Ecology, 85(7), 2004, pp. 1916–1932
q 2004 by the Ecological Society of America

FIRE REGIMES AT THE TRANSITION BETWEEN MIXEDWOOD AND
CONIFEROUS BOREAL FOREST IN NORTHWESTERN QUEBEC
YVES BERGERON,1,5 SYLVIE GAUTHIER,1,2 MIKE FLANNIGAN,1,3

AND

VICTOR KAFKA1,4

1Groupe
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Abstract. Fire history was reconstructed for an area of 15 000 km 2 located in the
transition zone between the mixed and coniferous forests in Quebec’s southern boreal forest.
We used aerial photographs, archives, and dendroecological data (315 sites) to reconstruct
a stand initiation map for the area. The cumulative distribution of burnt area in relation to
time since fire suggests that the fire frequency has decreased drastically since the end of
the Little Ice Age (about 1850) in the entire region. However, a large part of the area was
burned between 1910 and 1920 during intensive colonization and when the climate was
very conducive to fire. For the period 1920–1945, large fires have mainly been concentrated
in the more populated southern area, while few fires have been observed in the virgin
coniferous forest in the north. Despite slight differences between the south and the north,
fire cycles or the average number of years since fire are not significantly different. Since
1945, there have been far more fires in the south, but the mean fire size was smaller than
in the north. These results suggest that the transition between the mixed and coniferous
forests observed in the southern boreal forest cannot be explained by a difference in fire
frequency, at least during the last 300 years. As climatic factors and species potential
distribution did not vary significantly from south to north, we suggest that the transition
from mixedwood to coniferous forests is mainly controlled by fire size and severity. Smaller
and less severe fires would favor species associated with the mixedwood forests as many
need survivors to reinvade burnt areas. The abundance of deciduous species in mixedwood
forests, together with the presence of more lakes that can act as firebreaks, may contribute
to decreases in fire size and severity. The transition between the two vegetation zones could
be related to the initial setting following the vegetation invasion of the area during the
Holocene. In this context, the limit of vegetation zones in systems controlled by disturbance
regimes such as fires may not have reached a balance with current climatic conditions.
Historical legacies and strong positive feedback between disturbance regimes and composition may filter and delay the responses to changes in climate.
Key words: boreal forest; Canada; climate change; dendroecology; disturbance regime; fire;
mixedwood forest; vegetation zone.

