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In the 2017 and 2018, 2.55 million hectares burned across British Columbia,
Canada, including unanticipated large and high-severity fires in many dry forests. To
transform forest and fire management to achieve resilience to future megafires requires
improved understanding historical fire frequency, severity, and spatial patterns. Our
dendroecological reconstructions of 35 plots in a 161-hectare study area in a dry
Douglas-fir forest revealed historical fires that burned at a wide range of frequencies and
severities at both the plot- and study-area scales. The 23 fires between 1619 and 1943
burned at intervals of 10–30 years, primarily at low- to moderate-severity that scarred
trees but generated few cohorts. In contrast, current fire-free intervals of 70–180 years
exceed historical maximum intervals. Of the six widespread fires from 1790 to 1905, the
1863 fire affected 86% of plots and was moderate in severity with patches of higher
severity that generated cohorts at fine scales only. These results indicate the severity
of fires varied at fine spatial scales, and offer little support for the common assertion
that periodic, high-severity, stand-initiating events were a component of the mixedseverity fire regime in these forest types. Many studies consider fires in the late 1800s
relatively severe because they generated new cohorts of trees, and thus, emphasize
the importance of high-severity fires in a mixed-severity fire regime. In our study area,
the most widespread and severe fire was not a stand-initiating fire. Rather, the post1863 cohorts persisted due disruption of the fire regime in the twentieth century when
land-use shifted from Indigenous fire stewardship and early European settler fires to fire
exclusion and suppression. In absence of low- to moderate-severity fires, contemporary
forests are dense with closed canopies that are vulnerable to high-severity fire. Future
management should reduce forest densities and to restore stand- and landscape-level
heterogeneity and increase forest resilience. The timing and size of repeat treatments
such as thinning of subcanopy trees and prescribed burning, including Indigenous fire
stewardship, can be guided by our refined understanding of the mixed-severity fire
regime that was historically dominated by low- to moderate-severity fires in this dry
forest ecosystem.
Keywords: dendroecological reconstruction, Douglas-fir, fire scars, post-fire cohort, frequency, severity, human
impacts, mixed-severity fire regime
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Across BC, an average of 1,690 fires burn 150,000 hectares
annually (BC Government, 2018), although 92% of fires are
successfully suppressed before exceeding 4 ha in size (BC
Wildfire Management Branch, 2012). Past management focused
on controlling fire under the premise that human lives,
communities, critical infrastructure, and economically valuable
resources in grasslands and forests required protection (BC
Government, 2010). Despite highly successful fire suppression
since the 1940s, 3.4 million hectares have burned in British
Columbia since 2003, costing over $3 billion (CAD) in direct fire
suppression and resulting in tens of thousands of evacuations
(Abbott and Chapman, 2018). Combined, the 2003 and 2017
fire seasons burned almost 1.5 million ha, largely in dry mixedconifer forests with tree mortality exceeding 80% in many areas
(Abbott and Chapman, 2018). Although the 2017 fire season
broke the British Columbian record for area burned in one
fire season (1.2 million ha), it was surpassed in 2018 when
an additional 1.35 million hectares burned (BC Government,
2018). The threat of more frequent and severe fires continues
to impact the lives and property of the people living in
communities surrounded by dry mixed-conifer forests (Coogan
et al., 2021). There is great concern that megafires such as
those of 2003, 2017, and 2018 will become more common
with continued climate change (Abbott and Chapman, 2018),
reinforcing recommendations for transformative changes to fire
and forest management (North et al., 2015; Stephens et al., 2016,
2020; Daniels et al., 2020).
In 2017, a lightning outbreak during extreme fire weather
ignited multiple high-severity fires that burned 33,181 ha of
forests surrounding the city of Williams Lake in south central
BC (Figure 1A). The combination of ignition locations, wind
direction, and fire suppression efforts spared the forests near
Knife Creek in the Alex Fraser Research Forest. Nevertheless,
these fires underscored the importance of reconstructing
historical fire regimes and their influences on forest dynamics.
This research was conducted in the dry Douglas-fir forests
of the Research Forest to address the following questions:
How frequent and severe were historical fires? Did severity
vary spatially within widespread fires? Has the fire regime
changed during the twentieth century and what are the impacts
on forest structure? Dendroecological analyses of fire scars
and increment cores sampled from a dense network of 35
plots across a 161-hectare (ha) study area allowed us to
reconstruct spatio-temporal variations in fire frequency, severity,
and spatial patterns at a fine scale. By critically assessing alternate
interpretations of contemporary forest structure in the context
of historical fires, we elucidated disruptions to the historical
fire regime and provide recommendations to restore forest
resilience to fire.

