
TREE-RING RESEARCH, Vol. 76(2), 2020, pp. 74–88
DOI: http://dx.doi.org/10.3959/TRR2019-10a

USING COMPLEMENTARY DROUGHT PROXIES IMPROVES
INTERPRETATIONS OF FIRE HISTORIES IN MONTANE FORESTS

RAPHAËL D. CHAVARDÈS1*, LORI D. DANIELS2, BIANCA N. I. ESKELSON3, and ZE’EV GEDALOF4

1NSERC-UQAT-UQAM Industrial Chair in Sustainable Forest Management, University of Quebec in
Abitibi-Temiscamingue, Rouyn-Noranda, QC, Canada

2Department of Forest and Conservation Sciences, University of British Columbia, Vancouver, BC, Canada

3Department of Forest Resources Management, University of British Columbia, Vancouver, BC, Canada

4Department of Geography, Environment and Geomatics, University of Guelph, Guelph, ON, Canada

ABSTRACT

To investigate drought influences on mixed-severity fire regimes in montane forests of southeast-
ern British Columbia, we developed a Douglas-fir latewood-width chronology and tested its associations
with drought records across the fire season. Associations were strong between drought and latewood-
widths particularly for June–August. Based on the chronology, we reconstructed the summer Drought
Code, an index of moisture content in slow-drying deep compact organics in the soil and coarse woody
fuels. Using the summer Drought Code and an existing reconstruction of the summer Palmer Drought
Severity Index, representing moisture content in the quick-drying duff layer, we tested fire–drought as-
sociations using fire-scar records. Subtle differences in fire–drought associations reflect distinct drying
rates and overwintering capacity among forest fuels represented by each summer drought reconstruc-
tion. Variable moisture conditions across fuels influence fire occurrence; in particular when the summer
Drought Code exceeds 344 and the summer Palmer Drought Severity Index is below 0.08, fire occurrence
is more likely. The application of these thresholds with climate change scenarios may provide insights on
howmixed-severity fire regimes could be impacted in montane forests of southeastern British Columbia.

Keywords: montane forests, Drought Code, PDSI, fire history, fire–drought associations, mixed-
severity fire regimes, fuel moisture, British Columbia.

INTRODUCTION

Drought-driven fire risk is expected to increase
over the 21st Century across many forests of west-
ern North America as a result of climate change
(Stephens et al. 2013; Moritz et al. 2014). Drought
intensified by warmer temperatures and lower pre-
cipitation (Diffenbaugh et al. 2015) causes forest
fuels to have low moisture content making them
more susceptible to ignite and burn at higher inten-
sities and, consequently, with more severe impacts
(Littell et al. 2009; Flannigan et al. 2013). Inter-
actions among drought, fuels and fire intensity
are critical for characterizing mixed-severity fire
regimes; however, these remain insufficiently under-
stood inmontane forests of westernNorthAmerica
(Halofsky et al. 2011).

*Corresponding author: raphael.chavardes@uquat.ca

Mixed-severity fire regimes are compara-
tively more complex than low- and high-severity
fire regimes (Agee 1998; Schoennagel et al. 2004;
Halofsky et al. 2011). Low-severity fire regimes are
dominated by frequent surface fires, which cause
minimal tree mortality but reduce surface fuels,
whereas high-severity fire regimes are dominated
by infrequent crown fires with high tree mortality,
which significantly reduce surface and crown fuels
(Agee 1993). For mixed-severity fire regimes, fires
burn with a range of severities across spatial and
temporal scales (Schoennagel et al. 2004; Halofsky
et al. 2011), resulting in compositionally and struc-
turally diverse forest stands (Hessburg et al. 2016,
2019; Daniels et al. 2017). Fluctuation in fire sever-
ity is caused by interacting top-down drivers includ-
ing weather and climate, which influence drought,
and bottom-up drivers including topography,
and vegetation composition and structure, which
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influence fuels (Turner 2010; Gedalof 2011; Perry
et al. 2011). An improved understanding of the
interactions between drought, fuels and fires by in-
vestigating fire–drought associations can assist fire
managers in anticipating impacts of climate change
in montane forests with mixed-severity fire regimes.

Research on contemporary relationships be-
tween fire occurrence and drought have used doc-
umentary fire records with instrumental drought
records in the 20th and early 21st Centuries in west-
ern North America (e.g. Westerling et al. 2006;
Littell et al. 2016), including western Canada
(e.g. Xiao and Zhuang 2007; Meyn et al. 2010).
Yet, this period includes advances in fire suppres-
sion technologies (Morgan et al. 2008; Flanni-
gan et al. 2009), which can impact interpretations
of fire–drought associations (Williams and Abat-
zoglou 2016). To address this limitation, multi-
century proxy reconstructions of drought based on
tree-ring chronologies have been developed (Cook
et al. 2004; Girardin et al. 2004). Such recon-
structions are based on climate–growth analyses,
which test the relationship between specificmonthly
drought variables over the instrumental period
against tree-ring-, earlywood-, and/or latewood-
width chronologies (Fritts 1976; Watson and
Luckman 2002).