INTRODUCTION
Forest stand distribution at the regional and landscape scales has traditionally been viewed as being
driven by the direct effects of climate and landform
characteristics on the growth and recruitment of tree
species (Whittaker 1975). The classification of vegetation zones in Canada, as in other countries, is mainly
based on these characteristics (Rowe 1972). On the
other hand, we recognize disturbance regimes as one
of the important factors controlling forest ecosystems
(Pickett and White 1985, Engelmark et al. 1993, Frelich
2002). This is particularly true for boreal forests where
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November 2003. Corresponding Editor: S. T. Jackson.
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fire (Johnson 1992, Payette 1992) and insect disturbances (MacLean 1980, Holling 1992) are widespread.
In this context, it is possible that changes in forest
mosaic composition may be related more closely to the
effects of changes in disturbance regimes, partially
driven by climate, than to a direct response to climate
and landform (Overpeck et al. 1990).
Despite this recognition of the importance of natural
disturbances, there are very few studies in the boreal
forest that demonstrate clear relationships between disturbance regimes and the distribution of forest vegetation at the regional or landscape scales. One major
exception is the work by Payette et al. (2001), who
clearly showed that Quebec’s forested tundra was
shaped by fire disturbances and has not yet reached a
steady state condition under the present climate (Payette and Gagnon 1985, Payette and Lavoie 1994). At
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a longer time scale, it has also been suggested that a
change in disturbance regimes could be responsible for
the changes observed in forest composition during the
Holocene (Green 1982, Carcaillet et al. 2001).
There is a growing amount of literature documenting
the effects of past climate changes on fire frequency
in the boreal forest (Clark 1988, Bergeron 1991, Larsen
and MacDonald 1998, Weir et al. 2000, Bergeron et al.
2001). In this context, there is little doubt that the current and predicted global warming will cause changes
in fire regimes (Flannigan et al. 1998, 2001). Thus, it
is critical to better understand how disturbance regimes
affect vegetation distribution if we want to predict possible changes in forest composition due to climate
change. In this paper, we address this question by using
the south to north transition between the mixed and
pure coniferous forests in Quebec’s boreal forest.
As all major species are present in both zones, we
hypothesize that the dominance of mixedwood in the
south and the coniferous forest in the north is determined by a change in fire regimes. The short fire rotation, together with the large and severe fires reported
for the coniferous boreal forest (Payette et al. 1989),
would favor fire-adapted jack pine and black spruce
(Cogbill 1985, Sirois and Payette 1989). Both species
have serotinous cones and are well adapted to large
crown fires occurring at relatively short intervals (Zasada et al. 1992, Greene et al. 1999). On the other hand,
longer fire cycles in the southern boreal forest (Heinselman 1981, Bergeron et al. 2001), together with less
severe and smaller fires would favor a succession from
shade intolerant deciduous species toward shade tolerant conifers such as balsam fir, white spruce, and
white cedar (Bergeron and Dubuc 1989, Frelich and
Reich 1995, Bergeron 2000, Lesieur et al. 2002). Although well adapted to regrowth after fire from root
suckers and stem sprouts, aspen and paper birch may
be killed by very severe fires (Greene et al. 1999).
Similarly, conifers that are dependent on survivors to
reinvade burnt areas would not be favored by very large
and severe fires (Bergeron and Brisson 1990, Asselin
et al. 2001, Kafka et al. 2001). Although this interpretation has been put forward in the literature, to our
knowledge, it has never been fully supported by an
independent comparative study of fire regimes.
Our objectives were to reconstruct fire regimes for
a south to north transect encompassing the transition
between mixed and pure coniferous boreal forests.
Here, we present our results on fire regime parameters
and discuss their possible effects in controlling the
transition between the two vegetation zones.
STUDY AREA
The study area (from 788309 to 798309 W and from
488009 to 508009 N) encompassed a territory of 15 000
km2 in two ecological regions of the continuous boreal
forest of Quebec (Fig. 1). The two ecological regions
(the Abitibi Lowland and the Lake Matagami Lowland)
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are located in the western section of the boreal forest
of Quebec, at the border between Quebec and Ontario
(Saucier et al. 1998; Fig. 1). Ecological regions are
land portions characterized by forest vegetation on mesic sites typical of the bioclimatic domain and by a
particular configuration of landforms (Saucier et al.
1998). Roughly, the limit between the two ecological
regions is located at 498009 N (Fig. 1). The southern
ecological region (Abitibi Lowland) belongs to the Abies balsamea–Betula papyrifera bioclimatic domain and
will be referred to as the mixedwood ecological region.
The northern region (Lake Matagami Lowland) belongs
to the Picea mariana–moss bioclimatic domain and
will be referred to as the coniferous ecological region.
Both ecological regions are located within the Clay Belt
of Ontario and Quebec, a large physiographic unit of
clay deposits left by pro-glacial Lake Ojibway (Veillette 1994). In the coniferous region, the topography
is generally flat, and the most important surficial deposit is organic soil, followed by clay deposit (Robitaille and Saucier 1998). On the other hand, the mixedwood region has a more rolling topography and clay
deposits are dominant, followed by organic deposits.
There are more lakes, especially large lakes (.5000
ha) in the south (Fig. 1).
In general and on the regional scale, the area is influenced by cold and dry arctic air during winter, and
by warm and moist air originating from the south during summer. The balance between, and the position of,
these main air masses undulates over the landscape
between years and throughout all seasons. This largescale climate pattern has given the boreal forest and
its ecotones their positions and shaping through time
(Bryson 1966, Bonan 2002). The climate of the transect
is continental with cold winters and warm summers.
The mean annual temperature ranges from just over
18C in the southern sections of the transect to almost
08C in the northern sections. A cold arctic air mass
dominates the transect during winter with the mean
temperature in January ranging from 2178C in the
south to 2208C in the north. In summer, a relatively
moist tropical air mass and a typically dry polar air
mass take turns influencing the transect. July mean temperature ranges from 178C in the south to ;168C in
the north. Growing degree-day sums above 58C are
;1300–1400 across the transect. Mean annual precipitation ranges from over 900 mm in the southeast to
;850 mm in the north. Snowfall averages ;300 cm
across the transect (Environment Canada 1986a, b,
1993). Data from the Iroquois Falls meteorological station (488459 N, 808409 W, 259 m above sea level), located close to the center of the gradient (Fig. 1), exemplifies the local climate. The mean annual temperature is 0.88C, the mean of the coldest month, January,
is 217.68C, and the mean of the warmest month, July,
is 17.18C. On average, the area has five months with
mean temperatures $58C, May through September,
which approximately corresponds to the length of the
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FIG. 1. Maps of the study area. The left-hand panel displays the study area with the coniferous and the mixedwood boreal
domains. Squares and the triangle (Iroquois Falls station) refer to the locations of the weather stations used to characterize
the climatic gradient between regions. The right-hand panel is an enlargement of the study area. The gray dots represent the
sampling sites. Lakes and rivers appear in black.

growing season. Precipitation data show a maximum
in July–September and a minimum in February (Environment Canada 1993).
On a longer time scale, dendroclimatic reconstruction has shown that over the last 200 years, the general
climate has oscillated between a slight gradient from
south to north and periods with common climate (Hofgaard et al. 1999).
The southern portion of the area was opened up in
1912 with the completion of the transcontinental railroad, and important agricultural and forestry activities
began in 1916. Most of the northern portion was still
composed of virgin forests until the late 1970s, when
large industrial harvesting started (Perron 1989, Vincent 1995).
METHODS

