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Abstract. Natural ecosystems have developed within ranges of conditions that can serve 27 

as references for setting conservation targets or assessing the current ecological integrity 28 

of managed ecosystems. Because of their climate determinism, forest fires may be 29 

viewed as a major vulnerability process to climate change for forests. We evaluated 30 

future trends and rates of change in fire activity under climate change in the eastern 31 

Canadian boreal forest and investigated whether these changes were included in the 32 

variability observed during the Holocene. Prediction of future annual area burned was 33 

made using simulated Monthly Drought Code data collected from an ensemble of seven 34 

global climate models and four scenarios of radiative forcing. Past burn rates (7000 cal 35 

years BP to present) were inferred from sedimentary charcoal analyses from three lakes. 36 

The increase in burn rate that is predicted for the end of the 21st century (0.45% yr-1 with 37 

95% confidence interval [0.32, 0.59]) falls well within the long-term variability (0.37 to 38 

0.90% yr-1) that was derived from the paleo-fire reconstruction. While our results suggest 39 

that the predicted change in burn rates per se will not move this ecosystem to new 40 

conditions not encountered in the past, the impacts of increasing fire incidence cumulated 41 

to current rates of clear-cutting or other low-retention types of harvesting, which still 42 

prevail in this region, remain preoccupying. 43 
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Introduction 44 

Natural ecosystems have evolved within ranges of conditions that can serve as references 45 

for setting conservation targets or assessing the current ecological integrity of managed 46 

ecosystems (Landres et al. 1999). Disturbance regimes are key processes in many types 47 

of ecosystems and they contribute to a large extent to the creation of a variety of 48 

ecological conditions that exist through both space and time (Reynolds 2002). 49 

Disturbance regime characteristics, including frequency, spatial extent and severity, are 50 

particularly important in generating this natural variability at various spatial and temporal 51 

scales.  52 

In this paper we focus on the influence of disturbance frequency, which can be 53 

expressed as the mean fire interval (MFI) or its opposite, that is, the percent annual burn 54 

rate (1/MFI; % yr-1). When stand-replacing fires are predominant, which is the case in the 55 

continental regions of the boreal forest, the MFI is largely responsible for the creation of 56 

a complex landscape mosaic consisting of stands varying in age, composition and 57 

structure, within which other disturbances and processes interact (Wein and MacLean, 58 

1983; Johnson 1992, Payette 1992, Niklasson and Granström 2000). 59 

Reconstruction of fire history in western Quebec boreal forests for the last 7000 60 

years is well documented (Bergeron et al. 2004; Cyr et al. 2009). The high variability 61 

observed during the Holocene, despite slight changes in vegetation composition 62 

(Carcaillet et al. 2001; Ali et al. 2008; Carcaillet et al. accepted), highlights the fact that 63 

the natural landscape mosaic has natural resilience to change in fire frequency.  64 

Because of their climate determinism, forest fires may be viewed as a major 65 

process of vulnerability to climate change for forests (Le Goff et al. 2005; Flannigan et 66 
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al. 2009). Climate change may be defined as a change in the state of the climate that can 67 

be identified by changes in the mean and/or variability of its properties and that persists 68 

for an extended period of time, typically decades or longer. However, as in the United 69 

Nations Framework Convention on Climate Change, we herein more specifically define 70 

climate change as “a change of climate which is attributed directly or indirectly to human 71 

activity that alters the composition of the global atmosphere and which is, in addition to 72 

natural climate variability (e.g. solar, orbital forcing), observed over comparable time 73 

periods” (United Nations 1992). Already, climate change has had a significant influence 74 

on area burned in Canada. Forest fire activity has increased steadily over the second half 75 

of the 20th century, (Podur et al. 2002, Stocks et al. 2003), and part of this rise has been 76 

attributed to climate change (Gillett et al. 2004). Confounding influences may also have 77 

added up, notably from changes in the atmospheric circulation patterns governing 78 

regional fire activity (Macias-Fauria and Johnson 2006, Skinner et al. 2006,) or changes 79 

in land use (Podur et al. 2002). 80 

Climate change has direct and indirect impacts on forest ecosystems. Direct 81 

impacts include the alteration of species growth, reproduction and migration while 82 

indirect impacts correspond to modifications of disturbance regimes such as forest fires, 83 

insect outbreaks and diseases (Dale et al. 2001). Indirect impacts, such as changes in fire 84 

regimes, may have more dramatic results than direct impacts, which take a long time to 85 

materialize (Overpeck et al. 1990; Weber and Flannigan 1997).  86 

The objective of this paper was to evaluate future trends and rates of change in 87 

fire activity under climate change in eastern Canadian boreal forests and determine 88 

whether these changes were included in the observed variability during the Holocene. 89 
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First, we used regression analyses to model the historical (1959−1999) relationship 90 

between climate and area burned by large forest fires (size >200 ha). These models were 91 

then used as transfer functions for predictions of future area burned. This was done by 92 

substituting historical climate conditions by future one simulated from an ensemble of 93 

seven global climate model (GCM) experiments driven by four scenarios of radiative 94 

forcing. These predictions were used to generate changes in burn rate between three 95 

reference periods: 1959−1999, 2046−2065 and 2081−2100. Next, we compared these 96 

predicted changes to Holocene MFI as reconstructed by sedimentary charcoal analyses 97 

from three lakes (Cyr et al. 2009). Finally, we discuss implications of predicted future 98 

fire activity in the context of the natural range of variability observed during the 99 

Holocene. 100 

 101 

Study area 102 

The study area (Fig. 1) is located in the boreal zone of western Quebec and eastern 103 