In western North America, interior Douglas-
fir (Pseudotsuga menziesii var glauca (Beissn.)
Franco) radial growth is limited by low mois-
ture availability according to climate–growth anal-
yses (Chen et al. 2010). Within montane forests
of western Canada, climate–growth analyses were
conducted across multiple Douglas-fir ring-width
chronologies (Griesbauer and Green 2010) and
earlywood- and latewood-width chronologies (Wat-
son and Luckman 2002). Specifically, Watson and
Luckman (2002) found that intra-annual Douglas-
fir growth was limited by moisture availability,
which is consistent with findings from the north-
western USA (Littell et al. 2008; Crawford et al.
2015). Seasonally, low moisture availability in June
and July during the growing season when the ring
is formed significantly decreased latewood widths
(Watson and Luckman 2002; Crawford et al. 2015).
Low moisture availability also favors fire activ-
ity during peak fire season in July and August
within montane forests of western Canada (Nat-
ural Resources Canada 2019). Thus, conducting

climate–growth analyses using a moisture-sensitive
Douglas-fir latewood-width chronology is justified
to better understand how drought historically var-
ied over the fire season in these montane forests.

Researchers have commonly used the monthly
Palmer Drought Severity Index (PDSI; Palmer
1965) in North America to conduct climate–
growth analyses (e.g. Watson and Luckman 2002;
Littell et al. 2008; Carnwath et al. 2012) and re-
construct historical droughts (e.g. Stahle et al.
2000; Cook et al. 2010). Monthly PDSI, which in-
dicates the moisture content of the forest floor,
duff layer and upper mineral soil horizon (Hu
and Willson 2000; Miyanishi 2001), is calculated
from a temperature-driven evapotranspiration al-
gorithm and a precipitation-driven water bal-
ance method (Thornthwaite 1948; Palmer 1965).
Based on monthly PDSI records and moisture sen-
sitive tree-ring chronologies, including Douglas-
fir chronologies from western Canada (Watson
and Luckman 2004), Cook et al. (2004) devel-
oped multi-century 2.5° x 2.5° gridded reconstruc-
tions of summer (June–August) PDSI over North
America. The multi-century depth and continen-
tal extent of the gridded reconstructions of sum-
mer PDSI made them suitable to test fire–drought
associations at different spatial scales (e.g. Hessl
et al. 2004; Trouet et al. 2006, 2010; Heyerdahl et al.
2008a), even though monthly PDSI was originally
developed as an agricultural index (Palmer 1965)
rather than a fire-weather index.

TheDrought Code (DC) is a daily fire-weather
index used in the Canadian Forest Fire Behav-
ior Prediction System to indicate the moisture
content in slow-drying deep compact organics in
the soil and coarse woody fuels (Girardin and
Wotton 2009; Podur and Wotton 2010; Chavardès
et al. 2019). Over the fire season, DC is calcu-
lated by adding the effects of total daily precipita-
tion followed by daily potential evapotranspiration
(VanWagner 1987). Following prolonged droughts,
DC values are high and indicate that deep and
coarse fuels have lowmoisture content and aremore
likely to combust (de Groot et al. 2009). A unique
feature of the DC is its capacity to adjust for
soil moisture depletion between fire seasons, a
condition common in many forests of western
Canada (Lawson and Armitage 2008). Over-winter
depletion of soil moisture can lead to sufficiently
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dry fuels that have the potential to burn even dur-
ing the months of April and May in some forests
(Chavardès et al. 2019). To represent the onset, du-
ration, and degree of drought during 20th Century
fire seasons, Chavardès et al. (2019) developed a
predictive model of the monthly mean Drought
Code (hereafter, “monthly DC”). Monthly DC ex-
hibited strong and significant fire–drought associ-
ations in surrounding montane forests. Given the
unique characteristics of the monthly DC and its
direct link to fire weather, we propose the use
of a drought-sensitive Douglas-fir latewood-width
chronology to develop a proxy record of summer
DC that pre-dates instrumental records.

