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A refinement of models projecting future Canadian fire
regimes using homogeneous fire regime zones
Yan Boulanger, Sylvie Gauthier, and Philip J. Burton

Abstract: Broad-scale fire regime modelling is frequently based on large ecological and (or) administrative units. However, these
units may not capture spatial heterogeneity in fire regimes and may thus lead to spatially inaccurate estimates of future fire
activity. In this study, we defined homogeneous fire regime (HFR) zones for Canada based on annual area burned (AAB) and
fire occurrence (FireOcc), and we used them to model future (2011–2040, 2041–2070, and 2071–2100) fire activity using
multivariate adaptive regression splines (MARS). We identified a total of 16 HFR zones explaining 47.7% of the heterogeneity
in AAB and FireOcc for the 1959–1999 period. MARS models based on HFR zones projected a 3.7-fold increase in AAB and a
3.0-fold increase in FireOcc by 2100 when compared with 1961–1990, with great interzone heterogeneity. The greatest
increases would occur in zones located in central and northwestern Canada. Much of the increase in AAB would result from
a sharp increase in fire activity during July and August. Ecozone- and HFR-based models projected relatively similar
nationwide FireOcc and AAB. However, very high spatial discrepancies were noted between zonations over extensive areas.
The proposed HFR zonation should help providing more spatially accurate estimates of future ecological patterns largely
driven by fire in the boreal forest such as biodiversity patterns, energy flows, and carbon storage than those obtained from
large-scale multipurpose classification units.

Key words: fire regime, boreal forest, ecozones, regionalization, MARS.

Résumé : La modélisation à grande échelle des régimes des feux est souvent fondée sur de vastes unités soit écologiques, soit
administratives. Cependant, il est possible que ces unités ne permettent pas de détecter l’hétérogénéité spatiale des régimes des
feux et soient par conséquent la source d’estimations spatialement inexactes de l’activité future du feu. Dans cette étude, nous
avons défini des zones de régime des feux homogènes (RFH) pour le Canada sur la base de la superficie brûlée annuellement (SBA)
et de l’occurrence des feux (OF). Nous avons utilisé ces zones pour modéliser l’activité future (2011–2040, 2041–2070 et 2071–2100)
du feu à l’aide de la régression multivariée par spline adaptative (MARS). Au total, nous avons identifié 16 zones de RFH qui
expliquaient 47,7 % de l’hétérogénéité dans la SBA et l’OF pour la période 1959–1999. Les modèles MARS élaborés sur la base des
zones de RFH prédisaient une augmentation de 3,7 fois de la SBA et de 3,0 fois de l’OF en 2100 comparativement à 1961–1990 avec
une très forte hétérogénéité entre les zones. Les plus fortes augmentations surviendraient dans des zones situées dans le centre
et le nord-ouest du Canada. La majeure partie de l’augmentation de la SBA serait le résultat d’une forte hausse de l’activité du feu
durant les mois de juillet et août. Les modèles, qu’ils soient fondés sur les écozones ou les RFH, prédisaient une OF et une SBA
relativement similaires à la grandeur du pays. Cependant, de très fortes divergences spatiales ont été notées dans la classification
des zones sur de vastes superficies. La classification des zones proposée sur la base des RFH devrait aider à fournir des estimations
plus précises du point de vue spatial des patrons écologiques futurs largement déterminés par le feu dans la forêt boréale, tels
que les patrons de biodiversité, le flux d’énergie et le stockage de C, que celles obtenues à partir d’unités de classification à usages
multiples à grande échelle. [Traduit par la Rédaction]

Mots-clés : régime des feux, forêt boréale, écozones, régionalisation, MARS.

Introduction
Fire is one of the most important natural disturbances in Canada,

where it burns nearly 2 million ha annually (1959–1997 period)
(Stocks et al. 2003). Fire strongly shapes landscape diversity and
productivity (Payette 1992), and it influences carbon flux in boreal
forest ecosystems (Bond-Lamberty et al. 2007; Amiro et al. 2009).
Fire regime, as defined by several quantifiable fire parameters
(e.g., area burned, fire occurrence, fire cause, seasonality, fire size,
etc.), is expected to change drastically over the forthcoming de-
cades in Canada as a result of the more fire-conducive weather
linked with climate change. Recent shifts observed in annual area
burned (AAB) and fire seasonality in boreal North America (Gillett

et al. 2004; Kasischke et al. 2010) are consistent with recent
changes in climate patterns. Several authors project sharp in-
creases in future AAB and in the number of fires (e.g., Flannigan
et al. 2005; Balshi et al. 2009; Wotton et al. 2010) as a result of
warmer temperatures and more frequent extreme droughts due
to frequent blocking high-pressure systems with climate change.
Moreover, a lengthening of the fire season coupled with changes
in seasonal fire weather patterns are expected to shift peak fire
activity to either sooner (Stocks et al. 1998) or later in the season
(Le Goff et al. 2009; Boulanger et al. 2013). Such a shift in fire
activity will greatly affect many interconnected ecological pro-
cesses in the boreal forest, including the forest age mosaic, biodi-
versity patterns, and carbon balance (Amiro et al. 2001; Flannigan
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et al. 2005; de Groot et al. 2009). These changes are expected to
have a profound impact on fire and forest management strategies,
notably by requiring a reduction in annual allowable cut volumes
(Armstrong 2004; Savage et al. 2010; Raulier et al. 2013) and by
substantially increasing the costs associated with forest protec-
tion and fire suppression (Wotton and Stocks 2006; Podur and
Wotton 2010).

When modelling a given ecological process or pattern, one has
to be assured that it is rather homogeneous at the scale (units) at
which it is being modelled. This ensures more spatially accurate
predictions of the process, an important element when assessing
fire risk, for example. Studies modelling future fire regime char-
acteristics are frequently conducted using models developed for
coarse-resolution spatial units. Indeed, fire regime characteristics
rely on climatic, biological, and physiographical conditions and on
anthropogenic influences that may be synoptic in scale (Heyerdahl
et al. 2001; Lefort et al. 2003; Macias Fauria and Johnson 2006;
Parisien et al. 2006, 2011; Le Goff et al. 2007). Moreover, global
climate model projections are generally coarse in scale, thus pre-
venting fine resolution predictions of future fire regimes. As a
result, many researchers have relied on administrative units (e.g.,
provinces and management zones), ecological units, or a combi-
nation of both (e.g., Wotton et al. 2010) to project future AAB or
fire occurrence (FireOcc). However, such classifications may not
always be the panacea in this context by failing to correctly cap-
ture the spatial heterogeneity of the ecological pattern (Boulanger
et al. 2012). Therefore, one may question the ability of large eco-
logical units to provide spatially accurate estimates of future fire
regimes at a broad scale.