Ontario (Canada). This part of the Precambrian Shield is covered with glacio-lacustrine 104 

clays that have been reworked by glacial surges, resulting in a relatively compact deposit 105 

composed of clay and gravel that is called the Cochrane Till (Veillette 1994). The mostly 106 

flat region (mean altitude ~250 m a.s.l.) shows three major soil types, Luvisols, Gleysols 107 

and Organic Soils (Soil Classification Working Group 1998), which reflect the variable 108 

thickness of the organic layer (about 10 to > 200 cm). The dominant forest types are 109 

black spruce (Picea mariana (Mill.) B.S.P.) - feathermoss and black spruce - Sphagnum, 110 

with an understory dominated by ericaceous shrubs (Rhododendron groenlandicum, 111 

Kalmia angustifolia, Vaccinium spp). Jack pine (Pinus banksiana Lamb.) and trembling 112 
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aspen (Populus tremuloides Michx.) also occur in pure or mixed stands, and secondary 113 

tree species include balsam fir (Abies balsamea (L.) Mill.), paper birch (Betula papyrifera 114 

Marsh.), and tamarack (Larix laricina (DuRoi) K. Koch) (Gauthier et al. 2000). The 115 

region’s mean annual temperature is –0.7°C (mean temperatures for January and July are 116 

–20.0°C and 16.1°C, respectively), and annual precipitation is 905 mm, 35% of which 117 

falls during the growing season (Matagami weather station [49°46'N, 77°49'W], 118 

Environment Canada 2006). 119 

 120 

Data and methods 121 

Present-day fire data 122 

Forest fire data from the large fire database (LFDB, Stocks et al. 2003) are used in this 123 

study to develop the predictive model for annual area burned. These large fires (size >200 124 

ha) represent only a very small percentage of fires but account for ~97% of the area 125 

burned in Canada. The LFDB contains information on start location, estimated ignition 126 

date, cause and size of each fire. Fires that occurred within the territory defined as 83°W 127 

to 75°W and 47°N to 53°N were compiled (Fig. 1) and a time series of annual area 128 

burned covering the period 1959–1999 was created. Fire is highly variable among years 129 

and the use of a large number of samples provided some statistical smoothing that 130 

improved the final calibration results and minimized the prediction error. This territory of 131 

32.9 M ha was therefore found to offer the best compromise between selecting a region 132 

with a disturbance regime representative enough of the surroundings of the sampled lakes 133 

and maximizing the signal-to-noise ratio in the fire dataset. Although they don’t apply to 134 

the exact same periods, the recent burn rates estimated for the 32.9 M ha territory from 135 
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the LFDB during the 1959-1999 period was 0.24% per year while it was estimated to 136 

0.27% during the 1920-1998 period for a smaller area located in the surroundings of the 137 

sampled lakes from a dendroecological study (Bergeron et al. 2004). 138 

 139 

Predictors of future fire conditions 140 

The predictors of area burned used in this study included monthly means of daily mean 141 

temperatures and the monthly Drought Code (hereafter called MDC), an index 142 

representing the net effect of changes in evapotranspiration and precipitation on 143 

cumulative moisture depletion in deep, compact organic layers (Girardin and Wotton 144 

2009). The MDC was previously shown to be a robust predictor of area burned across 145 

circumboreal forests (Girardin et al. 2009a). Monthly mean temperatures also proved to 146 

be a robust predictor of area burned across North American boreal forests (Balshi et al. 147 

2009), and therefore it is used in our model calibration.  148 

The MDC is a generalized monthly version of the daily Drought Code widely 149 

used across Canada by forest fire management agencies in their monitoring of wildfire 150 

risk. The MDC was developed by Girardin and Wotton (2009) to be used in seasonal 151 

drought characterization analyses when the daily weather data necessary for computation 152 

of the daily Drought Code are not available.  153 

The Drought Code represents the moisture content of organic matter that is on 154 

average about 18 cm thick and 25 kg⋅m−2 dry weight, for a bulk density of 138.9 kg⋅m−3. 155 

The equation linking the Drought Code (DC) to its moisture equivalent (Q; unitless) is: 156 

400/800 DCeQ −⋅=   [1] 157 
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The 400 constant in Eq. 1 represents the maximum theoretical moisture content of the 158 

fuel represented by the Drought Code, which roughly corresponds to the water-holding 159 

capacity of the soil, i.e. 100 mm (Van Wagner 1987). In its daily version, the Drought 160 

Code has a response time of 62 days at 15°C and 44 days at 30°C. This long response 161 

time served as the basis for the development of a monthly approximation model.  162 

The MDC formulation may be summarized as follows. First, potential 163 

evapotranspiration E (unitless quantity) over month m follows the method of 164 

Thornthwaite and Mather (1955) and is given by: 165 

))(36.0( fmxm LTNE +⋅=   [2] 166 

where mxT  is the monthly mean of daily maximum temperatures (°C), Lf is the standard 167 

day length adjustment factor (Van Wagner, 1987), and N is the number of days in the 168 

month. Next, computation of the MDC is carried out twice in a month to reduce bias that 169 

may arise when the forest floor becomes saturated in the spring. Drying taking place over 170 

the first half of the month (DCHALF) is calculated as: 171 

mHALF EMDCDC 25.00 +=   [3] 172 

where MDC0 is the MDC from the end of the previous month. Total monthly rainfall (rm) 173 

is simulated to occur in the middle of the month, and the moisture equivalent in the layer 174 

after rain Qmr (unitless) is calculated as: 175 

EFF
DC

mr RMeQ HALF ⋅+⋅= − 937.3800 )400/( . [4] 176 

In these equations, rm is reduced to an effective rainfall (RMEFF; mm) after canopy and 177 

surface fuel interception using mEFF rRM ⋅= 83.0 . An estimate of the MDC value at the 178 

end of the month (MDCm; unitless), for which total rainfall and mean temperature apply, 179 

is calculated as: 180 
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mmrm EQMDC 25.0)/800ln(400 +⋅= .  [5] 181 

