004 177 10 12 5 24.1 5-63 1973 32  2 NA 36-38 1905 100 
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Temporal Variation: Climate and Human Influences 
Between 1700 and 1970, fires burned during significantly dry years, with fires with the 
greatest impact (≥ 2 scars and ≥ 10% of recorder trees) burning in the second year of a 
two-year drought (Figure 7). There was no clear association between fire and El Niño - 
Southern Oscillation (ENSO), represented by the Niño3 index. Fires were associated 
with significant positive index values or warm phase of the Pacific Decadal Oscillation 
(PDO). The Atlantic Multi-decadal Oscillation (AMO) tended to be negative, but not 
significant, during fire years. 
 
The combined effects of ENSO, PDO and AMO indices had significant impacts on fire 
occurrence (Figure 8). When considered together, three climate-fire patterns emerged. 
First, historic fires burned during all climate phase combinations indicating that drought 
years conducive to fire result from many different climate circulation patterns. Second, 
fires burned more frequently than expected during concurrent positive phases of ENSO 
and the PDO, regardless of the AMO. This suggests fires are more likely to burn during 
El Niño years when the north Pacific Ocean is in the positive or warm phase. These fires 
accounted for ≥34% of historic fires. Third, fires burned more frequently than expected 
during concurrent negative phases of ENSO and the AMO, regardless of the PDO. This 
suggests fires are more likely to burn during La Niña years when the north Atlantic 
Ocean is in the negative or cool phase. Combined, these results indicate that fires are 
most likely to burn at high frequencies when the positive phase of the PDO coincides 
with the negative phase of the AMO, when both El Niño and La Niña years would be 
conducive to burning. Alternately, fires are least likely to burn when the negative phase 
of the PDO coincides with the positive phase of the AMO.  
 
At the regional scale, we detected no significant differences in the intervals between 
successive fires nor in the percentage of trees scarred during fires when we compared 
the settlement era to the pre-settlement period (p > 0.05 for all tests of variance, means 
and distributions; Table 4). Based on fire histories from montane forests in the western 
United States, we had expected the frequency of fire to increase during the gold rush 
and European settlement period. It appears that the greatest potential impact of Euro-
settlement in the Rocky Mountain Forest District was to increase the frequency of fires 
that burned at multiple sites in a single year (Figure 5c).  
 
At the regional scale, over the entire fire record, the median interval between successive 
fires was 3.02 years. Had fires burned and scarred trees as frequently throughout the 
20th century as they did over the entire fire record, we would have expected 20 fires 
between 1944 and 2004. In contrast, we detected only one fire scar in 1973 in one tree 
at one site. The low incidence of fire scars since 1944 can largely be attributed to 
effective, direct fire suppression; however, climate variation cannot be eliminated as a 
contributing factor to the lack of fire. For example, between 1946 and 1966, the AMO 
was positive and PDO was negative, which is the combination of climate conditions that 
historically was least conducive to fires. However, since 1981, the AMO and PDO have 
been in the positive phase and El Niño events have dominated inter-annual climate 
variation, providing frequent conditions conducive to local and regional fires (Figure 5c). 
The low incidence of fire during the past 25 years suggests fire suppression is having a 
substantial impact on the fire regime of montane forests in the Rocky Mountain Forest 
District. 
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Figure 7. Growing season climate corresponding to fires between 1700 and 1970. In each graph, bars represent climate conditions 
during event years (year 0), three years prior to events and two years following events. Events are years with no fire scars (top row) 
through fires that burned at multiple sites in a single year (bottom row). Dashed lines represent bootstrapped 95% confidence 
intervals based on 1000 Monte Carlo simulations. Note, the y-axis for non-fire years (top) is different from all other types of events. 
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Figure 8. Frequency of expected and observed fires for the eight climate phase 
combinations of El Niño-Southern Oscillation (NIÑO3), Pacific Decadal Oscillation (PDO) 
and Atlantic Multi-decadal Oscillation (AMO). Expected values were calculated for 1700 
to 1970 and observed values are for fires during that period.  
 
 
Table 4. Comparison of fire frequency during the Euro-settlement (1858-1944) and pre-
settlement (1770-1857) periods in the Rocky Mountain Forest District. 
 

Period All fire scars  ≥2 trees scarred  ≥2 and ≥10% 
trees scarred 

   Statistics  n mean s.d.  n mean s.d.  n mean s.d. 
            