In a recent study (Boulanger et al. 2013), we delineated homoge-
neous fire regime (HFR) zones for eastern Canada under current
and future climates. This work enables the delineation of zones
where changes in the fire regime might be very important for the
next decades and where the adaptation of the forest and fire pro-
tection sectors to the projected changes, at a regional scale, is
necessary. A similar zonation analysis may be highly relevant to
project future fire regimes at a broader, national scale. Indeed,
since it better captures the spatial heterogeneity of the fire regime
than existing ecological classifications (Boulanger et al. 2012), HFR
zones should allow for more precise spatially explicit modelling
of the effects of climate and climate change on fire regimes at a
broad scale. It may thus help to more accurately outline future
areas with high fire risk while providing an appropriate frame-
work for future forest and fire management. In this study, we
broaden the scope of the Boulanger et al. (2013) study by (i) ex-
panding the delineation of empirical HFR zones and projection of
future fire regime to all of Canada. Moreover, (ii) we aim to assess
how future fire regime estimates based on HFR zones may differ
from those assessed using a predefined land classification. Here,
we are considering the National Ecological Framework for Canada
(NEFC) as a case of predefined land classification.

Material and methods

Fire data
Fire data comes from the Canadian National Fire Database

(CNFDB) spanning the years 1959 to 2011. We restricted our anal-
yses to large fires, i.e., >200 ha, because data from smaller fires are
known to be incomplete, especially those that occurred before
1980 and in remote areas. Although there were many fires smaller
than 200 ha in the study area, the area burned is very well repre-
sented by this subset of the CNFDB because these large fires were
responsible for 97% of the area burned across Canada during
1959–1997 (Stocks et al. 2003). With these constraints, a total of
14 955 fires were included in the analyses (Fig. 1). In the original

CNFDB, fires are represented as points, and an attribute file con-
tains information on the final size and starting date. As polygon
data delimiting the actual perimeter of the fire patches were not
available for the whole time period covered here (with different
periods covered for different jurisdictions), each fire was repre-
sented by a circle with a radius assigned to reproduce the reported
area burned.

Predefined units: the ecozones of the NEFC
The NEFC classification scheme provides a comprehensive, inte-

grated, and standardized approach to ecosystems that is national in
scope (Ecological Stratification Working Group 1996). This multi-
purpose stratification consists of four hierarchically designed units:
ecozone > ecoprovince > ecoregion > ecodistrict. The larger units of
this scheme form a mosaic defined by the interaction of climate,
human activity, vegetation, soils, and geological and physiographic
features at regional scales (Ecological Stratification Working Group
1996). Although smaller units of the NEFC have been used in the
past (e.g., Wotton et al. 2010), the modelling of the future fire
regimes at the Canada-wide scale is frequently conducted using
the largest unit of the NEFC, i.e., the ecozones (e.g., Flannigan
et al. 2005; Kasischke and Turetsky 2006; Amiro et al. 2009). The
popularity of the ecozones to model the fire regime is based on the
implicit assumption that these units delineate rather homoge-
neous fire-related environmental conditions leading to a spatially
homogeneous response of fire regime at the scale investigated.
However, recent analyses (Boulanger et al. 2012) have shown that
large units of the NEFC fail to capture the spatial heterogeneity of
the recent fire regime. Thus, for sake of comparison with HFR
zones, ecozones were used as predefined units to summarize fire
regime data and to develop fire models driven by climate.

HFR zones: sampling units and fire regime attributes
Readers may refer to Fig. S11 for a schematic representation of

the methods. Fire sampling was conducted using a 60 km × 60 km
square cell grid (hereafter referred to as a coverage of gridded
cells). This cell size represents a compromise between capturing
the local variation in the fire regime while being larger than all
but nine individual fire events (0.08%) in the study area. HFR zones
were built using fire data from the 1959–1999 period, the period
for which fire data are most completed across the country. Using
this spatial database, we computed the following fire regime vari-
ables over the 41-year period for each gridded cell: (i) the mean
annual number of fires (>200 ha) (FireOcc); and (ii) the mean AAB
(Table 1). Human- and lightning-caused fires were pooled for anal-
yses while coalescent fires were considered as separate fire occur-
rences. Using the Earth Observation for Sustainable Development
of Forests (EOSD; resolution 250 m × 250 m) land cover classifica-
tion (Beaubien et al. 1999), fuel area in each gridded cell was
assessed as the sum of the 6.25-ha EOSD pixels covered by trees,
shrubs, grasses, herbs, bryoids, or vegetated wetlands. Both fire
regime attributes were expressed as a function of the area of fuel
in the gridded cell.

HFR zone delineation
HFR zones were delineated through a dynamic spatially con-

strained agglomerative clustering and partitioning algorithm (Guo
2008). We initially built a connectivity graph linking cells in a
rook-type fashion, i.e., cells that share borders. Then, cells were
clustered with spatial contiguity constraints according to the Ward’s
hierarchical clustering method.