INTRODUCTION
Fire is a dominant disturbance in forests worldwide (Bowman
et al., 2009) and interacts with multiple abiotic and biotic
disturbances to drive forest composition, structure, and dynamics
(Hessburg et al., 2019; Leclerc et al., 2021). In forests where
ecosystem-based management aims to emulate the historical
range and variability in disturbance (Landres et al., 1999;
Swetnam et al., 1999; Keane et al., 2009), knowledge on
historical fire frequency, severity and spatial patterns guides
choices on stand-level even- or uneven-aged silvicultural systems
and landscape-level forest age class distributions, old-growth
management areas (e.g., BC Ministries of Environment and
Forests, 1995), and fire suppression policies (e.g., BC Wildfire
Management Branch, 2012). Historical baselines are also used to
gauge departures from historical conditions and determine where
ecological restoration or fire hazard mitigation are warranted
(Hessburg et al., 2005, 2016; Stephens et al., 2012, 2013;
Halofsky et al., 2020).
Along the steep climatic and vegetation gradients
characteristic of the montane forests of western North America,
mixed-severity fire regimes include fires of variable frequencies
and severities forming complex spatial patterns within and
among events (Perry et al., 2011; Marcoux et al., 2013; Hessburg
et al., 2016, 2019). In these forests, understanding the relative
importance of low- versus high-severity fire is critical for
sustainable management and effective forest restoration,
but remains a point of contention (Hagmann et al., 2021).
Specifically, a debate has centered on whether recent highseverity fires in mixed-conifer forests are an inherent part of
a mixed-severity fire regimes (Klenner et al., 2008; Williams
and Baker, 2012; Odion et al., 2014; Baker, 2015, 2017) or
if high-severity fires have exceeded the historical range of
variability (Fulé et al., 2013; Stephens et al., 2014; Moritz
et al., 2018). Different management actions are associated with
these two schools of thought. If the fire regime is not altered,
management actions are unnecessary or may have unintended
negative consequences on forest productivity or critical habitat
(Odion et al., 2014; Baker, 2015; DellaSala and Hanson, 2019).
Where fire regimes have been altered, determining the causes
and degree of departure is important for taking appropriate
management actions (Fulé et al., 1997; Stephens et al., 2013;
Hessburg et al., 2016). To avoid risk of generalizing across
forest types and oversimplifying treatments, ecosystem-specific
reference conditions are required to develop management and
restoration treatments to enhance forest resilience to fire and
climate change (Agee and Skinner, 2005; Keane et al., 2009;
Schoennagel and Nelson, 2011; Hessburg et al., 2016).
Fires of a range of severities burn in the dry mixed-conifer
forests of the interior of British Columbia (BC) (Marcoux
et al., 2013; Hessburg et al., 2019). Historical ignitions were by
lightning and Indigenous fire stewardship (Coogan et al., 2021),
with low-severity surface fires burning at intervals < 50 years,
with high-severity stand-initiating fires at intervals of 250 years
(BC Ministries of Environment and Forests, 1995). Supporting
the latter notion, modern fire records show that large, intense
fires burn during extreme fire weather (Klenner et al., 2008).
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MATERIALS AND METHODS
Study Area
The study area encompasses 161 ha near Knife Creek in the
Alex Fraser Research Forest, located 24 kilometers southeast
of the city of Williams Lake, BC, Canada (Figure 1). It is

2

June 2021 | Volume 9 | Article 676961

Brookes et al.

Disrupted Fire Regime

FIGURE 1 | Location of the study area and sampled plots in the Alex Fraser Research Forest in south central British Columbia, Canada. (A) The Cariboo Wagon
Road (now Highway 97) and San Jose River lie west of the study area. Polygons in white and oranges depict historical fires between 1917 and 2017. (B) Thirty-five
plots were sampled in 161 ha of forest in the northeast corner of the Research Forest. T denotes plots in treated areas that were partially harvested in 1984; C
denotes unharvested control plots. [Data sources (A) British Columbia Open Data Catalog and (B) Google Earth].

in the traditional territory of the T’exelcemc (Williams Lake
Band), members of the Northern Secwépemc te Qelmucw
(Northern Shuswap Tribal Council, 2014). Elevation varies
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from 761 to 879 m above sea level (masl) and the terrain is
flat to gently rolling. The climate is continental and strongly
influenced by the rain shadow of the Coastal Mountains, yielding
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needed, multiple cores were extracted to ensure each sample
intersected or was close to the pith.

average annual precipitation of 450.7 mm, with approximately
half falling in the growing season [1981–2000, Williams Lake
Station (52◦ 100 5900 N 122◦ 030 1500 W, 940 masl), Environment
Canada, 2017]. Winter months are dominated by Arctic air
masses and December is the coldest month with a mean daily
temperature of −7.3◦ C (Environment Canada, 2017). July is
the warmest month with a mean daily temperature of 16.0◦ C
and mean monthly precipitation of 52.7 mm, primarily from
convective storms.
The forests near Knife Creek are dominated by interior
Douglas-fir [Pseudotsuga menziesii var. glauca (Beissn.) Mayr]
which forms closed-canopy stands with well-developed canopy,
subcanopy, and regeneration strata. Trembling aspen [Populous
tremuloides Michx.] and paper birch [Betula papyrifera Marsh.]
are infrequent in the canopy. Although present in the past,
living, mature lodgepole pine [Pinus contorta Dougl. var.
latifolia Engelm.] are absent from the canopy due to the
recent mountain pine beetle [Dendroctonus ponderosae Hopkins]
epidemic. Other recent biotic disturbances include defoliation by
western spruce budworm [Choristoneura occidentalis Freeman]
and tree mortality due to Douglas-fir bark beetle [Dendroctonus
pseudotsugae Hopkins] (Leclerc et al., 2021). Documentary fire
records from 1917 to present include two fires in the Alex Fraser
Research Forest, although neither burned within the boundaries
of our study area (Figure 1A). A 64-ha fire was recorded in
1938 and a 6-ha fire was suppressed in September 2013 (BC
Wildfire Service, 2018).