Finally, MDC0 and MDCm are averaged to find a mean drought value for the month: 182 

2/)( 0 mMDCMDCMDC += .  [6] 183 

When calculating the next month’s MDC, the value of MDCm from the previous month 184 

then becomes the new MDC0.  185 

Girardin and Wotton (2009) found that the MDC generally followed trends in the 186 

monthly means of the daily Drought Code closely (r2 ranging from 0.87 to 0.95 for n = 187 

612 sample months). There are no absolute guidelines as to the meaning of MDC values 188 

but, generally speaking, Drought Code values below 200 are considered low while values 189 

around 300 may be considered moderate in most parts of the country. A Drought Code 190 

rating of 400 or more indicates that fire could involve burning of deep sub-surface and 191 

heavy fuels (e.g. de Groot et al. 2009). The index generally peaks in mid- to late August, 192 

beyond which it either declines or maintains the same value; during extreme years with 193 

late season fires, this does not always hold true (McAlpine 1990; Girardin et al.  2004). 194 

The reversal in August is only attributed to a change in day length, and is not a function 195 

of seasonal precipitation.  196 

 197 

Climatic data 198 

Monthly means of daily mean and maximum temperatures and monthly precipitation 199 

totals were obtained for the 1959−1999 period using BioSIM (Régnière and Bolstad 200 

1994). Data were obtained for 100 locations distributed across 83°W to 75°W and 47°N 201 

to 53°N by interpolating data from the four closest weather stations to each location, and 202 

adjusting for differences in latitude, longitude and elevation between the data sources and 203 
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each of the locations. The MDC and mean monthly temperatures were computed at each 204 

location and data were then averaged to create regional mean monthly data. In order to 205 

give greatest weight to climate anomalies in fire-prone regions (Gillett et al. 2004; 206 

Girardin and Wotton 2009), the distribution of locations was made such that regions 207 

having higher fire frequencies also had higher location replicates (see Fig. 1).  208 

Prediction of future annual area burned is made using simulated monthly 209 

temperature and precipitation data collected from an ensemble of seven GCMs (Table 1). 210 

Model selection was made accordingly with the availability of monthly means of daily 211 

maximum temperature outputs necessary for simulation of MDC. GCMs are time-212 

dependent numerical representations of the atmosphere and its phenomena over the entire 213 

planet, using the equations of motion and including radiation, photochemistry, and the 214 

transfer of heat, water vapour, and momentum. Future climate scenarios are built based 215 

on the effects of various concentrations of greenhouse gases and other pollutants within 216 

the atmosphere on the earth-atmosphere system. Monthly temperature and precipitation 217 

data were collected from four to six cells (depending on model resolution) located near 218 

the region, and averaged. Data were collected for horizons 1961−1999, 2046−2065 and 219 

2081−2100.  220 

GCMs can have large biases when it comes to reproducing the regional features of 221 

climate. To account for differences between the actual climate data derived from BioSIM 222 

and the GCM predictions, we adjusted the monthly simulations relative to the absolute 223 

difference from the 1961–1999 monthly means of actual data (e.g. Balshi et al. 2009). A 224 

correction was also applied to the interannual variability by changing the width of the 225 

distributions so that mean monthly GCM predictions and data derived from BioSIM had 226 
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equal standard deviations over their common period 1961–1999 (Girardin and Mudelsee 227 

2008). The following algorithm was used in doing these corrections: 228 

δµµ ⋅−+= )( GCMGCMBioSIMGCM monthadj ,  [7] 229 

where GCMadj is the corrected monthly value output of the GCM predictions, BioSIMµ  is 230 

the mean monthly value (across all years) for the period 1961−1999 derived from 231 

BioSIM, GCMmonth is the monthly value output by GCM predictions, GCMµ  is the mean 232 

monthly value (across all years) for the period 1961–1999 derived from the GCM 233 

monthly predictions, and δ is the ratio of the standard deviation in monthly values (across 234 

all years) for the period 1961–1999 derived from BioSIM compared to that derived from 235 

GCM monthly predictions ( )/ σσδ GCMBioSIM= . This ratio inflates or deflates the 236 

simulated interannual variations. 237 

Four scenarios of projected changes in greenhouse gas emissions (Nakicenovic et 238 

al. 2000) are used in this study (from “worst” to “best” case scenarios): A2, A1B, B2 and 239 

B1. Each scenario reflects a specific storyline of future development such as global 240 

population growth, economic development, and technological change. The storylines 241 

describe the relationships between the forces driving greenhouse gas and aerosol 242 

emissions and their trajectories over the 21st century 243 

(http://sedac.ciesin.org/ddc/sres/index.html): 244 

• A2 storyline (intense forcing): a very heterogeneous world with continuously 245 

increasing global population and regionally-oriented economic growth that is 246 

more fragmented and slower than in other storylines.  247 
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• A1B storyline (intense forcing): a future world of very rapid economic growth, 248 

global population that peaks in mid-century and declines thereafter, and rapid 249 

introduction of new and more efficient technologies with low carbon emissions.  250 

• B2 storyline (intermediate forcing): a world in which the emphasis is on local 251 

solutions to economic, social and environmental sustainability, with continuously 252 

increasing population (lower than A2) and intermediate economic development. 253 

• B1 storyline (intermediate forcing): a convergent world with the same global 254 

population as in the A1B storyline but with rapid changes in economic structures 255 

toward a service and information economy, with reductions in material intensity, 256 

and the introduction of clean and resource-efficient technologies.  257 

These storylines are intended to cover a wide spectrum of alternative futures to reflect 258 

relevant uncertainties and knowledge gaps associated with climate change issues 259 