Fire climate
To determine the fire climate for the two ecological
regions, we interpolated the seasonal severity rating
(SSR) and meteorological variables such as tempera-

ture, relative humidity, wind speed, and precipitation
to the center of each region (north; 498309 N, 788809
W, and south; 488309 N, 788809 W). These meteorological variables are the ones used in calculating the
Canadian Forest Fire Weather Index (FWI) System
(Van Wagner 1987), and the SSR is a component of
the FWI System that gives a measure of potential fire
control difficulty. We used data from 12 weather stations from northwestern Quebec and northeastern Ontario for the April–September period, from 1953 to
1995. We used a cubic spline procedure to interpolate
the variables to the center of each region (Thiébaux
and Pedder 1987, Flannigan and Wotton 1989). To characterize the potential for lightning ignitions, lightning
data were obtained from the Ontario Ministry of Natural Resources (OMNR) for eight years between 1988
and 1996, excluding 1991, for which data were missing.
All strikes during each of these years were summed for
the north and south portions of the study area. The
results were compared on a yearly basis with a paired
t test (Olson 1988).
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Fire history reconstruction
In order to produce a stand initiation map (Johnson
and Gutsell 1994), we reconstructed fire history using
both field and archival data. Reports of individual fires
are available since 1923, and are completely mapped
since 1945. Moreover, there are two types of archival
data: Fires smaller than 800 ha are geo-referenced as
point data, whereas the larger fires are available in
polygon format. Aerial photographs (some dating from
the late 1920s and the 1930s) made it possible to delineate boundaries.
In the case where fire extent could not be delimited
using archives and aerial photographs, the date of the
last fire was determined using a standard dendroecological approach (Arno and Sneck 1977, Bergeron 1991;
see Methods, Dendrochronological analysis for details). Previous studies in the region (Bergeron 1991,
Dansereau and Bergeron 1993, Lefort et al. 2003) had
shown that the regions were characterized by having
experienced a few relatively large fires (.100 km2).
Therefore, the study area was divided into a grid of
100-km2 sections where at least one site would be visited. In each site, five disks or increment cores were
collected, preferably from pioneer tree species. When
available, snags of jack pines and cross sections of trees
bearing fire scars were also collected. In total, we sampled 315 sites (137 in the coniferous zone and 178 in
the mixedwood zone) for an average of one sample per
50 km2 (Fig. 1). The sample intensity per zone was one
sample/57 km2 in the coniferous region vs. one sample/
44 km2 in the mixedwood region. As jack pine snags
may stand for over 100 years (Dansereau and Bergeron
1993), it was possible in some cases (49 and 51 sites
for the coniferous and the mixedwood region, respectively) to date the time of the last fire and also the time
of the previous fire, allowing us to perform an analysis
of fire intervals. In each stand, the point-centered plot
method was used to characterize vegetation composition (Gauthier et al. 2000). Ten points were placed at
a distance of 10 m of each other. At each point, for the
closest tree in each of the four quadrants, the species
and the diameter at breast height (dbh) classes (in 5cm classes) were recorded. Frequency (percent) and
dominance (i.e., the species with the highest importance value [relative frequency 1 relative basal area]
in each site) were computed as the number of sites
where the species were encountered or where the species was dominant, respectively. The type of surficial
deposit (organic, clay, till, sand, and rock), the slope,
and the drainage were also recorded (Gauthier et al.
2000).

Dendrochronological analysis
FIG. 2. Map of the time since fire. Areas that have burned
since 1901 are indicated in 10-year age classes and are darkly
shaded. Gray and white areas represent sectors where stand
initiation occurred between 1801 and 1900, and before 1800,
respectively.

The cores and disks were first dried and then sanded
mechanically using progressively finer emery paper.
Living trees were aged in counting rings on disk or
cores using a standard dissection microscope. For cross
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sections of dead trees, tree-ring widths were measured
using a Velmex measuring system with a Unislide micrometer (Velmex Incorporated, Bloomfield, New
York, USA). The cross-dating of jack pine snags was
accomplished using previously developed chronologies
from the same area (Dansereau and Bergeron 1993).
The minimum time since fire was estimated using all
available information. In most cases, it represents the
age of the oldest tree sampled. In some cases, however,
when we suspected that the oldest tree had survived
the fire, the fire date was estimated using a cohort of
trees of younger age (Bergeron 1991). Because of the
lack of precision in the estimation of the real fire date,
all data were presented in 10-year age classes.