Reconstructing Fire History and Forest
Dynamics
Following standard dendrochronological methods (Stokes and
Smiley, 1996), fire-scarred sections and increment cores were
air-dried, mounted on wooden supports, and sanded so that
individual cells and ring boundaries were clearly visible. Using
high-resolution digital images (2400–4800 dpi), the ring widths
of each sample were measured using the program CooRecorder
(Larsson, 2011a) and crossdated against an existing regional
Douglas-fir chronology (Daniels, 2004) using the programs
CDendro (Larsson, 2011b) and COFECHA (Holmes, 1986). By
crossdating, accurate calendar years were assigned to the innerand outer-rings of samples from living and dead trees, as well
as the fire scars (Brookes, 2019). Fire years were determined
from the position of each scar tip within annual rings of the
scarred cross-sections (Brown and Swetnam, 1994). For fire scars
located at the boundary between two rings, we assigned the
calendar year of the completed ring, consistent with modern
fires in the study area that typically burn mid- to late-summer
(Heyerdahl et al., 2012; BC Wildfire Service unpublished data).
In subsequent analyses, only fire years recorded by ≥ 2 trees to
avoid scars possibly caused by disturbance agents other than fire
(Swetnam and Baisan, 1996).
Plot-level age structures were derived using the canopy and
subcanopy tree ages (Brookes, 2019). To estimate the year in
which each tree established, corrections were applied to the
crossdated inner-ring dates (Daniels et al., 2017). For all trees, we
used an age-on-height regression developed from local Douglasfir saplings to estimate the number of years for trees to grow to
coring height (Daniels, 2004). For the subset of cores that did not
intercept the pith, we accounted for missed rings based on ring
geometry if the core had arced rings close to the pith (Duncan,
1989). For cores that did not include arced rings but was ≥ 90%
of the geometric radius, the length of the missing radius and
average ring width were used to estimate the number of missing
rings (Norton et al., 1987). Eighty-eight percent of age corrections
were ≤ 15 years; thus, plot-level age structures were derived using
15-year classes.
Even-aged cohorts provide evidence for moderate- to highseverity fires (Harvey et al., 2017). In our study area, Douglas-fir
establishment can be prolonged because seedlings are susceptible
to growing season frosts and require some protection (Klinka
et al., 2000). At the plot level, an even-aged cohort was
identified when ≥ 5 trees established within 15-years, preceded
by ≥ 15 years with no tree establishment (after Heyerdahl et al.,
2012). We tested 10- and 20-year windows but found little
difference in the number of cohorts detected. To identify cohorts,
we counted the number of trees that established in 15-year
periods beginning with the pith date of the oldest tree in the plot
and then shifted in 1-year increments until we reached the pith
date of the youngest tree (Chavardès and Daniels, 2016). The year
assigned to each cohort was the establishment year of the oldest
tree of the cohort. Cohorts that established within 15 years of a

Research Design and Field Sampling
We reconstructed fire history and forest dynamics for a subset
of 35 permanent sample plots near Knife Creek in the Alex
Fraser Research Forest. In 1984, 80 permanent sample plots were
established along a systematic, 100 × 100 m grid that covers
161 ha (Armleder and Thomson, 1984; Koot et al., 2015). Half
the plots were in forests that were partially harvested to enhance
mule deer winter habitat; the other half were untreated controls.
We sampled 35 plots, including 17 treated and 18 control plots
(Figure 1B; Brookes, 2019).
We searched a 1-ha circular plot (radius = 56.4 m)
surrounding each plot center for living trees, snags, logs, or
stumps with external fire scars (hereafter “fire-scarred trees”)
(Brookes, 2019). To reduce impacts on living trees and to avoid
potential bias due to partial harvesting in 1984, we preferentially
sampled snags, logs and stumps. Up to 5 partial or full crosssections were sampled per plot (Cochrane and Daniels, 2008)
by selecting fire-scarred trees with the most and best-preserved
visible scars (Swetnam and Baisan, 1996).
To quantify forest composition and structure, we sampled the
species and diameter at breast-height (dbh) of the 10 live canopy
(emergent, dominant, and codominant crown classes) and 10
live subcanopy (intermediate and suppressed crown classes) trees
(dbh ≥ 12.5 cm) closest to each plot center (Jonsson et al., 1992).
The distance from the center of the plot to the 10th tree in
each canopy class formed the radius of a circular plot used for
calculating tree densities (Jonsson et al., 1992). To assess tree ages
and growth histories, an increment core was sampled c. 20–30 cm
from the base of each tree and coring height was recorded. As
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Mixed-severity fire histories were assigned to plots with > 1 fire
year and ≥ 1 post-fire cohorts. Plots with low-severity histories
were plots with > 1 fire scar years but no post-fire cohorts. For
plots not meeting these criteria, severity was unclassifiable.
Trees that survived ≥ 1 fire indicated by a fire scar or post-fire
cohort were classified as remnant trees (Chavardès and Daniels,
2016). The severity of the most recent fire at each plot was
calculated as the percentage of remnant trees surviving that
fire relative to all trees in the plot (Chavardès and Daniels,
2016). Plots with 81−100% remnant trees indicated low-severity,
20−80% indicated moderate-severity, and < 20% indicated highseverity fire (after Sherriff and Veblen, 2006).
Widespread fires were defined as those that scarred trees
in ≥ 10 plots and ≥ 25% of plots with living trees present
in the fire year. We used the distribution of fire scars, postfire cohorts, and remnant trees to assess spatial variation in
severity within individual widespread fires (Brookes, 2019). For
each fire, the presence or absence of fire scars, post-fire cohorts,
remnant trees, and potential recording trees were combined to
estimate severity at the plot level. Similar to the classification
of fire-severity through time, plots with fire scars but no postfire cohort indicated local low-intensity surface fire that scarred
trees but did not initiate a post-fire cohort. Plots with fire scars
and a corresponding post-fire cohort indicated fire that burned
at moderate-to-high intensity, sufficient to provide a suitable
environment for tree establishment although some trees survived.
Plots with only a post-fire cohort burned with sufficiently high
intensity to initiate a new cohort, leave no local fire scars, and
destroy evidence of previous fires. Lastly, plots with remnant
trees that did not scar or form cohorts indicated the plot did not
burn or burned with an intensity too low to scar trees. The latter
evidence was strongest at plots with existing scarred trees at the
time of fire, because trees that have previously scarred are more
likely to scar during subsequent fires.