Compared to monthly DC, monthly PDSI
and its summer reconstructions indicate moisture
content in the fast-drying forest floor, duff layer
and upper mineral soil horizon (Hu and Willson
2000;Miyanishi 2001). During hot and dry weather,
the duff layer dries quickly and is highly suscep-
tible to ignition and combustion (Wotton et al.
2005); therefore, monthly and summer PDSI are of-
ten used to test fire–drought associations in North
America (Littell et al. 2016). Because the duff layer
dries more quickly than deeper and coarser fuels
(Van Wagner 1987), fire–drought associations with
monthly and summer PDSIwill likely bemore com-
mon than those for monthly and summer DC. It re-
mains unclear, however, whether monthly and sum-
mer PDSI can differentiate changes in moisture
content caused by a relatively short drought from
a longer-term drought. Given the difference in fu-
els represented by monthly and summer DC com-
pared to monthly and summer PDSI, we hypoth-
esized fire–drought associations with summer DC
will help identify the prolonged droughts. Thus, by
using summerDC and PDSI in combination, we ex-
pected to enhance our understanding of drought as
a driver of mixed-severity fire regimes.

We conducted this research in the montane
forests of southeastern British Columbia, where the
frequency and severity of historical fires represents
a mixed-severity fire regime (Marcoux et al. 2013,
2015). In this research, we constructed a moisture-
sensitive Douglas-fir latewood-width chronology
from which we developed a new proxy of drought
during the fire season, the summer DC. We ad-
dressed three inter-related questions. (1) How do
climate–growth relations between the Douglas-fir

latewood chronology and monthly DC compare
with relations using monthly PDSI? (2) How does
the summer DC reconstruction compare with the
nearest gridded reconstruction of summer PDSI?
(3)Howdo fire–drought associations differ between
summer DC and summer PDSI reconstructions?
The comparison of fire–drought associations us-
ing our new reconstruction of summer DC against
the extensively-used gridded reconstruction of sum-
mer PDSI (Stahle et al. 2000; Cook et al. 2010)
allowed us to test the hypothesis that using two
proxy reconstructions of drought, summer DC and
PDSI, provides contrasting information about the
climatic conditions in which fires burned. Pars-
ing out the subset of fires significantly associated
with summer DC allowed a better identification of
fire years that coincided with prolonged droughts.
Combined, summer DC and PDSI provide a more
nuanced understanding of the type and degree of
droughts associated with historical mixed-severity
fire regimes in montane forests of southeastern
British Columbia.

METHODS

Study Area

This research focused on montane forests
(1000–1550 m above sea level (a.s.l.)) of southeast-
ern British Columbia, Canada (Figure 1). These
mid-elevation forests are dominated by conifers, in-
cluding Douglas-fir, western larch (Larix occiden-
talis Nutt.), lodgepole pine (Pinus contorta Dougl.
ex Loud.), white spruce (Picea glauca (Moench)
Voss), and ponderosa pine (Pinus ponderosa Dou-
glas ex Lawson). Such forests contain legacies
of mixed-severity fire regimes (Cochrane 2007;
Daniels et al. 2011; Marcoux et al. 2015), includ-
ing fire scars and even-aged tree cohorts, provid-
ing evidence of low-severity and moderate-to-high-
severity fires, respectively (Marcoux et al. 2013).

Climate in the study area is continental
(Pojar and Meidinger 1991). Between 1981 and
2010, the Palliser fire-weather station (50°29′40′′N,
115°39′59′′W; 1100m a.s.l.) recorded amean annual
temperature of 3.5°C, with mean monthly temper-
atures of −7.9°C for January and 15.4°C for July,
andmean annual precipitation of 433mm, with 293
mm (68%) during April–October, and 113 mm as
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Figure 1. (a) Douglas-fir increment core sampling sites (n = 5) (Daniels et al. 2007), and fire-scar record sampling sites (n = 28)
(Cochrane 2007; Daniels et al. 2011), (inset b) in montane forests of southeastern British Columbia (BC), Canada. Also shown are the
locations for the summer Drought Code (DC) reconstruction at Palliser fire-weather station, and the summer Palmer Drought Severity
Index (PDSI) reconstruction (Cook et al. 2004) at grid point 67.

snow during November–March (Chavardès et al.
2019). Despite most of the precipitation falling
during April–October, peak activity of lightning-
ignited forest fires was common during July–August
(Natural Resources Canada 2019).