(Nakicenovic et al. 2000).  260 

 261 

Predictive model for area burned 262 

Development of a predictive model for area burned is carried out using Multivariate 263 

Adaptive Regression Splines (MARS) (Friedman 1991). MARS is a technique in which 264 

non-linear relationships between a predictand (i.e. variable to predict) and a predictor are 265 

described by a series of linear segments of differing slopes, each of which is fitted using a 266 

basis function. Breaks between segments were defined by an inflection point in a model 267 

that initially over-fitted the data, and was then simplified using a backward/forward 268 

stepwise cross-validation procedure to identify terms to be retained. At each step, the 269 

model selected the inflection point and its corresponding pair of basis functions that gave 270 
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the greatest decrease in the residual sum of squares. Selection was proceeded until some 271 

maximum model size was reached, after which a backward-pruning procedure was 272 

applied in which those basis functions that contributed least to model fit were 273 

progressively removed. The sequence of models generated from this process was then 274 

evaluated using generalized cross-validation, and the model with the best predictive fit 275 

was selected. For the present study, annual area burned was regressed against the MDC 276 

and mean temperatures from April to October over the 1959−1999 period (total of 14 277 

potential predictor variables). Once the model is developed, it may then be used as a 278 

transfer function for prediction of future area burned. This is done by substituting 279 

historical climate conditions by future ones generated from the GCM experiments. For 280 

other applications of MARS, see Leathwick et al. (2005), Balshi et al. (2009), and 281 

Girardin et al. (2009b). The R package ‘earth’, specifically designed for MARS using the 282 

techniques described by Friedman (1991), was used for calibration of model parameters 283 

(R Development Core Team 2007). The Generalized Cross Validation (GCV) penalty per 284 

knot was set to two. Other parameters were kept as in the ‘earth’ default settings.  285 

 286 

Paleoecological reconstruction of MFI and natural range of variability  287 

A long-term fire history was reconstructed using sedimentary charcoal from three lakes 288 

and dated using 14C and 210PB isotopes (Carcaillet et al. 2001, accepted). These three 289 

lakes were considered as representative of the study area. Only charcoal fragments larger 290 

than 150 µm were considered as particles of this size generally do not travel more than a 291 

few hundreds of meters from a fire (Higuera et al. 2007). Charcoal accumulation peaks 292 

were then isolated to build fire event chronologies beginning as far back as 7600 cal. yr 293 
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BP for one of the lakes, although only results spanning the last 6800 years were available 294 

for all three lakes (see method in Carcaillet et al. 2001). The fire intervals from the three 295 

lakes were pooled to estimate the mean fire interval (MFI) across the landscape, which 296 

we define as the average number of years between two successive fire events at a given 297 

point (cf Merrill and Alexander 1987). We assumed that the ratio between the charcoal 298 

source-area and the typical size of fires in this area is negligible and, therefore, we 299 

considered these lakes as a point-based representation of fire activity. About 80% of the 300 

total area burned between 1959-1999 was indeed affected by individual fires larger than 301 

8500 ha and charcoal source-area represented by these lakes was most likely between 302 

several tens and a few hundred hectares (Higuera et al. 2007). Li (2002) demonstrated 303 

that the derivation of point-based estimates of fire activity such as the MFI to obtain an 304 

area-based one is possible when the sampled sites are independent of each other and if the 305 

observations cover a period of several times the MFI. Both conditions are met as our 306 

paleoecological fire history reconstruction cover 6800 years and as the nearest lakes are 307 

located 56 km from one another. A similar paleoecological reconstruction conducted 308 

nearby from sedimentary charcoal also shows an asynchrony of recorded fire events in 309 

lakes that are actually closer to one another (Ali et al 2009). Our estimations of MFI were 310 

then reversed to obtain estimations of average burn rates (burn rate = 1/MFI ; cf Li 2002).  311 

To assess the long-term natural variability in MFI (and burn rate), we first 312 

estimated MFI within periods of relatively constant regimes using the two-parameter 313 

Weibull probability density distribution fitted over the observed fire intervals (not shown, 314 

see Carcaillet et al. 2001 or Cyr et al. 2009). The Weibull-modeled MFI during these 315 

periods were used to define a first range of long-term natural variability that will be 316 
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referred to as the conservative range, which is suggested as a management guideline by 317 

Cyr et al. (2009), while the corresponding 95% confidence intervals were used to define 318 

an extended range of natural variability. The second approach was a smoothing method, 319 

which we used to fit the Weibull distribution within a moving window of 13 observations 320 

and report the estimated MFI along our time series. This moving window roughly 321 

corresponded to a little more than 1000 years during periods with low fire frequency and 322 

about 300 years during periods with high fire frequency. The smoothing method shows 323 

shorter term variations which are reported for comparative purposes. 324 

 325 

Results 326 

Climate simulations 327 

Simulations from the seven GCMs showed agreement as to the direction of future 328 

temperature changes in our study area, regardless of radiative forcing scenarios (Fig. 2). 329 

Warming is expected to occur throughout all months of the year, with winter months 330 

showing the greatest rates of change. By the end of the 21st century, daily maximum 331 

temperatures during summer months are predicted to be warmer by about 4°C when 332 

compared to 1961−1999.  333 

The rate of change in precipitation predicted from the ensemble of GCMs is not as 334 

univocal as the one in temperature. About half of the simulations predicted a decrease in 335 

summer precipitation (down by 18% when comparing 1961−1999 with 2081−2100 336 

horizons), while an increase in precipitation was predicted by the other half (up by 11%). 337 

An increase in precipitation is predicted for fall, winter and spring months by all models 338 