fire year in the same plot or an adjacent plot were considered
post-fire cohorts (Heyerdahl et al., 2012).
Since periods of suitable climate can facilitate tree
establishment independently of disturbance, we assessed the
possibility that cohorts were a consequence of favorable climate
rather than fire (Heyerdahl et al., 2012). Using an independent
tree-ring reconstruction of June to August precipitation in
Williams Lake from 1633 to 1996 (Daniels and Watson, 2003;
Daniels, 2004), we calculated 15-year moving averages reported
for the first year of each 15-year window (e.g., 1901 = average
values from 1901 to 1915) and compared the averaged values
against the long-term mean. Positive departures indicated dry
periods likely to limit establishment because a lack of summer
moisture has been shown to delay seedling growth (Hermann
and Lavender, 1990). Each cohort was classified as establishing
during a wet or dry period. Contingency tables of the number
of cohorts that established during wet versus dry periods
were assessed against a random distribution using chi-squared
goodness of fit (α = 0.05) (Whitlock and Schluter, 2009).

Determining Historical Fire Frequency
and Severity
To quantify fire frequency, we developed plot-level fire
chronologies using fire-scars and post-fire cohorts (Brookes,
2019). For each plot, the length of the fire record, number
of fires, the minimum, maximum, and mean number of years
between fires, and the time since last fire were calculated. The
length of the fire record at each plot was determined from
the age of the oldest tree. The time since last fire was the
number of years between 2015 (the year of sampling) and
the last fire year indicated by a scar or a post-fire cohort. The
maximum fire interval from each plot was used to determine
whether the current fire-free interval exceeded the historical
range of variation. A visual representation of fire scar and cohort
occurrence for each plot was constructed using the Fire History
Analysis and Exploration System (FHAES) (Brewer et al., 2016).
To discern whether reconstructed fire frequency differed between
the mule deer control and treatment units at Knife Creek,
we composited the plot-level fire records for the control and
treatment units and used a Welch’s 2-tail t-test to compare the
mean intervals between fires. They did not differ significantly
(p = 0.50, α = 0.05, df = 31), therefore we composited fire
records from all plots and calculated the study-area fire frequency
as the mean interval between fire years. We used breakpoint
analysis to test for structural changes in the cumulative number
of fires from 1600 to 2015. We used ordinary least squaresbased CUSUM tests as an explorative tool, Bayesian information
criterion to determine the optimal number of breakpoints, and
built a segmented regression model following Zeileis et al. (2003)
and Zeileis (2005). Breakpoint analyses were conducted in R
(version 4.0.5) statistical software (R Core Team, 2021) using the
package strucchange (Zeileis et al., 2002).
The severity of fires at individual plots through time was
inferred using criteria from Heyerdahl et al. (2012). We classified
plots with only 1 fire year associated with a post-fire cohort and
no fire scars as those recording high-severity fire through time.

Frontiers in Ecology and Evolution | www.frontiersin.org

RESULTS
Forest Composition and Structure
All plots comprised Douglas-fir only, except one that included
trembling aspen (Table 1). Canopy-dominant trees were up to
149 cm in diameter and 457 years of age. In the control plots,
densities were 182 ± 84 (mean ± standard deviation) trees ha−1
in the canopy and subcanopy densities were ≤ 581 trees ha−1 ,
except one plot with 3,537 trees ha−1 . Densities were lower in the
treated area, averaging 152 ± 85 trees ha−1 in the canopy and
224 ± 299 trees ha−1 in the subcanopy due to partial harvesting
in 1984 (Leclerc et al., 2021).

Fire Occurrence and Frequency
Twenty-nine of 35 plots contained fire-scarred trees (Figure 2
and Table 2). Seventy-nine of 82 (96%) sections sampled from 67
fire-scarred trees were successfully crossdated. Of 305 fire scars,
282 scars formed in years when ≥ 2 trees were scarred across the
study area and were included in subsequent analyses. Plot-level
fire chronologies ranged from 150 to 555 years and included 1-10
fire years. At the 26 plots with ≥ 2 fires, mean fire intervals were
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TABLE 1 | Summary of forest attributes in 35 plots near Knife Creek in the Alex Fraser Research Forest, British Columbia.
Plot

DBH (cm)

Density (trees ha−1 )

Age (years)

Mean (SD)

Maximum

Mean (SD)

Maximum

Canopy

Subcanopy

Total

C01

28.9 (11.7)

46.3

116 (24)

144

158

113

271

C03

24.3 (10.6)

49.8

104 (24)

160

237

263

500

C05

30.3 (12.0)

55.0

207 (71)

373

278

345

623

C07

34.4 (16.8)

69.5

150 (45)

302

204

188

392

C09

28.5 (9.2)

43.8

122 (15)

139

108

3,537

3,645

C10

32.8 (20.5)

82.1

185 (96)

352

54

273

327

C14

30.2 (14.5)

62.5

154 (26)

228

85

120

205

C17

30.3 (19.4)

70.7

146 (21)

194

172

158

330

C18

26.6 (10.0)

44.6

134 (11)

146

353

81

434

C21

24.3 (9.8)

44.7

149 (40)

305

138

393

531

C22

32.3 (21.5)

81.9

158 (70)

340

46

581

627

C23

27.9 (8.5)

44.0

139 (5)

144

162

376

538

C24B

33.0 (29.3)

46.4

153 (31)

220

245

278

523

C27

26.1 (16.6)