Our goal was to produce a zonation that represents the best
compromise between capturing most of the spatial variability in
the fire regime and, at the same time, leading to fire weather/fire
regime models with high predictive ability. In a recent study,

1Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjfr-2013-0372.
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Fig. 1. Map of the study area (gray) with ecozone boundaries. Occurrence of fires larger than 200 ha is also shown. Circle size is proportional
to fire size. No fire data were available north of 54°N in Ontario (cross-hatched area). Ecozones are as follows: AM, Atlantic Maritime; BC,
Boreal Cordillera; BP, Boreal Plains; BSE, Boreal Shield East; BSW, Boreal Shield West; HP, Hudson Plains; MC, Montane Cordillera; PM, Pacific
Maritime; TC, Taiga Cordillera; TP, Taiga Plains; TSE, Taiga Shield East; and TSW, Taiga Shield West. The following ecozones were not
considered in the analyses: AC, Arctic Cordillera; MP, Mixedwood Plains; NA, Northern Arctic; P, Prairies; and SA, Southern Arctic. Inset:
Canadian provinces and territories (AB, Alberta; BC, British Columbia; MB, Manitoba; NB, New Brunswick; NL, Newfoundland and Labrador; NS,
Nova Scotia; NWT, Northwest Territories; NU, Nunavut; ON, Ontario; PEI, Prince Edward Island; QC, Québec; SK, Saskatchewan; and YK, Yukon).
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Boulanger et al. (2012) delineated 33 zones in Canada where fire
regime for the 1980–1999 period was homogeneous. However, we
decided to produce another zonation that would better fit the
objectives of this study. First, HFR zones produced by Boulanger
et al. (2012) were delineated using fire regime as characterized by
both small and large fires recorded over a rather short time period
(1980–1999). Furthermore, Boulanger et al. (2012) HFR zones were
delineated at a finer scale thus preventing the comparison with
ecozones. Finally, the vegetation may have a profound impact on
the large-scale fire regime (Krawchuk et al. 2006) and may strongly
interact with climate variables when predicting fire regime attri-
butes (Parisien et al. 2012). As ecozones were also delineated based
on large vegetation classes (Ecological Stratification Working Group
1996), this was one reason why these zones were frequently con-
sidered in the past to project future fire regime. Better fire regime
models may thus be obtained using zones where both vegetation
and fire regime are homogeneous.

Consequently, in addition to AAB and FireOcc retrieved from
the 1959–1999 period, fuel attributes as represented by rather
coarsely defined vegetation classes were added to the fire regime
attributes in clustering analyses. In each 60-km cell, fuel was char-
acterized by five attributes according to the EOSD classification,
i.e., the area covered by (i) coniferous, (ii) mixed, and (iii) deciduous
forests, as well as the area covered by (iv) wetlands and (v) any
remaining nontree fuel components (shrubs, bryoids, and herbs).
All fire and fuel attributes were scaled to have a mean of 0 and a
standard deviation of 1.0 prior to zonation analyses. To still char-
acterize mainly the fire regime, fuel attributes were given a lower
weight (fixed at weight = 0.2) than fire regime attributes (weight =
1.0) in clustering analyses afterwards. This technique aims to dis-
tinguish areas with similar fire regimes but driven by different
fuel × climate interactions. Preliminary analyses showed that add-
ing fuel to HFR zones resulted in somewhat better fire predictive
models (R2 = +3% to +6%), while these zones were slightly less
homogeneous (R2 = –3%) than those using only fire data. Our method
thus represents a compromise between having stronger zone-based
climate-driven fire models given the current distribution of vegeta-
tion and slightly less homogeneous fire regime zones.

Zones (hereafter HFRfuel) were dynamically determined using
REDCAP v. 2.0.1 (Guo 2011) throughout an agglomerative algorithm
using all edges between clusters, i.e., all links between cells pertain-
ing to different candidate clusters (Guo 2008). Using a heuristic
approach, the classification tree was partitioned to optimize the
delineation of spatially contiguous regions with minimum sum-
of-squares deviations. Minimal zone size was set to 200 000 km2,
which is approximately the size of the smallest ecozone with
significant fire activity (Pacific Maritime: �208 000 km2).

The classification tree was then partitioned successively from
two zones until no tree pruning was possible given the zone’s
minimum size criterion. For each solution, 1000 cross-validations
were performed using the mvpart v. 1.4.0 package in R 2.13.1
(R Development Core Team 2011). The “best” partition, i.e., the most
parsimonious solution, was selected as the one showing the small-
est variation in the error coefficient (Segal and Xiao 2011). As a
complement, the amount of spatial heterogeneity (adj. R2) in the
fire regime (FireOcc and AAB pooled together) explained by the
HFRfuel zonation was computed and compared with the adj. R2

calculated for the fire regime summarized simply by ecozones. In
this latter case, the affiliation of a cell to a given ecozone was
determined from the cell centroid. We further determined whether
HFRfuel zones were still “homogeneous” using 2000–2010 as a valida-
tion period by estimating the amount of variation in the fire regime
(adj. R2) explained by the zonation for this period. Similar validation
analyses were also conducted for ecozones.

Analyses

Fire regime modelling
Models projecting fire occurrence and area burned were built

on a monthly time step for the 1959–1995 period. We deliberately
chose to use this slightly shorter period than the one used to build
HFRfuel zones (1959–1999) to a have a sufficiently long validation
period (1996–2011) for fire models (see below). For the 1959–1995
period, monthly occurrence of large fires (mFireOcc) as well as
monthly area burned (mAB) were related to monthly climate vari-
ables for each zone separately. First, daily weather data were re-
trieved for each zone (Environment Canada 2007). Weather data
were then projected to the centroid of each zone (for both HFRfuel

zones and ecozones) from daily data obtained from nearby weather
stations using BioSIM v. 10.0.6.20 (Régnière and St-Amant 2007).
BioSIM projected daily maximum and minimum temperatures (°C),
precipitation (mm), mean daily relative humidity (%), and wind
speed (m·s−1) by averaging georeferenced sources of weather data
(8 weather stations with daily weather data) to other georefer-
enced points (the zone centroid). Prior to averaging, weather data
were adjusted for differences in latitude, longitude, and elevation
between the source of weather data and each location by spatial
regressions fitted on up to 69 nearby weather stations. Interpola-
tion using this technique was necessary as some zones did not
have long-record weather stations whereas other such weather
stations were located at the extreme edges of the zone and were
thus inappropriate for depicting synoptic variation of weather
conditions in the zone. If the centroid fell outside of the zone’s
boundaries, we used the zone’s centre of gravity as defined by
ArcInfo instead (ESRI 2006).

From the daily time series of temperature, relative humidity,
wind speed, and 24-h accumulated precipitation generated in each
cell, we derived the following seven standard components of the
Canadian Forest Fire Weather Index System (Van Wagner 1987):
(i) Fine Fuel Moisture Code (FFMC), (ii) Duff Moisture Code (DMC),
(iii) Drought Code (DC), (iv) Build-up Index (BUI), (v) Initial Spread
Index (ISI), (vi) composite Fire Weather Index (FWI), and (vii) Daily
Severity Rating (DSR). Prior to the computation of these compo-
nents, wind speed, relative humidity, and temperatures as esti-
mated using BioSIM were corrected for noon values (Van Wagner
1987). Corrections were made using weather data retrieved from

Table 1. Description of the predictors included in the MARS models.