Fire Intervals in Years 
1770 - 1857 23 3.7 3.9  12 36.7 7.3 6 13.3 9.2 
1858 - 1944 33 2.6 1.7  19 3.8 3.4 12 6.1 4.8              

Percent of Recorder Trees Scarred 
1770 - 1857 24 7.7 6.1  13 11.8 5.4 7 15.5 4.7 
1858 - 1944 34 7.9 6.8  20 12.0 6.0 13 15.6 3.9             



   

                                                                                                      Mixed-Severity Fire Regimes                                 23

FIRE HISTORY IN REPRESENTATIVE STANDS IN THE MONTANE SPRUCE ZONE 
Fire Record 
External fire scars were present on trees at 18 of the 20 randomly selected study sites. 
The forest at two sites was structurally complex and old, but there was no direct 
evidence of fire. There are three possible interpretations of the structure and dynamics 
of these sites.  (a) The sites have developed old forest characteristics in the absence of 
fire. (b) Fires burned but were of low severity and did not leave external fire scars. (c) 
Fires were sufficiently long ago that fire scars were no longer visible on the trunks of 
trees. Detailed reconstructions of the forest age structure would be required to 
differentiate among these alternative explanations. 
 
For the remaining 18 study sites, the 149 fire scar samples yielded 272 fire scars 
between 1509 and 2003 (Figures 9 and 10, Table 5). Fire occurrence, indicated by the 
number of fire scars per year, varied at decadal to century time scales (Figure 9). At the 
landscape scale, the frequency of fire scars was greatest in the early 1700s and 
between 1830 and 1900. At these sites, fires burned and scarred trees throughout the 
20th century, up to and including 2003. For the majority of fire years (60 of 76 years), 
scars were recorded at only one site. Notable years in the fire record occurred in years 
when fires scarred trees at more than one site. The highest scar frequencies were in 
1706, 1718, 1831, 1847, 1886, 1888 and 1889, when three or more sites burned (Figure 
9). 
  
Plot-Scale Fire Intervals 
Fire intervals were calculated for individual plots allowing comparison between cool and 
warm aspects and comparison with the old-growth sites. At the plot scale, the period of 
analysis and number of scars varied among individual sites on both the warm and cool 
slopes (Figure 10, Table 5). For example, the longest fire record started in 1509 at Plot 
01 and the shortest fire record started in 1869 at Plots 12 and 05. Fire records ranged 
from 229 to 620 years and included five to 10 fire scarred trees and five to 33 fire scars 
per plot (Table 5). The Weibull median probability interval (WMPI) between fires ranged 
from 25.3 to 77.5 years. WMPI could not be calculated for four plots in which only one or 
two fires had resulted in scars (Plots 12, 15, 20 and 21 in Table 5). Five to 137 years 
separated successive fires at each site. Fire interval statistics were similar when 
comparing all fire scars to fires that scarred ≥25% of trees at each site. Specifically, the 
number of fires decreased while the median and range of intervals between fires and/or 
the time since last fire increased in only five plots (Plots 01, 06, 07, 09 and 14 in Table 
5). These results indicate most fires that burned within the 1-ha plots scarred multiple 
trees. 
 