90.4

153 (23)

172

237

537

774

C28

25.2 (12.4)

48.1

109 (20)

163

188

345

533

C30

27.0 (14.5)

55.0

132 (35)

212

129

111

240

C31

26.2 (10.1)

44.3

139 (13)

185

197

268

465

C33

23.6 (10.0)

43.2

144 (20)

177

300

136

436

T02

27.2 (13.4)

70.4

114 (23)

161

126

118

244

T14

36.5 (25.0)

80.8

166 (77)

356

140

241

381

T14B

32.7 (19.6)

92.6

166 (49)

347

105

289

394

T16

26.2 (17.5)

89.9

131 (9)

139

254

92

346

T16B

29.5 (14.3)

74.6

156 (41)

309

70

360

430

T19

29.4 (20.3)

86.6

124 (74)

328

71

141

212

T20

24.7 (10.8)

57.1

128 (18)

169

278

43

321

T22

35.3 (22.3)

75.9

165 (116)

457

78

140

218

T24

33.7 (21.3)

68.8

139 (66)

291

134

1,326

1,460

T24B

23.5 (9.2)

43.2

137 (7)

151

306

249

555

T27

36.4 (23.9)

109.8

133 (34)

241

180

185

365

T28

29.0 (9.8)

49.7

142 (3)

148

225

46

271

T29

29.9 (16.2)

60.6

208 (120)

391

71

229

300

T33

32.1 (20.5)

89.9

134 (50)

261

116

126

242

T35

33.5 (15.8)

65.2

215 (64)

292

278

34

312

T37

29.0 (13.4)

66.1

134 (31)

209

94

62

156

T49

27.0 (16.2)

71.8

135 (51)

289

52

130

182

Plots are stratified by control (C) or treatment (T) and listed numerically.

17-110 years and < 40 years in 73% of plots. Current fire-free
intervals of 72–184 years exceeded their corresponding historical
maximum fire intervals (23−110 years) at all but one plot.
The composite fire record for the study area indicated 23 years
from 1619 to 1943 when ≥ 2 trees were scarred, with intervals
of 7−32 years (Figure 2). We detected two significant structural
changes in the cumulative number of fires over time, with
breakpoints in 1757 (95% CI: 1756, 1760) and 1942 (95% CI
could not be computed) (Table 3). The cumulative number of
fires increased from 1600 to 1757 at a rate of 0.05 fires per
year. The rate of fire accumulation increased significantly to
0.07 fires per year from 1758 to 1942, but stagnated after 1943
when no fires burned. Six widespread fires burned in 1790,
1817, 1831, 1840, 1863, and 1905 (Table 4), during the period
of rapid fire accumulation. Evidence of the 1863 fire was most

Frontiers in Ecology and Evolution | www.frontiersin.org

widespread and persistent, including scars on 41% of sampled
trees in 86% of plots.

Tree Establishment and Cohorts
We successfully estimated the ages of 656 of 700 (94%) trees
that we cored; 44 trees missing inner rings due to substantive
heartwood decay or with correlation coefficients < 0.25 relative to
the regional chronology were omitted from subsequent analyses
(Table 2). Trees established from 1559 to 1962, with 76%
establishing after the widespread 1863 fire (Figure 3 and Table 1).
Only 2% of trees recruited into the canopy since the last fire
in 1943. Among the 35 plots, 24 cohorts established from 1844
to 1899, 22 of which were classified as post-fire cohorts and 9
included the oldest trees in their plots. Cohort establishment
was significantly associated with dry, rather than wet, periods
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FIGURE 2 | Fire record from 1600 to 2015 for 35 plots in the Alex Fraser Research Forest. (A) Horizontal lines represent individual plots, stratified by fire history
through time and record length (top to bottom). Dashed segments of lines indicate years prior to fire-scar formation on ≥ 1 sampled trees; solid lines indicate
presence of ≥1 scarred trees. Black triangles represent fire years, gray/white triangles represent the first year of each post-fire/non-fire cohort. (B) Percentage of
plots recording fire scars calculated as the number of plots recording fire relative to the number of plots with trees present that could record fire. (C) Age-structure
histogram (15-year bins) for all plots combined.

(p = 0.07, α = 0.05, df = 1), corroborating the inference that most
cohorts established following fires.

Variability in Historical Widespread Fires
The spatial distribution of fire scars, combined with post-fire
cohorts, revealed variation in fire severity within and among
the 6 widespread fires (Figure 4 and Table 4). As well, plots
lacking fire evidence were adjacent to and between plots with
scars or cohorts, providing indirect evidence of spatial variation
in severity. The 1790 fire scarred trees in 19 plots distributed
across the study area and a post-fire cohort established in one
plot. The 1817 fire scarred trees in 13 plots, 12 of which were
in the north and west of the study area. The 1840 fire scarred
trees in 16 plots, one of which included a post-fire cohort. Cohorts
established in 3 other plots. Plots with cohorts were in the north
and east of the study area. This fire was the last recorded in 2 plots;
severity was classified as moderate in 1 plot and high in the other.
Scars and cohorts in 30 plots throughout the study area provide
evidence that the 1863 fire was relatively severe and widespread.
Trees were scarred in 24 plots, 11 of which included post-fire
cohorts. Cohorts established in another 6 plots. This fire was the

Fire Severity Through Time
Fire scars and post-fire cohorts varied among plots and indicated
fires burned at a range of severities through time. Eighteen plots
(54%) were classified as having mixed-severity fires through time,
4 (11%) as high severity, 9 (26%) as low severity, and 4 (11%) were
unclassifiable (Table 2). Eleven mixed-severity plots recorded ≥ 5
fire-scar years and a single post-fire cohort that established after
the 1840 (n = 3) and 1863 (n = 8) fires (Table 2). The plots
with low-severity fires through time recorded 2−9 fires. The
most recent fire at 8 plots was classified as low-severity, 15 were
moderate- and 6 were high-severity, based on the percentage of
remnant trees. Four plots with neither a fire-scar or post-fire
cohort could not be classified. At the study area scale, both plotlevel fire histories through time and severity of the most recent
fire indicate a mixed-severity fire regime.
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TABLE 2 | Fire records for 35 plots near Knife Creek in the Alex Fraser Research Forest, British Columbia.