Predictor Description
Group of
predictors

FFMC Mean Fine Fuel Moisture Code 1, 3, 5
FFMCmax Maximum daily value of the Fine

Fuel Moisture Code
6, 7, 8

DMC Mean Duff Moisture Code 1, 2
DMCmax Maximum daily value of the Duff

Moisture Code
6

DC Mean Drought Code 1, 2, 3, 4, 5
DCmax Maximum daily value of the

Drought Code
6, 7, 8

ISI Mean Initial Spread Index 2, 4
ISImax Maximum daily value of the

Initial Spread Index
6, 7

BUI Mean Build-up Index 3, 4
BUImax Maximum daily value of the

Build-up Index
7

MSR Monthly Severity Rating 5
DSRmax Maximum daily value of the

Daily Severity Rating
8

T Mean temperature (°C) 1, 2, 3, 4, 5
Tmax Maximum temperature (°C) 6, 7, 8
WS Mean wind speed (m·s−1) All
Prcp_day Mean daily precipitation (mm) 2, 4, 6, 7, 8

Note: Predictors were computed on a monthly basis and were assigned to one
or several of eight different groups to avoid the inclusion of highly collinear
predictors within a given MARS model. MARS, multivariate adaptive regression
splines.
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75 weather stations located in Canada for 2000–2008 from which
hourly data were available. Another 25 weather stations were
used as a validation data set. The sine wave function of Allen (1976)
was used to estimate noon temperature from minimum and max-
imum temperatures projected by BioSIM. Maximum temperature
was set to occur at 1600. Correlations between observed and esti-
mated weather parameters were very high (R2 = 0.9777) and were
very slightly biased (mean absolute deviation (MAD) = 1.4 °C) (Rémi
Saint-Amant, unpublished data). Other corrections were success-
fully made using the same weather data set to project noon wind
speed (R2 = 0.711, MAD = 4.7 km.h−1) and noon relative humidity
(R2 = 0.790, MAD = 7.0%) using daily averages (Rémi Saint-Amant,
unpublished data). The FFMC, DMC, and DC represent a numerical
rating of water-holding capacity and drying time for fuel at in-
creasing depth in the soil, whereas the ISI and BUI are related to
fire behaviour. FWI combines ISI and BUI as a measure of fire
danger rating, whereas the DSR is essentially a nonlinear trans-
formation of the FWI. Fire weather indices were computed for the
climatically active fire season. The beginning of the fire season
was computed following Van Wagner (1987) as follows: (i) if 75% of
the days in January and February have snow and the maximum
snow depth is at least 10 cm, the fire season begins 3 days after
snowmelt; (ii) otherwise, the fire season begins after three consec-
utive days when the temperature at noon is above 12 °C. The end
of the fire season was considered as either (i) the first day when
snow accumulation started in the fall or (ii) after 3 days where the
maximum temperature is below 5 °C. Only months with more
than 23 days where the fire season is climatically “active” were
selected for analyses. Both the mean and maximum monthly
values for each fire weather component, temperature, and wind
speed were estimated from the daily data. Mean daily precipita-
tion for the month was also computed (Table 1).

We used multivariate adaptive regression splines (MARS) to
model monthly fire regime parameters for each HFRfuel zone sep-
arately. To account for months with less than 30 days of active fire
weather, monthly fire regime attributes were standardized on a
30-day basis in models. MARS was shown to perform very well for
the modelling of area burned and fire occurrence as a function of
climate (Balshi et al. 2009; Bergeron et al. 2010; Terrier et al. 2013).
MARS is a nonparametric regression technique that makes no
assumption on the relationship tying dependent and indepen-
dent variables (Friedman 1991). Models are built using basis func-
tions that fit separate splines to distinct intervals of the predictor
variables (Prasad et al. 2006).

Preliminary screening of data revealed that many fire weather
attributes were highly collinear, regardless of the zone or the
zonation considered. For the great majority of predictors, both
monthly mean and maximum values were highly collinear (Pear-
son’s r generally above 0.80). High collinearity (r > 0.70) was also
observed among some fire weather components. Although MARS
was shown to perform relatively well under high collinearity
(Dormann et al. 2013), preliminary analyses using all variables
showed that collinear variables were still selected in MARS mod-
els, which was leading to worse model validation results than
when developing models without highly collinear variables (re-
sults not shown). To avoid such situations, eight different sets of
predictors were developed (Table 1). Monthly mean and maximum
parameters were included in separate sets, whereas we substi-
tuted some variables for other collinear variables (e.g., DMC for
BUI, BUI and ISI for DSR) in other sets (Table 1). Model selection
with MARS was performed for each of these eight sets of predic-
tors for each zone. No interaction between predictors was allowed
in the MARS models.

Further screening revealed that MARS models leading to very
high pseudo-R2 values were physically doubtful (e.g., decrease in
area burned with more severe fire weather) even though they
generally led to good model validation. To avoid such spurious
relationships, the maximum number of terms (including inter-

cept) in the pruned model (nprune) was sequentially decreased
from its maximum to 1 (intercept-only model), i.e., from very flex-
ible to more “rigid” relationships. Pseudo-R2 values and partial
plots were computed for each combination of nprune × sets of
predictors (Table 1) for a given zone, and models were then ranked
by pseudo-R2 values. For a given zone, the model leading to the
highest pseudo-R2 while leading to “physically probable” (essen-
tially, no strong decreases in mFireOcc or mAB with increasing
values of a given fire weather component) relationships, as as-
sessed from partial dependence plots, was selected. This proce-
dure only affected model predictions and validation results very
slightly (see below) and was deemed more appropriate to project
future fire regime attributes than relying solely on the automatic
model selection procedure. The same routine applied here to model
mAB and mFireOcc in HFRfuel zones was applied to ecozones. All
MARS analyses were performed using the package earth v. 3.2-3
(Milborrow 2012) in R.