Fire mapping
The fire limits obtained from the archival data or the
photointerpretation of old aerial photographs were digitized and included into a GIS database. All the sample
point locations were also included, together with the
dendrochronological data. This allowed us to precisely
map the time since fire for fires that occurred after 1900.
For older fires, because precise fire limits were not
possible to identify, the map represents limits of area
with similar time since fire. These areas were delimited
by interpolating time since fire between each sample
points using the Thiessen method (Linsley et al. 1982)
in Arcview and applying a smoothing algorithm. It is
generally recognized that the boreal forest fire regime
is characterized by a few fires that burn large areas
(Johnson et al. 1998, Weber and Stocks 1998, Stocks
et al. 2002), and in this context, our map is a good
estimation of fire frequency (e.g., area burned/year) or
its inverse the fire cycle (time needed to burn an area
equivalent to the entire territory). It does not, however,
have sufficient resolution to represent the small fires
and small patches of unburnt territory inside the boundaries of all large fires, but these were included whenever possible. Moreover, as the boundaries of large fires
before 1880 are interpolated and because it is difficult
to differentiate some of the reconstructed fires after
1880, their exact size is not available. Consequently,
fire size distributions were analyzed only with data
from fires that burned between 1945 and 1998, either
from archival data or aerial photographs. Similarly, as
small fires can only be assessed precisely from archival
data, fire occurrence (e.g., number of fires per square
kilometer) was only presented for the period since
1945.
STATISTICAL ANALYSIS

Estimation and comparisons of fire cycles
and mean age among regions
The proportion of burnt area for each decade was
derived from the time-since-fire map, and comparisons
among the sectors were made using x2 and Pearson x2
components tests. This provided us with a time since
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fire (TSF) distribution. The TSF distribution can be
described using a Weibull model (Johnson and Gutsell
1994):

A(t) 5 exp[2(t/b)c]
where A(t) is the cumulative proportion of the landscape which survive to time t, b is named the scale
parameter, and c is the shape parameter. The negative
exponential distribution is a special case of Weibull,
where c 5 1, indicating that the hazard of burning
remains constant in time (Jonhson and Gutsell 1994).
Under a negative exponential distribution, the cycle is
equal to b, the mean of the distribution (Johnson and
Gutsell 1994). When a cumulative TSF distribution fits
a negative exponential it will appear as a straight line
on semilog paper. When the parameter c ± 1, it implies
that the risk of burning is changing with time. When
c ± 1, the fire cycle is equal to bG(1/c 1 1).
Fire cycles were assessed using survival analysis
(Proc LIFEREG, SAS Institute 1990, Johnson and Gutsell 1994, Allison 1995). This log-likelihood analysis
made it possible to compare the cumulative TSF among
the two regions and to estimate their fire cycles simultaneously. It also allowed us to take into account
the fact that for some stands we only had a minimum
time since fire (i.e., the data were censured, meaning
that we know that the stand had survived for at least
for a certain time). We first used the maximum likelihood technique to evaluate the variation in global fire
cycle in the past. To do this, the entire TSF distribution
of each region were submitted to the survival analysis
under the negative exponential assumption. The same
procedure was repeated sequentially, while eliminating
the most recent decade. For instance, we used the entire
data distribution from 1999 back to evaluate whether
survival data followed a negative exponential for both
regions. Then, we eliminated the areas that had burned
during the decade of 1999–1990 and recomputed the
cycles. The eliminated areas were considered as censured because we didn’t know when they had last
burned prior to 1990. Then, we did the same procedure
eliminating two, three, and four decades and so on,
until we had eliminated all the decades prior 1770. This
procedure allowed us to evaluate the variation in the
global fire cycle in the past and to compare the respective cycle of each region in time.
Because we had reasons to think that the fire cycle
had changed either after the end of the Little Ice Age
or after the first settlements in the regions, we also
evaluated the fire cycles for the following periods: before 1850, 1850–1920, and after 1920. The 1850 limit
between periods was selected because it corresponds
to the end of the Little Ice Age in the area (Archambault
and Bergeron 1992), while 1920 corresponds to the
beginning of the intensive colonization of the region.
In this survival analysis, the three periods were considered distinctly: 1999–1920 with the portion of the
study area that had burned before 1920 was considered
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TABLE 1. Percentage of stands where the species is present (frequency) and where the species
dominates (dominance based on the highest importance value [(relative frequency 1 relative
basal area)/2] in each stand).
Frequency (%)
Mixedwood

Coniferous

Mixedwood

Coniferous

Abies balsamea
Betula papyrifera
Picea glauca
Picea mariana
Pinus banksiana
Populus tremuloides
Thuja occidentalis