Plot

Fire evidence (n)

Fire
record

Fire intervals (years)

Scarred
trees

Scars

Dated
cores

Cohorts

Mean

T33

3

9

18

0

1584–2015

30

9–60

C28

3

7

20

0

1615–2015

41

14–113

C07

5

4

15

0

1635–2015

29

C03

3

8

17

0

1646–2015

27

T14B

2

7

20

0

1656–2015

C10

1

8

18

0

1673–2015

T22

1

2

17

0

T24

3

5

16

C21

2

7

C27

1

Fire history
through time

Range

Attributes of the last fire
Year

Time since
fire (years)

Remnant trees
(% survivors)

Severity

Low

1905

111

67

Moderate

Low

1863

153

5

High

23–42

Low

1905

111

94

Low

13–42

Low

1905

111

29

Moderate

27

9–47

Low

1863

153

65

Moderate

24

13–32

Low

1863

153

39

Moderate

1712–2015

111

111

Low

1840

176

22

Moderate

0

1715–2015

29

23–42

Low

1905

111

69

Moderate

19

0

1743–2015

25

13–32

Low

1905

111

100

Low

7

19

1

1460–2015

37

9–113

Mixed

1840

176

0

High

T27

2

6

19

1

1558–2015

53

32–73

Mixed

1895

121

84

Low

C31

3

11

20

1

1587–2015

19

9–73

Mixed

1863

153

5

High

T14

5

5

18

1

1592–2015

29

23–42

Mixed

1905

111

94

Low

T49

3

3

19

1

1597–2015

37

32–42

Mixed

1905

111

58

Moderate

C24B

2

7

17

1

1621–2015

26

9–42

Mixed

1943

73

100

Low

C05

5

4

19

1

1651–2015

38

23–50

Mixed

1905

111

84

Low

T16B

3

9

19

1

1666–2015

18

11–32

Mixed

1863

153

26

Moderate

T20

2

4

19

1

1666–2015

38

23–50

Mixed

1905

111

79

Moderate

C18

1

2

19

1

1691–2015

73

73

Mixed

1863

153

0

High

C22

1

7

19

1

1712–2015

18

9–26

Mixed

1863

153

21

Moderate

C01

5

6

20

1

1721–2015

28

23–42

Mixed

1930

86

85

Low

C23

1

7

20

1

1722–2015

19

12–32

Mixed

1863

153

0

High

T37

2

6

20

1

1726–2015

23

9–42

Mixed

1905

111

75

Moderate

T19

2

5

17

1

1732–2015

29

23–42

Mixed

1905

111

53

Moderate

T28

1

3

19

1

1748–2015

52

23–80

Mixed

1943

73

100

Low

C14

1

2

14

1

1788–2015

23

23

Mixed

1863

153

42

Moderate

T16

1

2

19

1

1800–2015

32

32

Mixed

1863

153

0

High

C30

0

0

20

1

1804–2015

–

–

High

1863

153

15

High

C09

2

1

19

1

1818–2015

–

–

High

1863

153

0

High

C17

0

0

18

1

1822–2015

–

–

High

1863

153

28

Moderate

T24B

0

0

20

1

1865–2015

–

–

High

1863

153

0

High

T29

0

0

20

0

1625–2015

–

–

Unclassified

–

–

–

–

T35

0

0

19

0

1724–2015

–

–

Unclassified

–

–

–

–

C33

1

1

19

0

1823–2015

–

–

Unclassified

1863

153

26

Moderate

T02

0

0

20

0

1855–2015

–

–

Unclassified

–

–

–

–

Plots are stratified by fire history through time and record length as in Figure 2.

Abbott and Chapman, 2018; BC Wildfire Service, 2018), lowand moderate-severity fires frequently burned, dominating
the historical mixed-severity fire regime and driving forest
dynamics in the Douglas-fir forests near Knife Creek (Table 2).
The composite fire-scar record indicated surface fires burned
every 10–30 years prior to the 1940s, comparable to other

last recorded in 15 plots; severity was classified as moderate in
7 plots and high in 8 plots. In contrast with 1863, the 1905 fire
was relatively low in severity. Trees were scarred in 13 plots, but
no post-fire cohorts established. All but one plot with scars were
in the north and west of the study area, where young trees had
established after the 1840 and 1863 fires. The 1905 fire was the
last recorded in 11 plots; severity was classified as low in 4 plots
and moderate in 7 plots.

TABLE 3 | Breakpoints in the cumulative number of fires from 1600 to 2015.