(from 8% to 41% in spring and from −1% to 20% in fall).   339 
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The influence of climate on forest fire involves a trade-off between the amount of 340 

precipitation and temperature. Our estimates of the net effects of changes in 341 

evapotranspiration and precipitation on cumulative moisture depletion in soils suggest 342 

that the uncertainty in modelled precipitation changes will be exacerbated by the large 343 

increases in temperature. In 17 out of 19 of our simulations (i.e. 90% of our simulations), 344 

MDC was predicted to increase by the end of the 21st century, resulting in an increase 345 

median ensemble MDC in all months from April to October (Fig. 3). In the few cases 346 

where the MDC was predicted to decrease (particularly during the mid-century), the 347 

emission scenario was forced by a B1 storyline of low population growth with rapid 348 

technological changes (intermediate forcing). It is noteworthy to mention that in spite of 349 

this general agreement with regard to the direction of summer moisture changes, 350 

uncertainty remains important as suggested by the 10th and 90th percentiles, up to 80 351 

MDC units for August (Fig. 3).  352 

 353 

Predictive model for area burned 354 

We regressed the annual area burned (AAB) against the MDC and mean temperatures 355 

over 1959−1999 using MARS. The regression model explained 42% of the deviation 356 

between the variable to predict and the predictors (P < 0.001; GCV-R2 = 0.36) and took 357 

on the following form: 358 

1

1

*0.22017.8490

)36.192,0max(

BFAAB

MDCBF August

+=

−=
. [8] 359 

where MDCAugust is the August MDC. The calibration error in AAB estimates was 360 

0.061 M ha per year. In the MARS model, the inflection point for the MDC variable takes 361 

on a value of 192.36, and the basis function (BF1) takes on a value of MDC minus 192.36 362 
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when MDC is >192.36, but otherwise takes on a value of zero (Fig. 4). Coefficients 363 

applied to the basis function define the slopes of the non-zero sections. Dividing the 364 

calibration interval (see Girardin and Mudelsee 2008) led to partial changes in the 365 

relationship. Specifically, July MDC showed up as a potential AAB predictor depending 366 

on period divisions. However, the July MDC was discarded as it is highly collinear with 367 

the August MDC (Pearson r = 0.89, P < 0.001). Monthly means of daily mean 368 

temperature did not show a significant relationship with AAB.  369 

 370 

Simulation of future burn rates 371 

Predicted changes in burn rates from the ensemble of seven GCMs forced by various 372 

scenarios of greenhouse gas emissions are shown in Figure 5. A wide array of 373 

model/scenario outcomes suggests a fairly large amount of uncertainty in predictions of 374 

future burn rates. Simulations from the Canadian and the National Institute for 375 

Environmental Studies GCMs (i.e. CGCM3T63 and MIROC3.2 medres) yielded the 376 

greatest rates of change. For instance, the CGCM3 A2 simulation suggested a change in 377 

burn rate from a current value of 0.24% yr-1 to one of 0.69% yr-1 for the end of the 21st 378 

century. Other models, like the GISSAOM, suggested moderate changes in burn rate in 379 

the course of the 21st century. All models suggested that the future burn rate will remain 380 

below 1.00% yr-1. 381 

Modelling uncertainty was dealt with by randomizing of the AAB simulations 382 

using a bootstrap method and recomputing the burn rate for each horizon using the 2.5%, 383 

50%, and 97.5% AAB percentiles. This yielded an ‘ensemble-mean’ burn rate and a 95% 384 

confidence interval (CI) for each horizon (Fig. 5). Not only does this ‘uncertainty band’ 385 
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take into account climate modelling and greenhouse gas emissions uncertainties, but it 386 

may also partly take into account errors owed to various assumptions in our data and the 387 

calibration error (a calibration error of 0.061 M ha per year corresponds to an error in the 388 

estimated burn rate of ±0.18% yr-1). Burn rates for ensemble-mean scenarios A2, A1B 389 

and B1 were also computed (Table 2). However, one should note that ensemble-mean 390 

scenarios were obtained from limited GCM experiments (six GCM experiments per 391 

scenario), which may explain the wide uncertainty bands. The ensemble mean of all 19 392 

simulations suggests an increase in the burn rate of our study area from a current value of 393 

0.20% yr-1 (95% CI [0.12, 0.28]) to 0.36% yr-1 (95% CI [0.25, 0.48]) by the mid-21st 394 

century, and 0.45% yr-1 (95% CI [0.32, 0.59]) by the end of the 21st century. Upper and 395 

lower bounds of this ensemble-mean CI (Fig. 5) closely approximate burn rates 396 

calculated from ensemble-mean scenarios A2 and B2, respectively (Table 2). Will these 397 

values be within the historical variability? 398 

 399 

Past natural variability vs predicted burn rate 400 

The period between 6800 and 3200 cal. yr BP was characterized by a relatively low burn 401 

rate, while the period after 3200 cal. yr BP shows a considerable increase with a 402 

subsequent decrease during the last millennium (Fig. 6). Climatic drivers are currently the 403 

most plausible explanation for these changes, as pollen records show no relationships 404 

between vegetation, based on pollen composition and diversity, and fire activity during 405 

this period (Carcaillet et al. 2001), both in terms of trends and timing of paleo-fire and –406 

vegetation modification (Carcaillet et al. accepted). Using these periods of relatively 407 

constant regimes, the conservative range of variability in burn rate varies between 0.37% 408 
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yr-1 (MFI ≈ 267 years) and 0.90% yr-1 (MFI ≈ 111 years), while the extended range varies 409 

between 0.24% (MFI ≈ 419 years) and 1.22% yr-1 (MFI ≈ 82 years) (Cyr et al. 2009). The 410 

smoothing method shows shorter-term variations, which are generally encompassed by 411 

the extended range of natural variability. 412 

The increase in burn rate that is predicted by the end of the 21st century, +0.45% 413 

yr-1 (95% CI [0.32, 0.59]), falls within the long-term variability that was derived from the 414 

paleo-ecological reconstruction. This predicted burn rate, which corresponds to a MFI of 415 