51.9
64.0
33.3
68.8
57.1
48.1
5.8

30.6
32.9
14.1
89.6
63.1
28.4
0.0

8.6
13.6
3.9
24.9
32.9
14.6
1.7

5.6
3.8
0.3
53.4
31.0
5.3
0.0

as censured at 80 years, for the 1920–1850 the portion
of the study area that had burned after 1920 or before
1850 were censured and, similarly, for the period prior
to 1850, the portion of the study area that had burned
before 1850 was considered as censured. The data for
the three periods and the two sectors were included
into the same analysis allowing us to assess the significance of the differences between the periods or the
regions simultaneously.
Finally, to evaluate the possible influence of site
types on mean stand age, we placed the map of the
time since fire over a surficial geology map derived
from survey of the Quebec Ministry of Natural Resources (Pelletier et al. 1996) to derive the time since
fire per site type. We then compared the mean stand
age for different surficial deposits using an analysis of
variance (ANOVA) followed by a Student-NewmanKeuls (SNK) test for the comparison of means. Note
that, in this case, the fact that some area had only
minimal time since fire could not be taken into account.

Fire intervals
A fire interval distribution was constructed for each
ecoregion, using only sites where two precise fire dates
were available. The distributions were compared using
a x2 test, and the mean intervals were also computed
and compared with a t test.

Fire direction
All fires that have occurred since 1945 within the
DCF-MRNQ database in a polygon format were used
to determine the main direction of spread by fitting the
longest straight line across the burnt area. For the few
of the fires that had a portion of their perimeter that
had burned outside the study area (in all cases, the
outside area represented ,50% of the total fire area),
TABLE 2.

Climatic characteristics (mean 6 1

Sector Temperature (8C)
South
North

Dominance (%)

Species

16.17 6 0.92
15.52b 6 0.92
a

Relative
humidity (%)
56.5a 6 2.9
59.04b 6 3.4

SE )

the entire perimeter of the fire was considered in the
analysis. Although it is not possible to determine
whether the direction of fire spread occurred from one
end to the other, the opposite way, or both, the number
and total distance were compared between the northern
and southern portions of the study area in four main
directions (i.e., north or south, northwest or southeast,
west or east, and southwest or northeast).
RESULTS

Tree species distribution
Species frequency and dominance of the main tree
species are presented in Table 1. Note that all species
are present in both regions. Moreover, all species can
dominate stands in both regions with the exception of
Thuja occidentalis in the coniferous region.

Climatic parameters
Climatic parameters vary slightly between the south
and the north (Table 2). Although not all are significantly different (Table 2), climatic parameters contribute to creating conditions more conducive to fire in the
south, as shown by significant differences in the daily
fire severity rating.

Fire history
The map of the time since fire is presented in Fig.
2. Large fires are observed both in the mixedwood and
the coniferous regions. Proportions of the area that have
not burned since 1850 and proportions that originated
from fires between 1850 and 1920 are about the same
in both regions (Fig. 3). However, stands originating
from fires that occurred after 1920 are far more abundant in the southern portion of the area (Fig. 3).
There was slightly more lightning occurrence in the
mixedwood region than in the north (Table 2). The

of the southern and northern sectors for the fire season (April–September).

Wind (m/s)

Seasonal
rainfall (mm)

Daily fire
severity rating

Lightning
occurrence
(no. strikes/yr)

10.46a 6 0.56
10.37a 6 0.52

396.93a 6 59.2
419.06a 6 61.2

1.09a 6 0.38
0.79b 6 0.28

2474.5a 6 1427.2
1935.9a 6 931.2

Note: Variables with different letters are significantly different (t test, P , 0.05).
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FIG. 3. Map of the study area showing areas (in gray) originating from fires that occurred (left) after 1920 and (right)
between 1850 and 1920.

comparison of the yearly number of lightning strikes
between the north and south sections revealed that the
difference was not significant at the 95% level. Small
lightning fires (,800 ha) since 1945 were slightly more
abundant in the mixedwood region than in the coniferous region (Fig. 4). Lightning fires were mainly concentrated in the northern and southern extremities of
the study areas and were less abundant in the center
(Fig. 4). Human-caused fires were mainly located in
the mixedwood region (Fig. 4). Lightning fires occurred
mainly in June and July, with a greater proportion of
fires in the north in June and of fires in the south in
July (Table 3).

Fire cycles
The percentage of the landscape originating from fire
in each decade differed significantly (x232 5 66.116, P

5 0.0004) between the mixedwood and coniferous
zones (Fig. 5a). Analysis of the Pearson components
indicated that the differences between the two distributions occurred mainly after 1920. Burnt areas were
globally more important in the south and occurred
mainly between 1920 and 1960, while burnt areas have
been more important since 1970 in the north. Both
distributions show a wide range of stand origin dates,
including stands initiated before the 1700s, with a maximum around 1910 followed by a sharp decrease since.
The complete cumulative distribution of burnt areas
(Fig. 5b) shows a similar distribution for both zones.
The absence of a straight line suggests, however, that
fire frequency was not constant over the entire time
period. The results of the sequential analysis to evaluate the temporal change in fire cycles presented in
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FIG. 4. Location of small fires (,800 ha) caused by lightning (left) and human activities (right); data are from archives
between 1945 and 1998. Numbers of fires are as follows: lightning in mixedwood, 71; coniferous, 47; human-caused in
mixedwood, 2552; coniferous, 193.