Monthly Drought Indices

To assess drought variability for each fire sea-
son (April–October) from 1901–2004, we calculated
monthlyDC andmonthly PDSI for the Palliser fire-
weather station. We compiled monthly maximum
and average temperatures (°C) and total monthly
precipitation (mm; as water equivalent) from daily
weather records and monthly climate data (after
Chavardès et al. 2019). Monthly DC was computed

from monthly precipitation and maximum temper-
ature data, while accounting for over-winter drying
(Chavardès et al. 2019). Higher (lower)monthlyDC
values represent drier (wetter) moisture contents in
deep compact organics in the soil and coarse woody
fuels (Turner 1972). We calculated monthly PDSI
followingWells et al. (2004), using the monthly pre-
cipitation and average temperature data, average
temperature normals calculated from 1901–2004,
and available water-holding capacity of the soil of
480 mm corresponding to forested areas (Meyn
et al. 2010). Positive (negative) monthly PDSI val-
ues represent wetter (drier) moisture content condi-
tions in surface and underlying soil layers (Palmer
1965), which comprise the duff to uppermost soil
mineral horizon.
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Table 1. Location and elevation (meters above sea level) of

the five sampling sites for Douglas-fir increment cores (n =
29) (Daniels et al. 2007) used to develop the latewood-width

chronology.

Site
Latitude

(N)
Longitude

(W)
Elevation
(m a.s.l.)

No.
Cores

1 50°31′20′′ 115°33′53′′ 1219 11
2 50°29′49′′ 115°39′32′′ 1042 2
3 49°38′15′′ 116°06′38′′ 1248 9
4 49°27′50′′ 115°55′57′′ 1245 4
5 49°14′35′′ 115°52′08′′ 1032 3

Douglas-fir Latewood-Width Chronology

To develop a multi-century drought proxy, we
analyzed latewood widths of 110 Douglas-fir in-
crement cores collected from five sites located in
montane forests of southeastern British Columbia
(Table 1; Daniels et al. 2007). Cores were sanded
and subsequently scanned at high resolution (1200
or 2400 dots per inch) to measure latewood widths
using CooRecorder with a threshold of 70 to deter-
mine boundaries between earlywood and latewood
(Larsson 2011).

To develop a latewood-width chronology, we
crossdated latewood widths using the programs
CDendro (Larsson 2011) and COFECHA (Holmes
1983). To avoid the potentially confounding in-
fluences of fire and other stand-level disturbances
on tree growth, we used conservative criteria when
selecting series to include in the chronology. Us-
ing the default settings in COFECHA, the cross-
correlation matrix of 50-year segments overlapping
by 25 years was used to select series with correla-
tions �0.54 over the full lifespan of the tree and no
flags (i.e. no segments with low correlations indicat-
ing possible dating errors). The resulting 29 series
were combined into the latewood-width chronol-
ogy to represent average latewood-width growth
in the study area. To describe the latewood-width
chronology we calculated statistics including the
mean series intercorrelation (r), mean sensitivity
(MS), and first order autocorrelation (AC1) (Cook
and Kairiukstis 1990).

We applied signal-free detrending (Melvin and
Briffa 2008, 2014) with a 100-year 50% frequency
response to remove age- and stand-related growth
trends (Cook and Peters 1981). We computed the
detrended chronology as a pre-whitened residual

chronology to remove temporal autocorrelation
(Fritts 1976).

Climate−Growth Analyses

To quantify the strength of the climate–
growth relationships between the detrended resid-
ual chronology and the monthly drought indices
from 1901–2004, we conducted correlation function
analyses (Fritts 1976) with the “treeclim”Rpackage
(Zang and Biondi 2015).We conducted these analy-
ses over the 7-month window corresponding to the
fire season (current year April–October). We calcu-
lated Pearson’s product moment correlation coeffi-
cients between the detrended residual chronology
and each monthly drought index using 95% con-
fidence intervals derived from 1000 random boot-
strapped samples (Zang and Biondi 2015).

Reconstructions of Summer Drought

We assessed multi-century drought variability
using two reconstructions of summer drought: a
new reconstruction of summer (June–August) DC,
which we developed in this study, and a published
reconstruction of summer (June–August) PDSI for
the grid point nearest to the Palliser fire-weather
station (GP 67, 50°N, 115°W; Cook et al. 2004). To
model summer DC as a function of the detrended
residual chronology, we applied a linear model us-
ing the “lm” function in R (R Core Team 2018). We
verified model assumptions were met with regards
to normality, homoscedasticity, and serially inde-
pendent data using Shapiro-Wilk, Breusch-Pagan,
and Durbin-Watson tests, respectively, in addition
to quantile-quantile and residual plots. The residual
plot and Breusch-Pagan test revealed heteroscedas-
tic error terms, which was accounted for by fitting
a generalized least squares model (Fox and Weis-
berg 2019) with the error variance ln(ε2) = ln(X).
To assess model fit over 1901–2004, we calculated
R2, reduction of error (RE) (Fritts 1976; Macias-
Fauria et al. 2012), and root mean squared error
(RMSE). To validate model consistency over time,
we used the following split-sample periods: 1901–
1952, 1953–2004, odd years, and even years (af-
ter Littell et al. 2016). Validation statistics included
R2 for the sub-sample models and RE for the sub-
sample validations (after Littell et al. 2016). Finally,
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we calculated the Pearson product moment corre-
lation between the reconstructions of summer DC
and summer PDSI over their common period (here-
after, “period of analysis”).