DISCUSSION

Period (years)
1600–1757

−84.03

0.05

–

Historical Mixed-Severity Fire Regime

1758–1942

−107.70

0.07

<2 × 10−16

In stark contrast with the predominantly severe, standinitiating megafires of 2017 that burned 33,181 ha of
Douglas-fir forests surrounding our study area (Figure 1A;

1943–2015

22.00

0.00

<2 × 10−16
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Slope

p-value

The period 1600–1757 is the reference period; p-values indicate whether the slope
of a segment is significantly different from that of the reference period (α = 0.05).
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TABLE 4 | Evidence used to infer plot-level severity within six widespread fires.
Years

Plots (n)

Plots with no fire evidence [n (%)]
Scarred recorder
trees absent

Plots with fire evidence [n (%)]

Scarred recorder
trees present

Fire scar only

Fire scar and
post-fire cohort

Post-fire cohort
only

Plots with no
subsequent fire
[n (%)]

1790

29

7 (24)

3 (10)

18 (62)

1 (3)

0 (0)

1 (3)

1817

31

8 (26)

10 (32)

13 (42)

0 (0)

0 (0)

2 (6)

1831

33

8 (24)

12 (36)

13 (39)

0 (0)

0 (0)

2 (6)

1840

33

6 (18)

8 (24)

15 (46)

1 (3)

3 (9)

4 (12)

1863

35

3 (9)

2 (6)

13 (37)

11 (31)

6 (17)

22 (63)

1905

35

6 (17)

16 (46)

13 (37)

0 (0)

0 (0)

35 (100)

Recorder trees include all living trees present at the time of fire; previously scarred recorder trees are more susceptible to fire than trees without scars. Fire scars indicate
low-severity fire; post-fire cohorts indicate moderate- or high-severity fire.

(Swetnam et al., 1999; Falk et al., 2011; Daniels et al., 2017).
Below, we discuss how the presence, absence, and assumptions
underlying fire evidence yield alternate interpretations of severity
of the two widespread fires in 1790 and 1863.
The 1790 fire illustrates the challenges and limitations of
inferring the severity of fires in the distant past (Figure 4),
although it burned during the period of rapid fire accumulation,
when ≥ 77% of plots included recorder trees (Table 3). Scars in 19
plots but a post-fire cohort in only one plot suggest a low-severity
fire (e.g., interpretations i and ii, above). Alternately, had the 1790
fire burned at higher intensity and generated post-fire cohorts
in multiple plots, subsequent fires eliminated that evidence from
contemporary age structures (e.g., interpretation iii, above). Over
the 50 years from 1790 to 1840, five fires burned at short intervals
of 9-15 years and 66% of plots that burned in 1790 re-burned up
to four times. Trees that established after 1790 would have been
young, small, and lacking thick bark to resist subsequent fires. In
fact, the single persistent post-1790 cohort was in the only plot
that remained fire-free until 1840. Thus, it is plausible that other
post-1790 cohorts established but were consumed by subsequent
fires. Conversely, such cohorts may have persisted without repeat
fires from 1790 to 1840.
Deciphering the relative severity of the widespread 1863
fire was key for understanding the contemporary forest age
structure and concluding the historical fire regime has been
disrupted. Many studies consider fires in the late 1800s relatively
severe because they generated new cohorts of trees, and thus,
emphasize the importance of high-severity fires in a mixedseverity fire regime (Daniels et al., 2017). We classified the 1863
as moderate-to-high severity since the resulting post-fire cohorts
account for >70% of contemporary canopy and subcanopy
trees (Sherriff and Veblen, 2006; Chavardès and Daniels, 2016).
However, emphasizing the origin versus persistence of those
cohorts yields contrasting interpretations of the contemporary
fire regime. A focus on cohort origin supports an interpretation
that the 1863 fire was a periodic high-severity event in a mixedseverity regime that has not been disrupted (Odion et al., 2014).
This interpretation inherently assumes a high rate of fire-caused
tree mortality predicated abundant post-fire tree establishment,
justifying the classification of high severity. Yet, the survival
of remnant trees in 29 of 35 plots is inconsistent with this
assumption. Alternately, a focus on cohort persistence supports

Douglas-fir-dominated forests in warm and dry climates of
interior British Columbia (Figure 2; Daniels, 2004; Heyerdahl
et al., 2007, 2012; Marcoux et al., 2013; Greene and Daniels,
2017; Harvey et al., 2017) and, more broadly, across the
western United States (Heyerdahl et al., 2008; Perry et al., 2011;
Hessburg et al., 2019).
Our fine-scale spatio-temporal reconstruction of historical
fires detected no evidence of a stand-initiating fire across the
161-ha study area over the 396-year reconstruction (Figures 2, 3).
Fire scars, cohorts, and remnant trees indicated the six
widespread fires from 1790 to 1905 included substantive
internal heterogeneity at scales of 10–100s of meters (Figure 4).
Individuals and patches of trees survived even the two most
widespread fires in 1840 and 1863, while cohorts initiated
following fires in 1790, 1840, and 1863 (Table 4). Cohort
establishment suggests that some patches of high-intensity fire
were sufficient to cause overstory tree mortality and improve
levels of light and nutrients available to survivors and seedlings
(Harvey et al., 2017). Nevertheless, these fine-scale patches
were embedded in an uneven-aged forest matrix maintained by
frequent low- or moderate-severity fires, a characteristic noted in
other dry forests in south central BC (Daniels, 2004; Heyerdahl
et al., 2007; Harvey et al., 2017). Given the small size of our
study area, replicating our research across a network of sites at
landscape-to-regional scales will improve understanding of the
frequency and relative importance of fires of a range of severities.