Model validation
Validation was conducted for MARS models predicting mFireOcc

and mAB using fire and climate data for the 1996–2011 period.
Instead of using a k-fold cross-validation procedure, we used this
out-of-series period to assess whether our models were perform-
ing well in an already changing climate (Gillett et al. 2004). As for
the calibration period, fire data for the validation period came
from the CNFDB. Unfortunately, validation was not possible for
zones overlapping Newfoundland and Labrador since fire data
were missing for that time period. Moreover, the month during
which ignition occurred was also missing for several fires within
the CNFDB for this recent period. As a result, model validation was
based on yearly data. Projected mFireOcc and mAB according to
the 1996–2011 monthly climate data were pooled on a yearly basis
and compared with observed yearly fire activity values for the
same period. Pearson’s r and the major axis slope coefficient were
computed between yearly observed and predicted values estimated
from HFRfuel-zone-based models and separately for ecozone-based
models.

Future climate data
Future climate projections were obtained from the Canadian

Regional Climate Model (CRCM 4.2.0; having an adjusted resolu-
tion of �45 km at 60°N) (Caya and Laprise 1999). CRCM-driven data
were taken from the Canadian Coupled Global Climate Model
(CGCM3/T47) under the IPCC SRES A2 scenario (Nakicenovic et al.
2000). Future monthly values (normals) at each weather station
were assessed directly as the differences between the baseline and
future weather conditions estimated in the CRCM cell in which
the weather station was located. Monthly normals were built at
each zone centroid by adjusting CRCM data for climatic gradients
in observed weather data using BioSIM as described above. We
then used these difference-adjusted normals to simulate 30 years
of future monthly fire weather values for each of three different
future periods, i.e., 2011–2040, 2041–2070, and 2071–2100, as well as
for the baseline period (1961–1990). Simulations were run 100 times
for each period.

Future fire regime
Projections of future monthly fire regime values under the pro-

jected climate conditions for 2011–2040, 2041–2070, and 2071–2100
were performed using the MARS models obtained earlier for each
zone. As the behaviour of MARS models is unknown beyond the
range of climatic values observed during the calibration period
(1959–1995), future values of climatic variables were clamped to
this range when projecting future mAB and mFireOcc. As a result,
projected fire regime estimates may be conservative. From the
monthly projected values, AAB and FireOcc were computed for
each of the 100 replicate periods of 30 years simulated for each
normal period. Mean AAB and FireOcc were estimated from these
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100 simulations. Future fire regime values were compared with
those estimated from climate data as simulated for the baseline
period (1961–1990). The same procedure was repeated for eco-
zones. Differences in future AAB and FireOcc as estimated from
both zonations were computed and mapped. Interpretation of
future fire regime analyses mostly focused on values as projected
from models derived from the HFRfuel zonation. As a complement,
future fire seasonality for each HFRfuel zone was estimated by
reporting the averaged area burned projected for each month of
the fire season over a given 30-year normal period.

Results

Historical spatial patterns in fire regime according to the
HFR zonation

Zonation analyses led to a total of 16 zones (Fig. 2). High fire
activity was recorded in zones forming a band from western
Yukon to northwest Ontario (Fig. 2). The highest AAB (1.55%·year−1)
and FireOcc (15.4 fires·(100 000 km2)−1·year−1) were observed in the
Lake Athabasca zone. Lower fire activity was recorded in the Pa-
cific, Eastern Temperate, and both Subarctic zones.

Spatial heterogeneity in AAB and FireOcc for the 1959–1999 period
was much better explained by our HFR zonation (adj. R2 = 0.477) than
by ecozones (adj. R2 = 0.190). Furthermore, the HFR zonation ex-
plained much more of the variation in fire regime for the 2000–
2010 validation period (adj. R2 = 0.317) than did ecozone boundaries
(adj. R2 = 0.098). When compared with ecozones, HFRfuel zone
boundaries very seldom come close to matching the boundaries of
ecozones except along the Montane Cordillera and the Hudson
Plains (Fig. 2). Large differences between fire attributes, averaged
by zones, were obvious between ecozones and the HFRfuel zona-
tion (Fig. 2). Discrepancies between classifications were most im-
portant for AAB, especially along the tree line, in northern British
Columbia and in southern Quebec and Ontario. Differences in

FireOcc between both classifications followed approximately the
same spatial patterns as differences in AAB.

Fire regime modelling and model validation
Overall, the performance of MARS models in predicting both

mAB and mFireOcc was high. Nonetheless, the Western Subarctic
HFRfuel zone and the Pacific Maritime and Taiga Shield West eco-
zones were excluded from fire regime projection analyses because
MARS models performed very poorly for both attributes in those
regions. The predictive ability of MARS models for the HFR zona-
tion was relatively high for both mAB (mean pseudo-R2 = 0.476)
and mFireOcc (mean pseudo-R2 = 0.535). Similar predictive ability
was achieved using ecozones as spatial units (mAB: mean pseudo-
R2 = 0.482; mFireOcc: mean pseudo-R2 = 0.553). Predicted values
pooled for the entire study area on a yearly basis for the 1959–1995
period were very strongly correlated with observed values for both
area burned and fire occurrence for the HFRfuel zonation (r = 0.941
and 0.901, respectively) and for ecozones (r = 0.847 and 0.909,
respectively) (Fig. S31). Model validation shows high correlation
between predicted and observed annual values (r between 0.430
and 0.646) for both mAB and mFireOcc models, either when de-
veloped from HFRfuel or ecozones as spatial units (Fig. S21). Never-
theless, models developed from HFRfuel zones tend to slightly
overestimate the AAB (major axis slope coefficient (b) = 1.241)
while annual FireOcc is slightly underestimated for models devel-
oped from HFRfuel (b = 0.839) and ecozones (b = 0.617).