Fire–Drought Associations

Crossdated fire-scars collected from 28 mon-
tane forest sites in southeastern British Columbia
represented the historical fire record (Cochrane
2007; Daniels et al. 2011). We composited all site-
level fire records, then filtered them to identify years
in which �2 trees were scarred for a total of 68 fire-
scar years (hereafter, “fire years”) over the period of
analysis.

Three approaches were used to explore fire–
drought associations during the period of analy-
sis. The superposed epoch analysis (SEA) module
of the Fire History Analysis and Exploration Sys-
tem (Brewer et al. 2015) was applied to determine
whether fire years or non-fire years occurred after
and during significantly drier or wetter than av-
erage summer conditions (Swetnam 1993; Suther-
land et al. 2017). To meet the assumptions of SEA,
we used autoregressive integrated moving average
(ARIMA) procedures to test for autocorrelation in
the summer DC and summer PDSI reconstructions
(after Heyerdahl et al. 2008a). ARIMA procedures
showed that the reconstruction of summer PDSI
was not white noise (p <0.001 up to six lags), so
we applied an AR(1) model to derive white noise
residuals of the reconstruction of summer PDSI (p
�0.547 up to 24 lags). To differentiate wetter from
drier conditions, we standardized the reconstruc-
tion of summer DC to z-scores, and we calculated
mean values for these z-scores and the reconstruc-
tion of summer PDSI residuals for fire years, non-
fire years, and each of their preceding three years.
To assess statistical significance of these years, we
compared their mean values against bootstrapped
values derived from a Monte Carlo simulation of
randomly selected years that provided 95%, 99%,
and 99.9% confidence intervals (Sutherland et al.
2017).

To test the effects of weather extremes on his-
torical fire occurrence, we applied bivariate event
analysis (BEA) using the K1D software (Gavin
2010). Compared to SEA, BEA focuses on extreme
rather than average conditions, which avoids prob-

lems caused by serial autocorrelation because it
does not rely on continuous drought records (Gart-
ner et al. 2012). Weather extremes were identified
as years that exceeded±1 standard deviation, based
on z-scores calculated for the summer DC and sum-
mer PDSI reconstructions. To determine whether
fire/non-fire years were concurrent with or lagged
extremely dry/wet summer conditions (e.g. Har-
vey and Smith 2017), we conducted BEA over the
period of analysis with forward selection so that
weather extremes preceded fire years. We tested if
the two sets of events were temporally synchronous
(versus independent versus asynchronous) by gener-
ating 95% confidence intervals based on 1000 ran-
domized Monte Carlo simulations (after Harvey
and Smith 2017).

In a third analysis, logistic regression was ap-
plied to predict the probability of a fire year based
on the reconstructions of both summer DC and
summer PDSI. An optimal pair of threshold val-
ues for summer DC and PDSI was derived from the
cutoff probability at which the receiver operating
characteristic (ROC) curve minimized the sum of
false positives and false negatives (Toms andVillard
2015).

RESULTS

Reconstruction of Summer Drought from
Douglas-fir Latewood Widths

The Douglas-fir latewood-width chronology
used to reconstruct summer drought was robustly
crossdated with a high mean series intercorrelation
(r = 0.62). Chronology statistics indicated low vari-
ation but high correlation between latewood-width
measurements from year to year (mean sensitiv-
ity = 0.33 and first order autocorrelation (AC1) =
0.70, respectively), whichwere analogous toWatson
and Luckman’s (2002) chronology statistics from
Interior British Columbia. The detrended residual
latewood-width chronology spanned from 1686–
2004.

Drought during the fire season was correlated
with narrow latewood in Douglas-fir (Figure 2).
Both monthly drought indices showed significant
correlations with the chronology (p <0.05) during
eachmonth of the fire season; with negative correla-
tions for monthly DC and positive correlations for
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Figure 2. Bootstrapped correlation coefficients of the de-
trended residual latewood-width chronology against the monthly
Drought Code (monthly DC; dimensionless), and monthly
PalmerDrought Severity Index (monthly PDSI; dimensionless) at
Palliser weather station. All correlation coefficients shown as grey
bars were calculated for the period 1901–2004 and over April–
October, the months corresponding to the fire season. Whiskers
represent 95% confidence intervals.

monthly PDSI. Correlations withmonthlyDCwere
stronger for April–August, but weaker in Septem-
ber and October relative to monthly PDSI.