Inferring Fire Severity From Scars and
Cohorts
The presence and location of fire-scarred trees and post-fire
cohorts are used to infer the timing, spatial patterns, and
severity of past fires (Swetnam et al., 1999; Daniels et al., 2017).
The absence of scars and cohorts can be equally informative,
but yield multiple possible interpretations: (i) fire did not
burn, (ii) fire burned at low intensity leaving no scars or
cohorts, or (iii) fire burned at sufficient intensity to leave
scars or cohorts but the evidence no longer persists (Falk
et al., 2007; Yocom Kent, 2014). The latter interpretations are
confounded by diminishing fire evidence due to subsequent
disturbances, tree mortality, and wood decay through time, a
widely recognized limitation of dendroecological reconstructions
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FIGURE 3 | Plot-level fire history reconstructed from fire scars and post-fire cohorts. Plot numbers are followed by the number of trees in the age histogram in
parentheses. T denotes plots in treated areas that were partially harvested in 1984; C denotes unharvested control plots. Plots are stratified by fire history through
time (low, mixed, high and unclassified, from top to bottom).
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FIGURE 4 | Spatial pattern of fire severity for six widespread fires. Only plots containing trees old enough to record each fire are shown (n). Colors of one-hectare
circular plots indicate severity: yellow plots include fire scars only indicating low severity; orange plots include fire scars and post-fire cohorts indicating moderate
severity; and, red plots include post-fire cohorts only indicating high severity. White indicate plots with no evidence of fire; bold boundaries indicate plots with trees
that had previously been scarred and were susceptible to fire damage.

immediately west of our study area (Figure 1A). Travel corridors
are generally known to have a high prevalence of Indigenous
fire (Lake and Christianson, 2019). Therefore, the historical
fire record reconstructed in this study likely reflects Indigenous
fire stewardship, including the practice of intentionally setting
fires to modify fire regimes and increase resource availability
(Turner, 1999; Turner et al., 2000; Lake and Christianson, 2019).
Indigenous fire stewardship in dry forest ecosystems is well
documented in oral histories in BC (Simmons, 2012; Lewis et al.,
2018; Xwisten Nation et al., 2018), and fire was likely used to
manage forests for food and medicinal plants and for hunting
animals at or near Knife Creek.
During the Gold Rush and continuing through to the 1940s,
the region surrounding our study area was rapidly colonized
by Europeans as ranches and road houses were established
along the Cariboo Wagon Road (currently Highway 97, the
main north-south highway in BC), which is adjacent to the
Knife Creek study area (Figure 1A; Day, 1998). Controlled
burning continued to be used by ranchers to promote the
expansion of meadows and grasslands to provide feed for
livestock (Parminter, 1991; Day, 1998). In 1874, the Bush Fire
Act introduced fines or imprisonment if a purposely set fire
resulted in damage to private or crown land and the Forest
Act of 1912 provided financial support to equip and maintain
a fire prevention force (Parminter, 1991). Since the 1940s,
firefighting technology improved substantially, and both firescar and documentary records indicate the majority of fires have
been successfully suppressed (Daniels, 2004; BC Wildfire Service
unpublished data).
Tree-ring evidence, consistent with oral histories and
documentary records, indicates changes in human land-use and
fire suppression have disrupted the fire regime at Knife Creek
relative to the historical range of variation. As observed in other

an interpretation that tree survival rates have been exceptionally
high due to subsequent reductions in fire occurrence, size, and
severity (Guiterman et al., 2018). In the 70 years preceding 1863,
five widespread fires reburned plots multiple times (Figures 2, 4
and Table 4). In contrast, in the 150 years since 1863, small fires
in 1876, 1895, 1930, and 1943 scarred trees in only one or two
plots and 15 plots with post-1863 cohorts have not reburned. The
last widespread fire in 1905 was low in severity, only scarring
trees without initiating new cohorts. Excessive fire-free intervals
of 72–184 years indicate individual plots have missed up to six
fires relative to historical frequencies (Tables 2, 3). Absent surface
fires to drive tree mortality and maintain low forest densities,
we conclude the persistence of the post-1863 cohorts both result
from and strongly indicate disruption of the historical fire regime
during the twentieth century.

Human Disruption of the Fire Regime
The absence of fire scars since 1943 or establishment of new postfire cohorts in the twentieth century provide strong evidence
of a disrupted fire regime at Knife Creek (Figure 2). All plots
included young, small subcanopy trees and 19 plots included
live, fire-scarred trees that would have been highly susceptible to
scarring had fires burned (Figure 3). The lack of fire is consistent
with other dendroecological reconstructions, a period of cooler
and wetter regional climate from 1946 to 1976 (Daniels, 2004;
Heyerdahl et al., 2012; Harvey et al., 2017), and historical land
use in the region (Parminter, 1991; Day, 1998). Specifically, the
arrival of Europeans to this area following the Gold Rush in the
1860s severely restricted Indigenous fire stewardship (Parminter,
1991; Day, 1998). This part of the T’exelcmec traditional territory
includes sacred ceremonial grounds and a well-established travel
route between seasonal camps along the San Jose River (oral
history shared with and reported by Day, 2007), which lies
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low levels of flammable fuels and an open canopy structure,
reducing crown fire potential and increasing forest resilience
against future megafires.

dry mixed-conifer forests, contemporary fire regimes have led to
increased tree densities, especially in subcanopy strata, that have
made dry forests less resilient to fire (Hessburg et al., 2019). There
is compelling evidence that in the absence of frequent fires, a
substantial degree of forest structural diversity in Knife Creek has
been lost (Hessburg et al., 2005, 2016; Spies et al., 2006; Harvey
et al., 2017). Stands near Knife Creek that have not been harvested
have closed canopies and forest densities generally range from
200 to 775 trees ha−1 , with the densest stands exceeding 3400
trees ha−1 (Table 1). Such dense canopies leave Knife Creek
at increased risk of a high-severity stand-initiating fire (Leclerc
et al., 2021) and justify treatments to mitigate hazardous fuels and
restore ecosystem structure and function (Hessburg et al., 2005,
2016; Stephens et al., 2012; Halofsky et al., 2020).
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