Fig. 6 also revealed that the survival distributions did
not follow a negative exponential but for the distributions computed for the periods that include the years
prior to 1930, 1920, 1860, 1850, 1840, and 1830. Moreover, the cycles computed with these survival analyses
TABLE 3. Percentage of lightning fires by month between
1945 and 1998.
Percentage of fires per month
Regions
Mixedwood
Coniferous
Total

Total no.
Septemfires
May June July August
ber
71
47
118

7
2
5

22
47
34

55
33
45

12
14
13

3
4
4

did not differ among the two regions; only marginally
significant differences were observed for the distributions computed for the years prior to 1970, 1960,
and 1950 (Wald x21 5 3.86, P 5 0.0494; Wald x21 5
4.5972, P 5 0.0320; Wald x21 5 4.1421, P 5 0.0418,
respectively).
The presence of higher area frequency in the distribution appears to coincide with periods of changes in
climate (1850) or the beginning of colonization (1920)
(Fig. 5a). The fire cycles computed for the periods when
fire cycle changed were expected (i.e., ;1920 and
;1850; Table 4) show an increase in fire cycle length
since 1850. Despite slight differences in the distribution between the south and the north, fire cycles are
not significantly different (Wald x21 5 2.5937, P 5
0.1073). However, there is a significant difference
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FIG. 5. (a) Distributions of time since fire for the mixedwood and coniferous regions. A ‘‘1’’ symbol indicates periods
where the frequency (percentage of the area) is significantly different between regions. (b) Semilog cumulative time since
fire for the two regions.

among the three periods (Wald x22 5 75.4827, P ,
0.0001). A short fire cycle of ;90 years before 1850
increased to a fire cycle close to 124 years between
1850 and 1920, with subsequent further increase to an
estimated cycle of 360 years for the period between
1920 to the present. Overall, despite slight differences,
fire cycles for each of the periods are not significantly
different between the south and the north.

Average stand age varies significantly between surficial deposits (Table 5); the dry sites (sand and rock)
having a lower mean age than the moist site types (unforested wetlands and organic). However, no differences or significant interactions were observed with the
regions (ecoregion, F 5 0.80, P 5 3728; interaction
among surficial deposit and ecoregion, F 5 1.79, P 5
0.1134).
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FIG. 6. Evolution of the general fire cycle through time. Computations were done sequentially by eliminating the recent
decades. The stars indicate the distributions with a good fit to the negative exponential at P . 0.10.

Fire intervals
In the study area, 100 sites (49 in the coniferous
region and 51 in the mixedwood region) had snags that
allowed us to precisely trace back the last two fire dates.
The same number of intervals was found in the two
regions, and no intervals smaller than 10 years were
observed (Fig. 7). The distribution of fire intervals did
not differ between the two ecoregions (x217 5 17.379,
P 5 0.429). The mean fire interval was 90 years in the
mixedwood region and 85 years in the coniferous region, and did not differ significantly (F 5 0.32, P 5
0.739).

The analysis of the main direction of spread revealed
that, since 1945, most of the distance covered by fires
in the northern black spruce forest occurred in the
northwest–southeast direction, although the frequency
of occurrence of this direction is not high compared to
the other directions. Moreover, those fires are larger,
with an average distance of 14.8 km. In the southern
mixedwood region, despite the fact that fires are clearly
more abundant in the southwest–northeast direction,
accounting for the longest distance (Table 6), the average distance is not higher than for other directions.
DISCUSSION

Fire size and orientation

Temporal changes in fire cycle

We identified 68 fires (.1 ha) in the northern sector
compared to 1060 in the mixedwood since 1945. Differences relate mainly to fires smaller than 10 ha, which
are more abundant in the south, while fires between
1000 and 100 000 ha are more abundant in the north
(Fig. 8a). Sixty percent of the burnt area in the north
was related to fires exceeding 10 000 ha, whereas those
very large fires were absent from the southern sector
(Fig. 8b). However, there were more fires between 10
ha and 1000 ha in size in the southern region as compared to the northern one.

With the exception of a few decades in the early
1900s, the observed fire cycle has constantly increased
(i.e., fire frequency has decreased) during the last 300
years (Bergeron et al. 2001). Because of legacy effects,
any change in fire cycle may take some times to be
reflected in the TSF distribution, particularly if fire
frequency is decreasing. Fire cycles respond to the cumulative effects of several fires, and hence changes in
the age class distribution may lag for several decades.
Consequently, it is difficult to clearly identify a specific
period when changes have occurred. We suggest that

TABLE 4.

Fire cycle estimates (mean and confidence intervals) per region and period.