The model used to reconstruct summer DC
from Douglas-fir latewood widths met the assump-
tions of linear regression. The model showed mod-
erate performance yielding an R2 of 0.46, RE of
0.45, and RMSE of 59.04 (Table 2). Validation
statistics revealed similar values of R2 ranging from
0.41 to 0.49, and of RE ranging from 0.37 to
0.45. Over the common period of analysis span-

ning 1686–2004, the summer DC reconstruction re-
vealed a moderate negative Pearson product mo-
ment correlation with the summer PDSI recon-
struction (r = −0.50; p <0.001) (Figure 3).

Fire–Drought Associations

From 1686 to 2004, the outcomes from SEA
indicated the 68 fire years occurred during signifi-
cantly dry summers according to both drought re-
constructions (p <0.001) (Figure 4). The year pre-
ceding fire years was also dry according to sum-
mer PDSI only (p <0.05). Conversely, the 251 non-
fire years were associated with significantly wetter
conditions according to summer DC (p <0.05) and
summer PDSI (p <0.01).

Similarly, BEA indicated fire years were syn-
chronous with summer weather extremes corre-
sponding to drought, with lagged effects that were
more pronounced than those detected by SEA
(Figure 5). Fires burnedwhen summerDCwas high
the year of and one year prior to fire (p <0.05) and
summer PDSI was low the year of and up to three
years prior to fire (p <0.05). Conversely, fires were
asynchronous with extremely wet summers during
the year of and up to three years prior to fire ac-
cording to summer DC and PDSI (p <0.05). Non-
fire years occurred independently (p �0.05) of ex-
tremely dry and wet summers.

Historically, fire years were most likely to oc-
cur when summer DCwas �344 and summer PDSI
was �0.08 (Figure 6). Over the 319 years of 1686–
2004, both summer DC and summer PDSI ex-
ceeded these thresholds in 100 years (e.g. upper left
quadrant of Figure 6), 41 of which were classi-
fied as fire years based on the fire-scar record. Un-
der these prolonged drought conditions, fire scars

Table 2. Reconstruction of the summer Drought Code (DC) at the Palliser fire-weather station. Pearson product moment correlation

and model coefficients (top); the model was validated using two time periods and odd versus even years (bottom).

Reconstruction Coefficients r (Summer DC) Estimate Std. Error t-Value P(>|t|)

Intercept 603.1 30.2 19.940 <0.001
Detrended residual latewood-width chronology −0.66 −258.7 27.8 −9.303 <0.001

Model diagnostics Sub-sample model R2 Sub-sample validation RE
R2 = 0.46 1901–1952 0.48 1901–1952 0.38
F-statistic = 86.54 on 1 and 102 df, p <0.001 1953–2004 0.41 1953–2004 0.37
RE = 0.44 Odd years 0.49 Even years 0.38
RMSE = 59.04 Even years 0.41 Odd years 0.45
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Figure 3. Indices for the detrended residual latewood-width chronology (black line) along with the sample depth (grey line; top panel),
and reconstructions of the summer Drought Code (DC) and summer Palmer Drought Severity Index (PDSI) from 1686–2004 (middle
and bottom panels, respectively). The 68 fire years are shown as vertical grey bars in the middle and bottom panels.

formed at multiple sites in 28 years, with up to nine
of the 28 sites recording fire in a single year. Sum-
mer PDSI was �0.08 and summer DC was <344
in 55 years (e.g. lower left quadrant of Figure 6),
16 of which were fire years recorded at a maximum
of four sites. Of the 55 years that coincided with
summer DC �344 and summer PDSI >0.08 (e.g.
upper right quadrant of Figure 6), only 6 were fire
years recorded at a maximum of four sites. Of the
109 years when summer DC was <344 and sum-
mer PDSI was >0.08 (e.g. lower right quadrant of
Figure 6), only 5 were fire years and scars were
recorded at a maximum of three sites.

DISCUSSION

Monthly DC and PDSI Reveal Subtle Differences
in Drought in Montane Forests

Using the two drought indices in concert pro-
vides key insights on the temporal characteris-
tics of historical droughts within fire seasons in
montane forests of southeastern British Columbia.