Overall, the fire records for the cool plots were c.100 years longer than the warm plots, 
but this was heavily influenced by Plot 01, which had the most and oldest fire scars 
(Figure 10). Fire intervals and the range of intervals were greater in the warm plots than 
the cool plots; although these differences were not statistically significant (Figures 11a 
and 12a). Median intervals for the nine combined southerly, warm-aspect plots ranged 
from 15.5 to 77.5, with an average of 46.2 years. At the plot scale, ranges were 24 to 
117 years. Median fire intervals for the nine combined northerly, cool-aspect plots 
ranged from 25.3 to 58.8 years, with an average of 37.6 years and individual plot ranges 
of 10 to 110 years. These results were unexpected. We had hypothesized that fire 
intervals would be shorter and less variable on the southerly, warm-aspect sites in which 
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the local climate would be more conducive to burning. Three explanations are possible 
for this outcome.  (a) As indicated by our results, slope aspect does not significantly 
affect local climate or the fire regime. Despite differences in vegetation with slope 
aspect, warm and cool aspects are equally susceptible to burning in the Rocky Mountain 
Forest District. (b) Another likely explanation is that biophysical factors other than slope 
aspect, such as elevation, topographic position and vegetation composition, may 
influence the fire regime as much as or more than aspect or they may interact with 
aspect to influence the fire regime. (c) It is possible that the fire scar record is incomplete 
and does not include the lowest-severity fires on each site. Specifically, fuels would 
accumulate slower on warm-aspects than cool-aspects due to limited moisture 
availability. Therefore, some fires may have burned on the warm-aspect slopes but at 
low intensity without resulting in fire scars. In this case, the fire scar record would 
represent only the subset of fires that were of moderate to high intensity and would 
under-estimate fire frequency. Although the fire scar record is not perfect, we believe we 
have captured most fires by sampling multiple trees at each site. To conclusively 
differentiate among these explanations requires better understanding of (a) the 
combined influences of biophysical factors contributing to the fire regime within this 
landscape and (b) the burning conditions during a fire that result in fire scars. The former 
requires a dataset representative of the landscape that includes sufficient number of 
sites to conduct a robust multivariate test of biophysical influences on historic fires. Such 
tests are underway and will be included in Jed Cochrane’s forthcoming MSc thesis. The 
latter requires detailed analysis of interactions among fuels, fire effects and scar rates of 
trees, which would best be conducted during controlled prescribed burns in which fire 
intensity and severity can be measured directly. 
 
There were important differences in the fire histories of 18 randomly-selected 
structurally-complex old forests relative to the 10 targeted old-growth plots (Tables 4 
and 5). Specifically, the randomly selected plots had longer median fire intervals and 
included more fires during the 20th century. This suggests that the targeted sampling 
approach selecting the oldest forests and samples with greatest number of fire scars 
represents only a subset of the landscape-scale fire regime in which fire frequency is 
comparable to the lower-elevation Interior Douglas-fir and Ponderosa Pine 
biogeoclimatic zones. It also illustrates the importance of range of variability that is 
inherent to the fire regime and the resulting forest structures within the Montane Spruce 
zone.  
 
 
Individual-Tree Fire Intervals 
Fire intervals are inversely related to the spatial scale of the study area so that longer 
intervals are associated with smaller areas. At the scale of individual trees, fire intervals 
ranged from 8 to 346 years (Figure 11b). The median interval between fire scars on 
individual trees was 58 years, ranging from 22 to 115 years, in the warm plots, and 42 
years, ranging from 18 to 69 years, in the cool plots (Figures 11b and 12b). The longer 
intervals for individual trees relative to the 1-ha plots partly reflects the patchy 
distribution of fuels and burn patterns within a stand. Also, trees are imperfect records of 
fire in that a scar forms when the heat intensity of a fire meets or surpasses a critical 
threshold; low intensity fires may not form a fire scar in all trees around which they burn. 
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Table 5. Summary of fire interval statistics for each 18 study sites, nine on cool-aspect, north-facing plots (top) and nine on warm-aspect, south-
facing plots (bottom). Fire interval statistics were calculated using all fire scar years and years in which at least two trees were scarred. For each 
site, N is the number of fire intervals identified for the period of analysis. Fire intervals are represented by the Weibull median probability interval 
(WMPI) and range, including the minimum and maximum numbers of years between successive scars. Time since fire (TSF), the number of years 
since the last fire scar, was calculated for 2006.  
 
Study site  Period of  No. Trees Scars Intervals (All Fire Scars)  Intervals (≥25% Trees Scarred) 

  analysis Years (n) (n) N WMPI
(yrs) 

Range 
(yrs) 

Last 
fire 

TSF 
(yrs) 

 N WMPI
(yrs) 

Range 
(yrs) 

Last 
fire 

TSF 
(yrs)

                 
Cool-Aspect, North-Facing Plots  

Plot 01  1494-2006 513 9 33 14 25.3 8-96 1926 80  12 27.0 8-96 1888 116 
Plot 02  1700-2006 307 9 15 5 45.4 12-128 1971 35  5 45.4 12-128 1971 35 
Plot 06  1608-2006 399 7 9 4 27.1 8-59 1955 51  2 NA 8-27 1896 110 
Plot 10  1448-2006 559 10 17 4 58.8 20-89 1883 123  4 58.8 20-89 1883 123 
Plot 12  1778-2006 229 8 12 2 NA 17-33 1919 87  2 NA 17-33 1919 87 
Plot 15  1749-2006 258 5 5 1 NA 110 1859 147  1 NA 110 1859 147 
Plot 17  1431-2006 576 7 13 8 33.0 5-109 1940 66  8 33.0 5-109 1940 66 
Plot 19  1550-2006 457 9 18 7 36.0 15-85 1888 118  7 36.0 15-85 1888 118 
Plot 21  1739-2006 268 9 10 2 NA 27-28 1886 120  2 NA 27-28 1886 120 
                 