Fire cycle period

Mixedwood

Coniferous

Total

Before 1850
1850–1920
Since 1920

83 (65–105)
111 (88–140)
326 (250–426)

101 (79–129)
135 (108–171)
398 (302–527)

92 (75–113)
124 (102–150)
360 (281–458)

Note: Main table entries are means; numbers in parentheses are approximate 95% confidence
intervals (1.96 3 standard error of b [b is the scale parameter]).

YVES BERGERON ET AL.

1926

Ecology, Vol. 85, No. 7

TABLE 5. Comparison of the mean age (yr) of stands on the main surficial geology types in
the two regions, and the area covered (%) by each surficial geology type.
Mixedwood

Coniferous

Total

Surficial geology

Cover

Age

Cover

Age

Cover

Age

Unforested wetlands
Organic
Till
Clay
Rock
Sand
Overall

11.6
8.6
2.4
45.5
26.7
5.3

128
140
120
136
125
106
130

35.7
10.7
14.6
31.3
4.8
2.9

170
151
147
134
96
108
148

25.0
9.8
9.2
37.6
14.5
4.0

162a
147ab
144ab
135abc
120bc
107c
140

Note: Entries in the last column with different superscript letters are significantly different
(P , 0.05).

the climatic change that occurred more or less abruptly
;1850 might be the principal driving factor. Since the
area examined was still not settled in 1850, the decreasing fire frequency observed probably was not
caused by direct human activity. Although the influence
of native people on fire frequency cannot be totally
ruled out, we believe that, given the low population
density in this part of the boreal forest (Côté 1993),
together with knowledge of fire use by natives (Lewis
1982), human influence is insufficient to explain the
observed decrease. The pattern observed during the
300-year period is also similar to the decrease reported
for the islands of Lake Duparquet (Bergeron 1991),
where fires have never been suppressed. It is also consistent with others studies from eastern (Bergeron et
al. 2001) and western boreal forest (Larsen 1996, Weir
et al. 2000), and suggests that the phenomenon can be
extended to a larger area of the boreal forests. The
increase in fire cycle at Lake Duparquet was related to
a reduction in the frequency of drought events since
the end of the Little Ice Age (Bergeron and Archambault 1993). It has been hypothesized that the warming
that started at the end of the Little Ice Age is associated
with an important change in the circulation of air mass
es (Hofgaard et al. 1999, Girardin et al. 2004). This

FIG. 7. Comparison of fire interval distribution in the two
ecoregions.

hypothesis is supported by some simulations using the
Canadian General Atmospheric Circulation Model,
which predicted a decrease in forest fire activity for
most of the eastern boreal forest, with future warming
(Flannigan et al. 1998) and the presence of possible
climatic analogs during the Holocene (Flannigan et al.
2001). However, portions of the western boreal forest
may be subjected to weather more conducive to fire
activity (Flannigan et al. 1998). The general decrease
in fire activity observed since 1850 was, however, interrupted by a period of intense fire activity during the
1910s. In fact, 18% and 12% of the northern and southern areas, respectively, originate from fires that occurred during this decade alone (Fig. 5a).
Reconstruction of fire danger for the 20th century in
the area (Lefort et al. 2003) confirms the presence of
many years of extreme fire weather at the beginning of
the century (1916–1924), followed by a decrease in the
frequency of extreme fire seasons in the study area for
the rest of the 20th century. This period also corresponds to the completion of the transcontinental railroad, whereas important agricultural and forestry activities began in 1916. The presence of the railroad,
which is often a source of fire ignition, and the use of
slash and burn techniques to clear lands may have exacerbated fire activity during this period (Lefort et al.
2003). Similar increases in fire activity that relate to
anthropogenic impacts, although not at the same time
period, are reported from various parts of the boreal
forest (Lehtonen and Huttunen 1997, Weir and Johnson
1998, Niklasson and Granström 2000). Intense human
activities may also explain why fires remained relatively important in the southern portion of the area until
the 1960s, a period during which fire was almost absent
in the virgin portion of the north. The firefighting tools
available during this period seem to have been insufficient to deal effectively with large fires (Lefort et al.
2003). It is only after 1970 that the tendency seems to
be reversed, as fire becomes more important in the
north. Since 1960, the clearing of forest for agriculture
has decreased abruptly and slash and burn techniques
have been prohibited. During the same period, active
fire suppression has increased. Moreover, firefighting

FIRE AT THE MIXEDWOOD–CONIFER TRANSITION

July 2004

1927

FIG. 8. Fire size distribution for the mixedwood and coniferous regions: (a) percentage of events per fire size classes,
and (b) percentage of the area burned by each fire size class. A ‘‘1’’ symbol indicates classes where observed values are
significantly different (P , 0.05) between regions.

methods have steadily improved with the 1972 introduction of water bombers, and by enhanced fire detection and initial response systems. Fire suppression was
very likely more efficient in the south, which shows a
greater extent of landscape fragmentation by land clearing and a well-developed road system, which increases
the number of firebreaks (Foster 1983, Turner and
Romme 1994) and improves firefighting capacity (Lefebvre 1972).