222 years, is relatively low when compared with periods of higher burn rates, i.e. 416 

between 3300 and 900 cal. yr BP, when the burn rate was oscillating at around a little less 417 

than 1%. Moreover, the 95% confidence interval associated with the predicted burn rate 418 

(corresponding to a range of MFI varying between 169 and 313 years) is also well 419 

contained and quite smaller than the conservative and extended ranges of natural 420 

variability. 421 

 422 

Discussion 423 

Predicted increases in burn rate and critical assessment of the model 424 

This study used an ensemble-mean of 19 GCM experiments for prediction of future burn 425 

rates in eastern Canadian boreal forests. These experiments investigate the effects of 426 

different, but equally plausible, initial atmospheric and oceanic conditions and CO2 427 

forcing scenarios, on climate and fire behaviour (Intergovernmental Panel on Climate 428 

Change 2007). Individual GCM experiments provide indications of the magnitude of the 429 

natural variability in the system. This variability is the main cause for the large 430 

uncertainty in GCM experiments under a given CO2 scenario (see confidence intervals in 431 
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Table 2). On the other hand, the ensemble-mean allows distinguishing the approximate 432 

climate change signal from the natural variability. The ensemble mean allows the 433 

identification of the impact response of burn rate to the climate change signal. The only 434 

other study of future fire activity in boreal forests that we are aware of in which an 435 

ensemble-mean of GCM experiments was used is that of Scholze et al. (2006).  436 

 The main result of our study is that, whatever the CO2 emission scenarios or the 437 

GCM used, the future burn rate is predicted to remain within the natural range of 438 

variability for this region of the boreal forest. Predicted burn rates by the ensemble-mean 439 

of all 19 GCM experiments (Fig. 5) and by individual ensemble-mean scenarios (Table 2) 440 

are lower than assessed by sedimentary charcoal data during the Holocene period. Even 441 

under the most extreme experiment of MIROC3.2medres A2, a 0.8% yr-1 burn rate 442 

(equivalent to a MFI of 125 years) was still found to be slightly below what was observed 443 

between 3300 and 900 cal. yr BP (Fig. 6; see also Cyr et al. 2009). 444 

Our assessment is based on long-term variability in burn rate reconstructed from 445 

sedimentary charcoal data. The plausibility of the obtained results rests on the validity of 446 

two principal assumptions. One is that forest fire distribution be relatively homogeneous 447 

in the study area and across time, such that locations of the selected lakes be 448 

representative for the whole study area. Second, MFI is estimated from peaks in charcoal 449 

sediments originating from local source area around the lakes. However, present forest 450 

fire distribution is not homogeneous in the study area (see Fig. 1), and this for number of 451 

factors including variability in land-use and in fire detection and suppression (Lefort et 452 

al. 2003). Also, charcoal source area may sometimes be undefined; there is always a 453 

probability with charcoal sediments record that fire events originating from large and 454 
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distant fires be detected as small local fires (Higuera et al. 2007). Such uncertainty may 455 

be taken into account by construction of confidence intervals (Fig. 6) that may encompass 456 

some range of sampling errors. 457 

To increase confidence, results may also be supplemented by other reconstruction 458 

methods of past fire activity. Past fire activity in this part of the boreal forest has been 459 

well documented with time-since-fire distributions reconstructed from 460 

dendrochronological dating of forest stands and fire scars (Bergeron et al. 2004, 2006). 461 

Consistent with our results from the charcoal sediments record, reconstruction of burn 462 

rates for the last 300 years for a territory covering 15,000km2 (Bergeron et al. 2004) 463 

reports variations in burn rate that encompass the entire array of predicted burn rates for 464 

2100 AD (Fig. 5; Table 2). The 0.8% yr-1 burn rate predicted for 2100 AD associated 465 

with the most extreme experiment (MIROC3.2medres A2) is indeed lower than what was 466 

observed during the Little Ice Age (prior to 1850 AD), where the burn rate was the 467 

highest recorded in recent history, at around 1.09% (equivalent to a MFI of 92 years) 468 

Girardin and Mudelsee (2008) in their analysis of late Holocene fire risk variability 469 

inferred from tree-ring records collated to GCM modelling, also came to a similar 470 

conclusion. Their results suggest probabilities of having future levels of extreme fire risk 471 

conditions be within the historical range. 472 

 The conclusions drawn from this work should also be limited to the impact of 473 

late-spring and summer climate variability on forest fire activity. Factors that are not 474 

directly taken into account in the seasonal drought severity component could modulate 475 

the projected increase in burn rates over the 21st century and could distort the predicted 476 

trend. Effects of forest composition (coniferous vs. hardwood) and age structure on fuel 477 
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availability and moisture regimes, which are important determinants of fire activity under 478 

a given climate (Hély et al. 2001), are not taken into account in the current simulations. 479 

These limitations also apply to the work done by Flannigan et al. (2005), Bergeron et al. 480 

(2006), Girardin and Mudelsee (2008), and Balshi et al. (2009). Changes in fire regimes 481 

could lead to shifts in vegetation composition and structure that could provide feedback 482 

to fire activity. However, such a feedback doesn’t appear to be important in the region as 483 

no significant or delayed impact on the pollen-inferred vegetation was detected in relation 484 

with the variation in burn rate that was observed during the last 7000 years (Carcaillet et 485 

al accepted; cf section below for additional details). Furthermore the dominance of black 486 

spruce and a thick organic layer could very likely limit rapid changes in vegetation 487 

composition (Lecomte et al. 2006). Other factors not considered by the predictive model 488 

that may be of importance include changes in the frequency of small precipitation events 489 

and their impacts on fine fuels, and changes in wind velocity and their impacts on fire 490 

behaviour (Li et al. 2000). That being said, these variables are currently not important 491 

predictors of area burned in the study area (Balshi et al. 2009, their grid points 80.0°W, 492 