Future fire regime according to HFR
Overall, MARS models projected a 3.7-fold increase in AAB by

the end of the 21st century, shifting from 0.40% for the baseline
period to 1.5% by 2071–2100 (Table S11). A similar strong increase
(3.0-fold) would also occur for FireOcc, which would shift from 5.5
to 16.5 fires·(100 000 km2)−1·year−1 (Table S11). Changes in AAB and

Fig. 2. Annual area burned (AAB) and fire occurrence (FireOcc) as averaged by (a) homogeneous fire regime (HFRfuel) zones and (b) ecozones
for the 1959–1999 period. See Fig. 1 for ecozone abbreviations. (c) Discrepancies in AAB and FireOcc, i.e., the ratio between values averaged by
ecozones and HFRfuel zones, are also mapped. Ratios > 1 indicate that values observed from ecozones overestimate values observed using
HFRfuel zones as spatial units. Discrepancies were assessed at the 60-km cell level. Insets: area (×106 km2) covered by each ratio class. Zone
names: EJB, Eastern James Bay; ES, Eastern Subarctic; ET, Eastern Temperate; GBL, Great Bear Lake; GSL, Great Slave Lake; IC, Interior
Cordillera; LA, Lake Athabasca; LW, Lake Winnipeg; NA, North Atlantic; P, Pacific; SC, Southern Cordillera; SP, Southern Prairies;
SY, Southwestern Yukon; WJB, Western James Bay; WO, Western Ontario; and WS, Western Subarctic.
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FireOcc would be rather spatially heterogeneous throughout the
study area (Fig. 3). The great majority of zones would experience
increases in both fire regime attributes throughout the 21st century,
with the greatest shifts occurring during the 2071–2100 period
(Table S11; Fig. 3). As the exception, FireOcc in the Southern Cor-
dillera zone would decrease slightly (–12.7%) by 2100 compared
with the baseline period (Table S11; Fig. 3). Large increases in AAB
and FireOcc would mostly occur in zones where it is already high
(>0.5%) during the baseline period. Zones located in central Can-
ada (Great Slave Lake, Lake Athabasca, and Lake Winnipeg zones)
would experience very short fire return intervals (<27 years or
AAB > 3.7%) by 2071–2100 (Table S11). Large shifts in AAB (>4-fold)
are also projected for most of northern and central Québec (East-
ern Subarctic and Eastern James Bay), while AAB would more than
triple in the Interior and Southern Cordillera. Except for the East-
ern Subarctic zone, zones with low fire activity during the base-
line period (Southern Cordillera, Eastern Temperate, and Pacific
zones) would remain relatively inactive (Fig. 3). The Southern Prai-
ries zone would experience relatively small changes (+45.6% and
+47.5% for FireOcc and AAB, respectively) in fire regime attributes
through the end of the 21st century (Table S11; Fig. 3).

The greatest contribution to the increase in AAB would result
from a sharp increase in fire activity during the months of July
and (or) August, especially for the 2041–2070 and 2071–2100 peri-
ods (Fig. S41). Most of the increase in area burned would occur in
July in the Great Slave Lake zone. The Lake Athabasca, Interior
Cordillera, and Southwestern Yukon zones would experience
large increases in area burned in both July and August. Several
zones in eastern and central Canada (Lake Winnipeg, Eastern Sub-
arctic, Eastern and Western James Bay, and North Atlantic) would
also experience an increase in area burned in June in addition to
July and August. Otherwise, area burned would remain relatively
unchanged for the remainder of the fire season when compared
with the baseline period, except for the Eastern Temperate zone
where it would increase for July, August, and September. As a
result, fire seasonality in some zones would shift slightly with the
median cumulative proportion of yearly area burned occurring
later in the summer. This is the case for the Eastern Temperate,
Lake Winnipeg, Western James Bay, and Western Ontario zones
(Fig. 4). These changes will be most important in 2071–2100. Pro-
portionally, area burned in the spring would contribute less to the

AAB in the future, when compared with the baseline period, in
the Interior Cordillera zone. With respect to the other end of the
fire season, the proportion of late summer fires will be less for
future periods in the Great Slave Lake zone. Elsewhere, fire sea-
sonality would remain relatively unchanged (Fig. 4).

Comparison of HFR zones with ecozones
Very high spatial discrepancies were noted between projected

values for both zonations over extensive areas. Ecozone-based
models tend to overestimate fire regime values over very large
areas, whatever the period considered. Discrepancies were more
important for AAB. Projections based on ecozones greatly (2- to
>4-fold) and constantly overestimated the increase in AAB and
FireOcc in northern Quebec, most of Ontario, and the Boreal
Plains as well as in northern British Columbia (Fig. 5). Fire regime
attribute values were underestimated, sometimes more than
4-fold, on relatively smaller areas, mostly where fire activity is
projected to be peculiarly high when compared with the sur-
roundings (e.g., eastern James Bay, central British Columbia,
southwestern Yukon, and most of Manitoba as well as central
Quebec and Newfoundland).

Discussion
This study is the first to use HFR zones to project future fire

regime conditions at the national level for Canada. In this study,
we decided to define large-scale spatial units to characterize the
nationwide fire regime. This is not trivial because there is consid-
erable spatial variation in fire regime. Fire regime attributes may
be spatially structured at various spatial scales, even at smaller
spatial scales than the grain we used to define HFRfuel zones (Cyr
et al. 2007; Parisien and Moritz 2009; Parisien et al. 2011). For
example, ignition, fuel, and topographic conditions may strongly
affect fire ignition and area burned at the landscape or regional
scale (e.g., Cary et al. 2006; Parisien and Moritz 2009; Parisien et al.
2011, 2012). Consequently, our analyses do not preclude that spe-
cific locations may experience a peculiar fire regime within a
given HFRfuel zone.

The rationale behind delineating large-scale spatial units was
two-fold. First, our aim was to model nationwide fire regimes
according to climate conditions. Since the temporal variation in
these conditions is synoptic in scale, we assumed, like several

Fig. 3. Baseline (1961–1990) and ratio in projected annual area burned (AAB) and fire occurrence (FireOcc) for the future periods (2011–2040,
2041–2070, and 2071–2100) compared with the baseline period. AAB and FireOcc values were not projected for the Western Subarctic zone
because multivariate adaptive regression spline models performed very poorly in this zone. See Fig. 2 for definitions of homogeneous fire
regime zone abbreviations.
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other authors (e.g., Skinner et al. 2002; Girardin et al. 2004; Le Goff
et al. 2007), that fire regime would respond, at least in part, to a
similar scale. Our models linking fire weather and fire regime
attributes indeed showed very good predictive ability at the scale
investigated. Second, the estimation of fire regime characteristics
can be highly stochastic if it is assessed at small spatial scales
(Metsaranta 2010). Indeed, one or very few events may greatly
affect the estimation of fire regime attributes. Our HFR zones
should thus allow for much more stable estimates of fire regime
attributes, both in space and time.