Warm-Aspect, South-Facing Plots  
Plot 04  1387-2006 620 9 14 4 77.5 42-137 1985 21  4 77.5 42-137 1985 21 
Plot 05  1731-2003 273 4 9 3 37.7 19-94 2003 3  3 37.7 19-94 2003 3 
Plot 07  1640-2001 362 10 23 6 45.0 8-125 2001 5  5 50.9 8-154 2001 5 
Plot 09  1542-2006 465 10 26 11 15.5 4-38 1886 120  8 19.8 4-38 1886 120 
Plot 11  1669-2006 338 10 15 4 41.0 18-123 1917 89  4 41.0 18-123 1917 89 
Plot 13  1630-2006 377 7 13 6 43.4 20-65 1922 84  6 43.4 20-65 1922 84 
Plot 14  1718-2006 289 9 13 3 40.6 16-108 1889 117  2 NA 42-108 1889 117 
Plot 18  1693-2006 314 9 13 3 69.1 36-85 1925 81  3 69.1 36-85 1925 81 
Plot 20  1776-2006 231 8 14 2 NA 31-55 1917 89  2 NA 31-55 1917 89 
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Figure 9. Fire scar record from 1500 to 2005 for 20 representative study sites in the 
Rocky Mountain Forest District. Sites were stratified according to slope aspect, 10 with 
northerly, cool aspects (top) and10 with southerly, warm aspects (middle). Sample sizes 
(n) indicate the number of fires in each stratum and for all sites combined. 
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Figure 10. Fire occurrence at 18 plots with fire scarred trees. Plots were located on 
slopes with cool, northerly aspects (top) and warm, southerly aspects (bottom) in the 
Rocky Mountain Forest District. Horizontal lines represent the composite fire chronology 
for each site. Open triangles mark the year of fires that scarred 1 tree at each site; solid 
triangles mark fires that scarred ≥2 trees at each site. Regional fires include years in 
which >10% and > 25% of recorder trees were scarred. Vertical dashed lines indicated 
years in which trees were scarred at ≥2 sites. 
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Figure 11. Fire intervals for plots (composite, top) and individual trees within plots 
(bottom) for 18 study plots stratified by aspect. In each box plot, the horizontal line 
represents the median; box boundaries are the 25th and 75th percentiles; bars are the 
10th and 90th percentiles; and, dots are the 5th and 95th percentiles.  
 

 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 12. Fire intervals for plots 
(composition, top) and individual 
trees (bottom) stratified by slope 
aspects. In each box plot, the 
horizontal line represents the 
median; box boundaries are the 
25th and 75th percentiles; bars are 
the 10th and 90th percentiles; and, 
dots are the 5th and 95th 
percentiles. 
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MANAGEMENT IMPLICATIONS 
Fire Return Intervals in the Montane Spruce Biogeoclimatic Zone 
In the 18 randomly selected research sites representative of old, structurally diverse 
forests of the Dry, Cold Montane Spruce (MSdk) subzone, our fire records indicated 
median fire return intervals ranged from 15.5 to 77.5 years with an average of 42.5 
years. At individual sites, intervals between successive fires ranged from 5 to 138 years. 
The 10 old-growth forest sites represent a subset of the MS zone in which fires were 
more frequent. At these subjectively selected sites, median return intervals were 15.6 
years on average (range is 8.9 to 25.6 years), with ranges of 3 to 123 years at individual 
sites. Our results corroborate the historical natural fire regime model as applied to the 
east Kootenay region (Blackwell et al. 2003) but they significantly contrast with the fire 
regime described for the MS Zone in the Biodiversity Guidebook (BCMOF 1995). 
According to the Biodiversity Guidebook, the MS zone corresponds with Natural 
Disturbance Type 3 (NDT3) in which stand-replacing fires burned every 150 years, on 
average.  
 