50.0°N and 80.0°W, 52.5°N presented in their Table A1). Other factors that were not 493 

taken into account in this study include changes in ignition agents (lightning frequency 494 

and human-caused ignition; Price and Rind 1994; Wotton et al. 2003), changes in land 495 

use (e.g., fragmentation of landscapes), interactions with other natural disturbance agents 496 

such as insect outbreaks and diseases, feedback to the climate system through increases in 497 

trace gas emissions (Gillett et al. 2004), and alteration of surface energy exchanges 498 

(Chambers and Chapin 2002). Simulations of future fire conditions using dynamic 499 

climate-vegetation models (de Groot et al. 2003, Keane et al. 2004) would be relevant 500 
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when attempting to account for changes in lightning probability, vegetation and fuel types 501 

under a changing climate regime. 502 

 503 

Stability and resilience of the ecosystem facing predicted increases in burn rate 504 

Despite major changes in burn rate, pollen-inferred vegetation reconstructions 505 

were unable to report clear concurrent shifts in the regional vegetation linked to fire 506 

during the last seven millennia (Carcaillet et al. 2001; accepted). These studies suggest 507 

that vegetation is rather well adapted to fluctuations in fire activity, although some 508 

species might locally have behaved individually (Ali et al. 2008). The stability of 509 

available pollen records is particularly strong in black spruce-dominated areas (see also 510 

eastward, Garralla and Gajewski 1992), a species that can cope well with the range of 511 

fire-free intervals occurring under natural conditions. Its seeds stored in serotinous cones 512 

allow for quick regeneration following fire, while its shade tolerance and layering 513 

capacity allow for its persistence in the landscape without fire (Lecomte and Bergeron 514 

2005). Although less abundant, both early successional species, such as jack pine and 515 

aspen, and late successional species, such as balsam fir or white spruce, are currently 516 

present in the forest mosaic (Gauthier et al. 2000). This emphasizes the possibility that 517 

the burn rate was never sufficiently high or low to totally exclude them from the 518 

landscape, although locally significant effects are observed on balsam fir (Abies 519 

balsamea) that is closed to its natural range limit (Ali et al. 2008). Minor changes in 520 

species’ relative abundances or in the forest age structure could therefore occur with 521 

expected changes in burn rates, but available pollen records suggest that these changes 522 

are unlikely to cause a major shift towards an alternative state. 523 
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Moreover, the considerable variations in burn rate that were observed during the 524 

last 300 years (Bergeron et al. 2004; Girardin and Mudelsee 2008) show that the rate of 525 

change can be quite high under natural conditions. This observation suggests that systems 526 

should be able to cope with the predicted change in the burn rate of +0.2% during the 527 

next century (ensemble-mean of all 19 GCM experiments, Fig. 5). 528 

 529 

Management implications 530 

Fire activity is already an important issue for public safety and timber protection 531 

(Martell 1994). The expected doubling of the burn rate for 2100 will have very significant 532 

economical and social consequences that will require important adaptive measures. 533 

Adaptive measures suggested previously include increased fire suppression efforts, fuel 534 

management, salvage logging, regeneration enhancement, functional zoning and risk 535 

assessments that are considered a priori in general strategic planning and annual 536 

allowable cut (AAC) calculations (Le Goff et al. 2005 and other references therein). 537 

Independently of the implementation and success of all these measures, the maintenance 538 

of ecosystem resilience is a prerequisite to the sustainable management of the boreal 539 

forest as it prevents the system from shifting towards an undesirable alternative state and 540 

thus reduces uncertainty. 541 

Forest ecosystem management, an approach that is gaining in popularity and that 542 

aims to decrease the difference between managed and natural forests (Gauthier et al. 543 

2009) by emulating natural disturbances through harvesting, may provide additional 544 

solutions (see also Harvey et al. 2002, Kuuluvainen 2002, Attiwil 1994, Angelstam 545 

1998). The rationale for such an approach is that fire is perhaps the most important 546 
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determinant of landscape compositions and stand structures and that maintaining these 547 

through forest ecosystem management practices should in turn allow us to maintain 548 

biological diversity, essential ecological functions and ecosystem resilience. As burn 549 

rates get closer to the upper boundaries of the natural range of variability, it decreases the 550 

necessary “room for manoeuvre” that allows the substitution of fire for harvesting as a 551 

high-severity disturbance, hence limiting the extent to which we can emulate fire 552 

(Bergeron et al. 2006). To maintain a comparable AAC while limiting the cumulative 553 

impacts of these two stand-initiating disturbances (fire and clear-cutting), which together 554 

are driving the system out of its natural range of variability (Cyr et al. 2009), we suggest 555 

to increase the relative importance of uneven-aged management, which can be designed 556 

to emulate finer-scale disturbances or individual mortality within stands. First, uneven-557 

aged management would contribute to maintaining old forest attributes in a landscape 558 

where they were naturally and historically dominant. Second, it would contribute to 559 

preventing the additional costs of regeneration failures that occur more frequently when 560 

high-severity disturbances such as clear-cutting, fire and insect outbreaks happen within 561 

short intervals of time (Jasinski and Payette 2005), a phenomenon that is likely to 562 

increase as the pressure from low-retention harvesting and fire does. 563 

  564 

Conclusion 565 

 566 

 567 

 568 
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Our results support precedent studies reporting that climate change will cause an 569 

increase in burn rate over this part of the boreal forest (Flannigan et al. 2005, Girardin 570 

and Mudelsee 2008). The increase in burn rate that we predict, from the present value of 571 