Subtle differences in climate–growth correlations
across the fire season indicate that monthly DC and
PDSI can be used together to better understand
drought effects on historical fire occurrence. Late-
wood widths were more strongly correlated with
monthly DC in the early months of the fire season,
compared withmonthly PDSI.Monthly DC, devel-
oped as a fire-weather index, accounts for soil mois-
ture depletion over the winter between fire seasons,
in addition to cumulative drought during the fire
season (Chavardès et al. 2019). Soil moisture can
be partly retained between fire seasons by discontin-
uous frozen ground and insulating snowpack or it
can be depleted by dry winters with early snowmelt
(Van Wagner 1987; Lawson and Armitage 2008).
The latter phenomenon is known as “overwinter-
ing” and is common in the study area. The ca-
pacity to account for overwintering likely explains
the stronger climate–growth correlations for April–
August monthly DC than monthly PDSI. In con-
trast to monthly DC, monthly PDSI poorly ac-
counts for snowfall (Riley et al. 2013), snowmelt,
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Figure 4. Superposed epoch analyses (SEA) showing associations for the reconstructions of the summer Drought Code (DC) and
the summer Palmer Drought severity Index (PDSI) during fire years and non-fire years. To differentiate wetter from drier conditions,
the reconstruction of summer DC was standardized to z-scores. White noise residuals of the reconstruction of summer PDSI were
derived to meet the assumptions of SEA. Solid, long- and short-dashed lines represent confidence intervals of 99.9%, 99%, and 95%,
respectively. Grey bars indicate statistically significant departures from the mean (p <0.05).

or frozen ground, which can be problematic when
using PDSI at high-latitudes and mountainous ar-
eas (Alley 1984). Instead, monthly PDSI displayed
stronger climate–growth correlations than monthly
DC during September and October, which was con-
sistent with strong correlations between monthly
PDSI and soil moisture during late summer and au-
tumn in the western USA (Dai et al. 2004). Com-
bined, our findings provide support for the appli-
cation of monthly DC along with monthly PDSI
to improve interpretations of the effects of drought
during different parts of the fire season in montane
forests of southeastern British Columbia.

Fire–Drought Associations Highlight Differences
in Moisture Content over Time

Fire–drought associations for summerDCand
PDSI reflected the distinct capacities of these two
drought indicators to integrate moisture content

over time. Both indices revealed fire years were
strongly associated with summer droughts corrob-
orating the many findings on fire–climate associa-
tions in western North America (e.g.Gedalof et al.
2005; Trouet et al. 2006, 2010; Heyerdahl et al.
2008a, 2008b; Littell et al. 2009). We also found
strong associations between fires and dry condi-
tions during the previous year based on summer
PDSI, which was documented in the Pacific North-
west (e.g. Westerling et al. 2003; Hessl et al. 2004).
However, summer PDSI does not explicitly account
for multi-year droughts that can lead to low fuel
moisture conditions in the early months of the fire
season (i.e. in April and May). Our findings sug-
gest that summer PDSI is an excellent indicator
of droughts encompassing the middle of the fire
season (i.e. June–August), although research shows
low winter and spring PDSI values indicating dry
conditions were also associated with fire years in
western North America (e.g. Trouet et al. 2006).
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Figure 5. Bivariate event analyses showing associations for fire years and non-fire years during coinciding and preceding extremely dry
or wet summers (±1SD) according to the reconstructions of the summer Drought Code (DC) and summer Palmer Drought severity
Index (PDSI). Solid black lines represent reconstruction indices and dashed lines the 95% simulation envelopes, respectively. Recon-
struction indices above the upper envelopes indicate synchrony with fire years or non-fire years. Reconstruction indices falling between
envelopes are not statistically significant and indicate independence from fire years or non-fire years. Reconstruction indices below
the lower envelopes indicate asynchrony with fire years or non-fire years. Portions highlighted in grey denote statistical significance (p
<0.05).

Compared with summer PDSI, summer DC explic-
itly accounts for overwintering conditions that dry
fuels and can occur from the end of the previous
fire season (i.e. between October and November)
to the start of the current fire season. Such con-

Figure 6. Scatterplot for the reconstruction of the summer
Drought Code (DC) versus reconstruction of summer Palmer
Drought Severity Index (PDSI) during fire years (black circles)
and non-fire years (grey points). The number of sites recording
each fire year is represented by the size of each circle. The optimal
pair of threshold values for summer DC and PDSI to predict the
probability of a fire year was 344 and 0.08, respectively (dashed
lines).

ditions can lead to dry deep organics and coarse
woody fuels at the start of and throughout the
fire season. Thus, summer DC explicitly provides
information on droughts that can last for multi-
ple fire seasons. Given that climate change is ex-
pected to extend droughts into the early months of
the fire season in western North America (Wotton
and Flannigan 1993; Westerling et al. 2006; West-
erling 2016), we suggest the application of summer
DC and PDSI to provide insights into how mixed-
severity fire regimes could be impacted in mon-
tane forests of southeastern British Columbia. For
our research, we can apply both drought indicators
to provide insights into how long- and short-term
droughts may have influenced the mixed-severity
fire regime in our study area.