Updated Reference Data for the HNFR Predictive Model 
The Historic Natural Fire Regime model was developed in 2003 with funding from the 
Forest Innovation Investment program.  The current model for characterizing disturbance 
agents on the landscape is the Natural Disturbance Type classification system 
developed under the Forest Practices Code Act of B.C. (BCMOF 1995).  The NDT 
framework is based solely on disturbance return intervals, which are derived from 
biogeoclimatic subzones and variants only, and reflect regional climate.  The NDT 
system was introduced as a holistic amalgamation of numerous disturbance agents, not 
just fire.  When considering fire as a disturbance agent the NDT classification is limited 
and does not adequately reflect the effects of topography (slope and aspect) and 
variations in fire behavior which influences fire severity.  This system also assumes a 
static temporal condition existed between historic conditions and current conditions.  Dry 
forest types are classified as NDT4; however, in their current condition the fire regime 
has departed to a condition closer resembling a very infrequent but high-severity fire 
regime (i.e. stand replacement).   
 
The HNFR model differs from the NDT model by focusing specifically on wildfire, and by 
incorporating an increased number of biophysical variables into the characterization of 
the disturbance regime.  Data used in the development of the model came from 
published, and “grey literature” fire history studies from British Columbia, Alberta, 
Montana, Idaho, and Washington.  In 2003 there were few sources of fire history data 
from B.C., which was augmented by data from adjacent jurisdictions – provided the 
ecosystems were similar.  The amount of data available in 2003, was however, 
significantly more voluminous than what was available to the government during the 
writing of the NDT classification system.  Also, characterizing some fire regimes relied 
on a correlation with adjacent conditions (this was identified as a significant limitation in 
the NDT system, where a very frequent fire regime would be located downslope from a 
very infrequent fire regime; a condition that is incongruent with established fire behavior).  
This was more of an intuitive approach to filling in knowledge gaps.   
 
In the case of the MSdk BEC subzone, which we characterized as having a frequent, 
mixed-severity fire regime (BCMOF 1995), the model parameters used included 
frequency statistics from a single study, Gray et al. (2002), plus frequency statistics from 
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adjacent IDFdm ecosystems (Schellhaas et al. 2000a, 2000b).  The assumptions used in 
the model were that a high proportion of fires occurring in the valley bottom IDF sites 
would spread uphill and impact adjacent MSdk sites; fire frequency between valley 
bottom IDF sites and mid-slope MSdk would be similar on the same aspect; with 
changes in aspect we would expect to see a slightly longer interval between fires due to 
topo-edaphic influences on fire weather and fuel characteristics; and, we would also see 
fire effects differences (mixed-severity vs low severity) due to the same topo-edaphic 
influences.  Warm aspects in the MSdk were modeled as HNFR II (0 to 35 frequency, 
mixed severity), while cool aspects were modeled as HNFR IV (35 to 100 year 
frequency, mixed severity).   
 
The data provided from the 30 mixed-severity fire regime study sites allows us to 
evaluate the accuracy of the model assumptions now that we have data specific to the 
MSdk BEC subzone, and separated out between warm and cool aspects on a subset of 
the data.  Frequency statistics from the 10 old growth plots, which were located on warm 
aspects, fall within the 0 to 35 year range used in the model (median fire intervals 
ranged from 10.3 years to 25.6 years).  On the 20 randomly selected sites, median fire 
intervals ranged from 15.5 years to 77.5 years.  On the warm aspect sub-set, the 
average interval was 46.2 years, while the range was 15.5 years to 77.5.  On the cool 
aspect sub-set, the average interval was 37.6 years, while the range was 25.3 to 58.8 
years.  These numbers suggest that the model range of 0 to 35 years may be slightly 
liberal but still representative of actual conditions and significantly more representative of 
actual conditions than the NDT3 assumption of a 150 year return interval.   
 
The other attribute of the fire regime, its stand structure effect, can be inferred to a 
certain extent from the data collected so far.  All sampling took place in old forest stands 
with multiple species and age cohorts suggesting that the fires were not high-severity.  
Determining whether or not they were all low-severity or mixed-severity will require 
additional historic forest structure analysis which was initiated in the summer of 2006 
and will continue in the summer of 2007.  Beyond the stand structure sampling currently 
taking place, additional work may be needed to spatially determine the patch 
characteristics of historic mixed-severity fires. 
 