It has to be noted that HFR zones represent a snapshot of the
recent fire regime patterns resulting from recent climate and ig-
nition conditions as well as fire and forest management strate-
gies. In this context, one may argue that zone boundaries may
have been different using another calibration period. Indeed, us-
ing static boundary zones implies that spatial patterns in fire-
driving factors (e.g., climate) will be temporally stable over time.
Temporal changes in the spatial pattern of these elements (either
during the calibration period or for future periods) may affect
zone boundaries to some extent, especially in areas with very low
fire activity where one or very few fire events in some cells may
change the local spatial variance pattern (Metsaranta 2010). How-
ever, any changes should be rather small as spatial patterns of the
fire regime are rather stable at a large spatial scale (Reed 1998;
Flannigan et al. 2005). Moreover, a recent analysis (Boulanger et al.

2013) in eastern Canada showed that future climate patterns
should not affect to a great extent the actual boundaries of HFR
zones. In this context, the use of large fixed-boundary zones may
not be the panacea but still a rather good spatial framework to
project future fire regimes.

HFRfuel-zone-based models reveal that shifts in fire-conducive
weather conditions along with projected climate change should
cause a major increase in fire risk over Canada, with large areas
experiencing dramatic increases in AAB and FireOcc. Overall, our
models predicted a 3.7× and 3.0× increase in AAB and in the num-
ber of fires, respectively, within the study area by 2100 when
compared with the 1961–1990 baseline period. With few excep-
tions (e.g., southeastern Ontario), our models project future large-
scale patterns in area burned and fire occurrence for eastern
Canada rather similar to those predicted in Boulanger et al (2013)
although we used a different modelling technique (MARS vs. ran-
dom forests) and different fire and climate data (monthly based vs.
normals). Projected increases are within the range previously re-
ported for the study area, though there is tremendous variation
reported in the literature. Typically, increases below 2-fold are
reported for both the number of fires and AAB throughout Can-
ada (e.g., Bergeron et al. 2004; Flannigan et al. 2005; Girardin and
Mudelsee 2008; Wotton et al. 2010). However, Balshi et al. (2009)
projected a 3.6× to 5.6× increase in AAB by the end of the 21st
century for western Canada and Alaska.

Fig. 4. Modelled fire seasonality as expressed by the cumulative proportion of yearly area burned for the baseline (1961–1990) and future
periods (2011–2040, 2041–2070, and 2071–2100) for each zone. Dashed line represents the median (50%).
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Although virtually all zones would experience an increase in
the number of fires and AAB, we project a spatially heterogeneous
response of fire regime to climate change across Canada. The
largest increase in fire activity, both in absolute terms and relative
to the baseline period, would occur in northwestern and central
Canada, as suggested by other authors (Balshi et al. 2009; Wotton
et al. 2010). Within this latter rather large area, models predict a
very high fire occurrence and area burned by 2071–2100, which
indeed would be higher than what was experienced in the most
fire-active zones between 1980 and 1999 (Boulanger et al. 2012), a
period recognized for its intense fire activity (Kasischke and
Turetsky 2006). Considering these increases, many zones would
experience a fire activity that would fall well beyond their histor-
ical range of fire variability (Bergeron et al. 2004; Girardin and
Mudelsee 2008), which may have large ecological and sociological
impacts (Flannigan et al. 2005).

Our models projected that in some zones fire seasonality will
shift with most of the area burned occurring later in the season by
the end of the century. This contradicts earlier studies suggesting
that extreme fire danger would occur more frequently early in the
season (Stocks et al. 1998), resulting in a larger area burned in late
spring (Amiro et al. 2009). Nonetheless, a similar shift in fire oc-
currence was recently proposed for northwestern Quebec based
on future fire severity rating (Le Goff et al. 2009). Moreover,
Boulanger et al. (2013) projected a shift in fire activity to slightly
later in the summer for eastern Canada, considering similar shifts
in the occurrence of maximal Canadian Forest Fire Weather Index
annual values. Haughian et al. (2012) projected the potential for
substantial increases in August fires in southern British Colum-
bia. Recent observations in Alaska also suggest a shift in the fire
season over the last decade towards late-summer fires as a result
of climate change (Kasischke et al. 2010). This does not preclude,
however, the occurrence of large fires earlier or later in the season
than during the historic period.

Had we relied on ecozones to model fire regime, we would have
failed to efficiently capture the spatial heterogeneity and changes
in fire regime over a large portion of the territory. Indeed, our
empirically derived zonation assessed the spatial heterogeneity in
fire regime much more accurately than ecozones. A recent study
(Boulanger et al. 2012) showed that even NEFC’s smaller units (i.e.,

ecoprovinces) poorly capture spatial heterogeneity in the Cana-
dian fire regime, at least for the 1980–1999 period. Ecozones and
ecoprovinces may not represent reasonable proxies of variables
that actually drive fire regimes at this scale, while ecoregions and
ecodistricts (the finer divisions of the NEFC hierarchy) overfit the
available fire regime data (Boulanger et al. 2012). For instance, the
geological or physiognomic features used to delineate the NEFC’s
large-scale units may have little influence on fire regimes at these
broad scales (Lefort et al. 2003; Cary et al. 2006).

If one assumes that the spatial heterogeneity in fire regimes
observed during the 1959–1999 period will remain similar in the
upcoming decades, future fire regimes as projected from our
HFRfuel zonation should provide much more spatially accurate
estimates of future large-scale biodiversity patterns, energy
flows, and carbon storage than those derived from multipur-
pose classification schemes. In the Canadian boreal forest, many
of these patterns and processes are strongly fire driven (e.g.,
Bond-Lamberty et al. 2007) so their analyses benefit from a precise
knowledge of the fire regime prevailing at the scale of concern.
Indeed, shorter fire return intervals are associated with higher
carbon losses and a decrease in carbon storage (Amiro et al. 2009;
Brown and Johnstone 2011). In the light of the results presented
here, total carbon emissions from fires should increase over the
upcoming decades as a result of the concurrent increase in the
area burned (Amiro et al. 2009).