Drought as an Indicator of Fire Severity in Mon-
tane Forests

Combinations of long- and short-term
droughts influenced the historical fire regime
as indicated by the variation in the number of
fire years and number of sites recording fire in
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the four quadrants shown in Figure 6. The upper
left quadrant represents the drought conditions
that were most conducive to fire. The prolonged
droughts required for summer DC to exceed the
critical threshold of 344, drying deep organics and
coarse woody fuels making them more likely to
burn (Girardin and Wotton 2009), also yielded
average to very low summer PDSI values (<0.08).
Under these climatic conditions, fires were most
frequent and commonly occurred at multiple sites,
with a tendency for more sites to record fire during
more extreme droughts. We would expect fires that
coincided with high summer DC and low summer
PDSI burned at higher intensities and resulted
in more severe effects, given that most fuels had
low moisture content (Keeley 2009). Although fire
severity cannot be interpreted from fire scars alone
(Daniels et al. 2017), the presence of fire-scars in-
dicates tree survival, even in extreme drought years
when fires burned at several locations within the
study area. It is possible that individual fires had
a range of effects within their perimeters and the
fire-scarred trees sampled were survivors in island
remnants or along the edges of predominantly
high-severity fires. Alternatively, spatial variation
in moisture gradients and the amount of com-
bustible fuels likely influenced fire severity within
and among sites, as found in other montane forests
with mixed-severity fire regimes in western North
America (Halofsky et al. 2011; Daniels et al. 2017).
Finally, despite mostly dry fuels, the variation
in the number of sites that recorded fires during
prolonged droughts also highlights the limiting
effect of ignitions (Gedalof 2011).

Fires coinciding with short-term droughts in
the study area highlight the importance of a dry
duff layer to sustain fire ignition and combustion
that is sufficiently intense to scar trees. Fire occur-
rence was likely when summer PDSI was low, even
in years when summer DC was below the thresh-
old of 344, as shown in the lower left quadrant of
Figure 6. Such conditions develop during relatively
mesic summers, when short-term droughts dry the
duff layer, but not the deep organics and coarse
woody fuels. In comparison, fire years were less
common when summer PDSI exceeded the thresh-
old of 0.08, indicating relatively mesic to wet con-
ditions in which the duff layer was least susceptible
to sustain ignitions (Falk et al. 2007; Abatzoglou

et al. 2016). In general, high summer PDSI coin-
cided with low summer DC, indicating high mois-
ture content across fuels and the conditions least
conducive to burning (e.g. lower right quadrant of
Figure 6). Less frequently, high summer PDSI co-
incided with low moisture content in deep organ-
ics and coarse woody fuels (e.g. upper right quad-
rant of Figure 6). Our interpretations agreed with
findings that a dry duff layer can sustain fire igni-
tion and combustion (Wotton et al. 2005). We also
interpreted that fires occurring during short-term
droughts in the montane forests of our study area
were more likely of low to moderate severity. Sim-
ilar findings were documented in other montane
forests of western North America with evidence
of low- to moderate-severity fires during less pro-
nounced and persistent droughts (Perry et al. 2011;
Hessburg et al. 2016).

CONCLUSIONS

Using the reconstructions of summer DC and
PDSI in concert provided nuanced insights on
the range of drought conditions driving historical
mixed-severity fire regimes in montane forests of
southeastern British Columbia. The development
of a summer DC reconstruction provided a prac-
tical connection between historical fires and a mod-
ern fire-weather index derived from empirical re-
search on fire behavior. Comparisons between sum-
mer DC and PDSI reconstructions revealed how
moisture content among forest fuels, namely deep
organics and coarse woody fuels versus the duff
layer, can have subtle effects on fire–drought asso-
ciations. Specifically, fire–drought associations were
less common with summer DC than summer PDSI,
suggesting that summer DC is a better indicator of
long-term droughts across successive fire seasons
than summer PDSI in montane forests of south-
eastern British Columbia. Fire years coincided with
variable fuel moisture conditions, suggesting that
fires ignited and burned with a range of severities.
We conclude that when summer DC exceeds 344
and summer PDSI is below 0.08, landscape man-
agers of montane forests in southeastern British
Columbia can expect greater chances of fire occur-
rence. We propose the application of these thresh-
olds on future climate scenarios to provide insights
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into how fire occurrence may change within these
forests.
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