 
Updates to Stand Structure and Seral Stage Models  
Stand structure and seral stage modelling are components of the ecological criteria for 
Tembec’s Sustainable Forest Management Plans (SFMP) (Davis 2006). Fire regime 
parameters are critical inputs to these models. Current parameters for zone 4, which 
corresponds to the Montane Spruce biogeoclimatic zone, are based on published 
literature of research conducted in regions near British Columbia and on expert opinion. 
The model parameters include a mean fire return interval of 65 years, with a range from 
35 to 100 years, and indicate 80% of fires are high-severity or stand replacing events 
and only 20% of fires are low-severity, stand-maintaining events.  
 
Based on our analysis of fire scar record, the mean fire return interval should be reduced 
to 45 years and the range broadened to include the range of natural variation from <5 to 
125 years. A future consideration is to develop a statistical model to quantify the 
empirical distribution of intervals and incorporate this information as a subcomponent of 
the stand structure model.  
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Spatial Variation in Fire Regime 
Physical evidence does not support the hypothesis that south-facing, warm-aspect 
slopes are more likely to burn than north-facing, cool-aspect slopes. It appears that 
during droughts conducive to fire, slopes of all aspects burn at approximately the same 
frequency. Additional analyses are underway to quantify the relative influences of 
biophysical factors other than slope aspect that affect fire frequency in montane forests. 
 
Climate-Fire Interactions at Annual and Decadal Scales 
Understanding the relationships between climate and fire on inter-annual to decadal 
scales is important for differentiating natural variation in a fire regime from human-
caused changes due to land use change, fire suppression and fire exclusion. It also 
enables forecasting of high-risk fire seasons 18-24 months in advance of the fire season 
based on knowledge of global climate systems like the El Niño-Southern Oscillation.  
 
According to our tree-ring records, one-year and two-year droughts negatively affect the 
growth of Douglas-fir, western larch and ponderosa pine and increase the risk of fire.  
Negative or narrow marker rings are indicative of historic droughts and occurred 32 
times between 1700 and 2004; 10 of which coincided with fires and another 11 of which 
preceded fires by one year. In contrast to these negative marker rings, the drought 
associated with the 2003 fire season had a nominal impact on the growth of Douglas-fir, 
western larch and ponderosa pine in the region; none of these species have a marker 
ring in 2003 or 2004. This suggests the 2003 drought and fire season was not as severe 
or prolonged as historic droughts. These outcomes suggest there is historic precedent of 
severe droughts, which could contribute to severe and/or wide spread fires in the Rocky 
Mountain Forest District. 
 
Historic fires burned during significant droughts and were most common during multi-
decadal periods of warm and dry climate driven by changes in the Pacific and Atlantic 
Oceans, which have implications for climate throughout western North America. 
Historically, fires burned during all combinations of climate conditions, but were more 
likely to burn when the Pacific Decadal Oscillation (PDO) was positive and the Atlantic 
Multi-decadal Oscillation (AMO) was negative, regardless of variation in El Niño-
Southern Oscillation (ENSO or El Niño versus La Niña events). When PDO and AMO 
are positive, fires are more likely during El Niños and when PDO and AMO are negative, 
fires are more likely during La Niñas. Fires were least likely when PDO is negative and 
AMO is positive - a condition that dominated from 1946 to 1966. Currently, we are in the 
positive phases of the PDO and AMO, meaning fires are most likely to occur during El 
Niño events (e.g., 2003), which have dominated global climate in recent decades. 
 
Human Impacts of the Fire Regime 
The low incidence of fire during the past 65 years suggests fire suppression is having a 
substantial impact on the fire regime of forests in the Rocky Mountain Forest District. 
Time since last fire has exceeded the maximum interval between historic fires at 57% 
(16 of 28 plots) of plots. Had fires burned and scarred trees as frequently throughout the 
20th century as they did over the entire fire record, we would have expected c. 20 fire 
years between 1944 and 2004. In contrast, we detected only 6 fire years among 28 
sample sites. The low incidence of fire scars is partly due to climate and largely due to 
fire suppression. Climate conditions were not conducive to fire from 1946 to 1966, but 
conditions suitable for local and regional fires have dominated since the late 1970s.  
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NEXT STEPS 
This research was undertaken as a stand-alone project. However, if Tembec wished to 
continue work on historic disturbance regimes, fire impacts on forest structure and the 
effects of fire exclusion, the following actions would be a useful way to proceed. 
 