HFR-based estimates of future fire regimes may help to better
outline areas where forest composition, structure, and inherent
processes might be altered. Significant projected shifts in fire re-
gimes may influence the successional pathways of postfire regen-
eration, notably by favouring early successional and fire-adapted
species (e.g., jack pine (Pinus banksiana Lamb.) and trembling aspen
(Populus tremuloides Michx.)), prompting faster forest cover altera-
tions than those resulting from changes in temperature and pre-
cipitation per se (Weber and Flannigan 1997). Zones located in
central Canada (Great Slave Lake, Lake Athabasca, and Lake Win-
nipeg zones) would be an extreme case (but see the Limitations
section below) since continuous forest cover may hardly be main-
tained under the projected fire return interval (<26 years). Indeed,
these areas would experience a fire activity closer to what is cur-
rently or was historically experienced in ponderosa pine (Pinus

Fig. 5. Mapped discrepancies between homogeneous fire regime (HFRfuel) zones and ecozones using zone-averaged projected annual area
burned (AAB) and fire occurrence (FireOcc) values. Ratios > 1 indicate that values projected from ecozones overestimate values projected using
HFRfuel zones as spatial units. Discrepancies are assessed separately for the baseline and the three future periods at the 60-km cell level.
Discrepancies were not estimated in areas overlapping the Western Subarctic zone and the Pacific Maritime ecozone because AAB and FireOcc
models performed poorly in these zones. Insets: area (×106 km2) covered by each ratio class.
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ponderosa P. & C. Lawson) savannahs or aspen (Populus spp.) park-
lands (Weir et al. 2000). However, how succession would progress
under such high fire activity requires considerable scrutiny. It has
to be noted that fire regime attributes are projected on a 30-year
basis. Shifts in forest composition may take much longer to ma-
terialize, i.e., to reach equilibrium. Nevertheless, important changes
in forest structure and composition in areas that are currently
experiencing relatively low burn rates (e.g., the Eastern Subarctic,
Interior Cordillera, and North Atlantic zones) are very likely to
affect regional patterns of biodiversity, notably by favouring spe-
cies associated with early seral stages, while being detrimental to
those associated with old-growth forests. Potential changes in for-
est composition may in turn influence insect outbreak dynamics
(e.g., forest tent caterpillar and spruce budworm) by altering re-
gional host abundance (James et al. 2007; Bouchard and Pothier
2008). HFRfuel zones may thus provide an efficient framework for
the management of large-scale biodiversity issues across Canada,
at least in areas where fire is, or is projected to be, the most
prevalent natural disturbance.

The fire regime characteristics predicted for the upcoming de-
cades may help forest and fire management agencies because they
reveal zones with high fire occurrence or large area burned, that
were otherwise hidden within larger areas. The fire statistics may
thus contribute to improving current and future fire management
strategies and operational fire management planning, i.e., the
deployment of fire management efforts and resources across a
territory. For example, HFRfuel zones may help to localize specific
areas where high fire occurrence may sporadically overwhelm fire
management authorities in the future (Wotton and Stocks 2006;
Podur and Wotton 2010). Several zones, especially in central
Canada where fire occurrence may increase 4-fold, could need to
allocate far more resources than they do today for future fire
management.

Consideration of HFR zonation provides the information neces-
sary to integrate forest fire as a forest management constraint
where it is a dominant ecological process in the landscape
(Armstrong 2004; Gauthier et al. 2009; Savage et al. 2010). At the
current scale of analysis, our HFR zonation may give a first al-
though still rather coarse view of future fire regimes to fire and
forest management agencies. However, finer-scale delineations of
HFR zones (Boulanger et al. 2013; Terrier et al. 2013) were recently
done for eastern Canada and should help refine the projection of
fire regime characteristics to a manageable scale in this context.

Limitations
We acknowledge that there are limitations to the work con-

ducted here. Indeed, projections of future fire regimes were solely
based on an intense-forcing climate scenario (A2). As such, these
projections may be seen as a “worst case” scenario. Projections
based on “milder” forcing scenarios (e.g., SRES A1B, B1, and B2)
generally lead to less severe future fire activity (Girardin and
Mudelsee 2008; Balshi et al. 2009). In this context, continuous
yearly monitoring of fire statistics at the national scale is para-
mount for tracking any shifts in fire regime caused by the realized
greenhouse gas emission scenario.

Our models and our zonation analyses assumed a “static” view
of the nonclimate environment for the future, which is an un-
likely situation. For instance, the delineation of HFR zones and
our models did not account for temporal and spatial differences in
fire management policies and (or) efficiency (Wotton and Stocks
2006). Indeed, the relative homogeneity of the fire regime within
a given zone may not solely result from climate and fuel attributes
but also from variable fire management policies within the zone.
For example, some HFRfuel zones overlap provincial extensive and
intensive protection zones. As a result, effects of climate variables
may not be stationary within a given HFRfuel zone. Moreover, al-
though HFRfuel-based models show a fairly good predictive ability,
part of the unexplained variation may result from changing fire

protection efficiency throughout the calibration periods (Wotton
and Stocks 2006). In any case, our models assume that fire man-
agement efficiency will remain spatially and temporally stable in
the future and comparable with the calibration period. More im-
portant resource allocation for fire protection in the future may
hamper the projected fire activity.

We did not account for potential changes in vegetation compo-
sition and spatial patterns prompted by fire or other natural (e.g.,
windthrow and insect outbreaks) or anthropogenic (logging) dis-
turbances, nor changes in forest or fire management policies. All
these changes may generate either negative or positive feedback
for subsequent fire regime attributes, notably by altering energy
exchange, surface albedo, and fuel flammability (Krawchuk et al.
2006). Future integration of these potential changes in vegetation
patterns (as in Terrier et al. 2013) or fire management policies,
notably through spatially explicit forest landscape simulation mod-
els, may provide more accurate estimates of the future boreal fire
regime. Therefore, projections of future fire regime should be
interpreted as a “what if” scenario, i.e., how today’s fire regime
(given the current fuel and forest/fire management policies)
would look under climate conditions projected for the future.

Our models do not account for changes in lightning activity or
other changes in fire weather during periods with high ignition
probabilities. As such, some areas where lightning activity might
change may experience fire activity different than predicted. Cur-
rently, CRCM models do not predict future lightning conditions.
Future coupling of fire weather and ignition conditions (either
natural or anthropogenic) would add much more predictive power
to models projecting future fire activity.
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