0.20% yr-1 to 0.45% yr-1 with 95% confidence interval [0.32%, 0.59%] by the end of the 572 

21st century, might appears important at first but it is relatively modest in comparison 573 

with the natural range of variability. While our results suggest that the predicted increases 574 

in burn rate per se will not move this ecosystem to new conditions never before 575 

encountered in the past, the cumulative impacts of fire and clear-cutting or other low-576 

retention types of harvesting, which still prevail in this region, remain preoccupying. It 577 

has already been shown that clear-cutting has considerably altered this system in terms of 578 

age-class representation at the landscape level by diminishing the amount of stands 579 

exceeding in age the length of the typical harvest rotation (Bergeron et al. 2006; Cyr et 580 

al. 2009). An excessive use of even-aged management, therefore, contributes to eroding 581 

the ecological resilience by reducing ecosystem variability in time and space (Drever et 582 

al. 2006), a process that will be exacerbated by the predicted increase in burn rate. 583 
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Table 1. General circulation models from the Intergovernmental Panel on Climate 851 

Change Fourth Assessment Report (AR4; Meehl et al. 2007) and their greenhouse gas 852 

(e.g. radiative) forcing scenarios. 853 

Centre  Model  Forcing  

Bjerknes Centre for Climate BCM2.0  A1B, A2, B1  

Canadian Centre for 
Climate Modelling and 
Analysis (CCCma) 

CGCM3T63 

(T63 resolution)  
A1B, A2, B1  

Australia's Commonwealth 
Scientific and Industrial 
Research Organisation 
(CSIRO) 

CSIROMk3.5  A1B, A2, B1  

Max Planck Institute für 
Meteorologie 

ECHAM4T42  A2, B2  

GISS GISSAOM  A1B, B1  

Institute for Numerical 
Mathematics 

INMCM3.0  A1B, A2, B1  

National Institute for 
Environmental Studies 

MIROC3.2 medres  A1B, A2, B1  

 854 
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Table 2. Predicted burn rates (% yr-1) from ensemble-mean scenarios for horizons 855 

1961−1999, 2046−2065, and 2081−2100. Each ensemble simulation shown here consists 856 

of an average of six general circulation model experiments undertaken with identical 857 

forcing scenarios (A2, A1B, and B1). A 95% bootstrap confidence interval (CI) for the 858 

ensemble-mean burn rate is indicated in brackets.  859 

 Scenario 
 A2 A1B B1 
GCMa 

 

 

 

 

BCM2.0, CGCM3T63, 
CSIROMk3.5, 
ECHAM4T42, 

INMCM3.0, 
MIROC3.2 medres 

BCM2.0, CGCM3T63, 
CSIROMk3.5, 

GISSAOM, 
INMCM3.0, 

MIROC3.2 medres 

BCM2.0, CGCM3T63, 
CSIROMk3.5, 

GISSAOM, 
INMCM3.0, 

MIROC3.2 medres 
1961-1999 0.22 [0.10; 0.36] 0.22 [0.09; 0.35] 0.22 [0.09; 0.35] 
2046-2065 0.40 [0.21; 0.61] 0.37 [0.22; 0.54] 0.29 [0.13; 0.47] 
2081-2100 0.55 [0.33; 0.80] 0.42 [0.21; 0.63] 0.35 [0.19; 0.53] 

a GCMs used in each climate change scenario. 860 

 861 

 862 
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 863 

 864 

Fig. 1. Location of the three lakes for which sedimentary charcoal analyses were 865 

conducted. The study area (shaded) delineates forest fire data (circles) from the large fire 866 

database (LFDB, Stocks et al. 2003) that were used in this study to develop the annual 867 

area burned model. 868 
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 869 

Fig. 2. Predicted changes in monthly averages of daily mean and daily maximum 870 

temperatures, and total monthly precipitation between a) 2046−2065 and 1961−1999, and 871 

b) 2081−2100 and 1961−1999. Simulations were obtained using an ensemble-mean of 872 

seven global climate models forced by various scenarios of greenhouse gas emissions 873 

(Table 1), for a total of 19 simulations. The boxplot shows the distribution of the 19 874 

simulation results for January (J) to December (D). The boundaries of the box denote the 875 

25th and 75th percentiles, and the line within the box marks the median of the simulated 876 

mean monthly anomalies. Error bars above and below the box indicate the 90th and 10th 877 

percentiles. 878 
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 1 

Fig. 3. Predicted changes in monthly Drought Code (MDC) between a) 2046−2065 and 2 

1961−1999, and b) 2081−2100 and 1961−1999. See Fig. 2 for definition.  3 

 4 
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Fig. 4. Relationships between the August monthly Drought Code (MDC) and annual area 

burned (AAB) modeled using Multivariate Adaptive Regression Splines. 
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Fig. 5. Predicted changes in burn rate over the 21st century simulated from an ensemble 

of seven global climate models forced by various scenarios of greenhouse gas emissions 

(Table 1). A 95% bootstrap confidence interval for the ensemble-mean burn rate is shown 

(gray-shaded). The latter was obtained after randomization of the annual area burned 

(AAB) simulations and recomputation of the burn rate for each horizon using the upper 

and lower AAB percentiles. The yellow shading denotes the three horizons (1961−1999, 

2046−2065, and 2081−2100) used in the computation of the future burn rate. See Table 2 

for individual ensemble-mean scenarios. The burn rate estimated from the LFDB is 

indicated by a red square 
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Fig. 6. Long-term variability in burn rate compared with the burn rate for 2081-2100. 

Average burn rates during periods of relatively constant regime (straight lines) define the 

conservative range of natural variability, while the 95% confidence intervals (shaded 

area) define the extended range of natural variability. Shorter-term variations are 

illustrated for comparison purposes. Adapted from Cyr et al. 2009. 