1. Fire and Stand Structure 
Fire data allows us to quantify changes in fire frequency and the intervals between fires, 
but this type of study does not directly provide information on the impacts of changed fire 
regimes on stand structure. Instead, we can make the following inferences about the 
impacts of fire suppression on stand dynamics. Over time, decreased fire frequency and 
increased fire intervals likely have had significant impacts on stand structures. 
Specifically, we anticipate increased density of trees both in the canopy and subcanopy. 
The density of snags and logs also may have increased through stand development 
processes over time and due to longer persistence of these structures in absence of fire. 
Such changes in stand structure may increase complexity and provide a more diverse 
range of habitats, with potential positive influences on biodiversity. Alternately, negative 
impacts may include decreased light in the understory, lower diversity of understory 
vegetation affecting insects, birds and forage for ungulates. As well, increased densities 
of trees, snags and logs also provide additional fuels and increase the risk of high-
severity fire. We conclude that a better understanding of forest dynamics under the 
influence of historic fire regimes and in absence of fire during the 20th century is 
essential to meet sustainable management targets. We have secured partial funding to 
quantify the mechanisms and processes by which fire and fire suppression contribute to 
stand structure and quality of wildlife habitat (2006/7 FSP Grant Y071167 to Daniels). 
We propose to collaborate with an industrial partner to pursue an NSERC Industrial 
Award for one graduate student for September 2007 to August 2009. 
 
2. Biophysical and Spatial Limits of the Mixed-Severity Fire Regime 
Our research has improved understanding of the role of high- and low-severity fire 
regimes in the Montane Spruce zone. Specifically, we have shown that mixed-severity 
fires are more frequent and affect a larger proportion of the landscape than previously 
thought. An unanswered question for stand structure modeling is the elevational limit of 
mixed-severity versus high-severity fire regimes. This question can be answered using 
two innovative research methods, as follow. 1. A globally unique set of historic 
photographs depicting topography and vegetation exists for the Canadian Rocky 
Mountains, including the Rocky Mountain Trench (pers. comm. Dr. Eric Higgs, University 
of Victoria). The photographs for our study area were taken in 1922 prior to fire 
suppression and clearly depict the boundaries of fires that burned late in the 19th century 
and early in the 20th century. Using these photographs, fire regime attributes such as 
location, elevational limit, size, severity, and vegetation burned can be quantified. 2. Fire 
scar analysis is conducted at a network of sites distributed along an elevational gradient 
and which represent a range of biophysical attributes. The sites must be representative 
of the landscape and sample sizes must be sufficiently large to all multivariate analyses. 
We propose to use the results of the landscape reconstructions from the historical 
photographs to define the study boundaries and to determine plot locations. In a second 
application, the historic photos can be used to quantify fire skips, island remnants, and 
single tree survival within recently burned areas. Combined, analysis of the photos with 
field verification would lend empirically-based, ecosystem-specific improvements to the 
stand structure models (Davis 2006). 
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We have initiated this avenue of research expanding our research team to include Rick 
Kubian of Parks Canada and Dr. Eric Higgs, Restoration Ecologist and Chair of 
Environmental Studies at the University of Victoria. Integration of these two approaches 
will be tested in a pilot study in Kootenay National Park in 2007-8. Given that the 
collection of historic photographs expands this research to the landscape will require 
additional funding over three to five years; we have submitted a letter of intent for partial 
funding from federal agencies and invite participation from industry partners. 
  
3. Fire Behaviour and Fuels of the Mixed Severity Regime 
Our research using the fire scar record has identified important gaps in knowledge about 
fire behaviour in response to different characteristics of fuel quality and quantity. Given 
prolonged fire free intervals in much of the landscape and increased fuel loads 
associated with tree mortality due to mountain pine beetle, we suggest an understanding 
of fuels and fire behaviour is essential. Within the context of the fire history research, we 
need to identify the conditions during a fire that result in fire scars, including fuel type, 
distribution and consumption during fire and measures of fire intensity. To increase 
efficiency and reduce direct costs, we recommend this research be conducted in 
collaboration with prescribed burns that have been scheduled for provincial crown land 
and in Kootenay National Park. To improve understanding of fuel and fire effects 
requires pre-treatment and post-treatment measurements and assessment of 
comparable control sites that will not be burned. We have initiated collaboration with the 
Ecological Restoration program of the BC Ministry of Forests and Range and with Parks 
Canada. We propose to collaborate with an industrial partner to pursue an NSERC 
Industrial Award for one graduate student for September 2007 to August 2009. 
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