North–south differences in climate and fire regime
The hypothesis that historical and recent fire cycles
are shorter in the coniferous forests is not supported
by our study. In fact, although not significant, there is
a slight inverse trend in the results. As discussed in
the previous subsection, shorter fire cycles in the south
could partly be explained by anthropogenic influence,
but, as the trend is consistent over all periods, it also
appears to be controlled by climate. Shorter fire cycles
in the south are consistent with slightly higher temperature and lower precipitation observed in the south.
There is no strong evidence, however, of a sharp climatic boundary between the north and the south; the

transition appears mainly as a weak gradient. A similar
gradient was observed by Hofgaard et al. (1999) while
comparing the radial growth of black spruce and jack
pine from southern to northern locations. In fact, for
the last 300 years of growth, they observed periods of
common response to climate or gradual changes from
south to north, but they never observed sharp boundaries between the two regions. Lack of a clear correlation between vegetation composition and fire cycle,
observed here spatially along a latitudinal gradient, was
also reported for changes in vegetation during the Holocene (Carcaillet et al. 2001). These results support
the conclusion that climate is the most important factor
controlling regional fire frequency (Bessie and Johnson
1995, Hély et al. 2001) in the boreal forest.
Lightning fires are more abundant in the south (Fig.
7), consistent with the higher number of lightning
events. This higher number of fires, however, is largely
compensated by the size of fires in the north, which
tend to be greater. In fact, although both sectors have
a similar area burned per year, as suggested by the
absence of significant differences in their fire cycles,
the northern fire regime is characterized by fewer but

TABLE 6. The number of fires (frequency) and the distance (km) covered by these fires in
the main spread direction in the southern mixedwood and northern coniferous forests.
Frequency

Total distance (km)

Mean distance (km)

Direction

Mixedwood

Coniferous

Mixedwood

Coniferous

Mixedwood

Coniferous

North–south
Northwest–southeast
West–east
Southwest–northeast

11
7
9
34

6
5
0
5

40.3
16.4
28.4
151.0

43.6
73.7
0
26.3

3.66
2.34
3.15
4.44

7.27
14.74
0
5.26
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larger fires. Many factors can explain why fires tend
to be larger in the north. First, the flat topography (Robitaille and Saucier 1998) of the north and the lack of
large lakes (Fig. 1) that can act as firebreaks (Larsen
1997) may enhance fire spread. Moreover, other studies
(Cyr 2001) showed that the extensive bogs abundant
in the north did not act as efficient firebreaks. Second,
the dominance of conifers can also favor fire spread
(Van Wagner 1983). Using simulations with the Canadian Fire Behavior Prediction (FBP) System (Forestry Canada Fire Danger Group 1992), Hély et al.
(2000, 2001) showed that the rate of spread and final
size of fires increase under similar weather conditions
when fires spread through conifer stands instead of
mixedwood or hardwood boreal stands. The occurrence
of many northern fires in June (most fires occur in July
in the south) when understory vegetation is not fully
developed may also contribute to the presence of larger
fires (Hély et al. 2001).
Dominant NW wind direction in the north (SW in
the south) may also enhance fire spread. In fact, it has
been suggested that fires are associated with the passage of a cold front (Brotak and Reifsnyder 1977). The
passage of a cold front is also associated with a shift
in wind direction, from the southwest to the northwest.
This might be very important to explain the size of
those fires, as the flank of a southwest fire would become the head of the fire as the wind shifts, resulting
in a rapid and significant growth of the fire (Flannigan
and Wotton 2001). Our results are congruent with these
propositions.
Large fires (.10 000 ha) are generally more intense
than smaller fires (Turner et al. 1994, Eberhart and
Woodard 1987) and may thus be responsible for higher
mortality in the burnt area (Kafka et al. 2001). Empirical results from 16 recent fires that occurred in 1995
and 1996 in northwestern Quebec (Bergeron et al.
2002) showed a good relationship between the size of
the fires and the proportion of the area where tree mortality was high. According to this observation, we can
suggest that the southern sector is characterized by fires
of lower impact with a larger proportion of survivors,
at least immediately after the fire.

Consequences on the mixedwood–coniferous
transition
From our results, we can conclude that the mixedwood–coniferous transition in northwestern Quebec is
not directly controlled by a dramatic change in fire
frequency. Because all the mixedwood species (aspen,
birch, balsam fir, and white spruce) are present and can
reproduce locally in abundance (Gauthier et al. 2000)
in the black spruce- and jack pine-dominated forest, a
physiological limit directly controlled by climate is
also excluded.
Among mixedwood species, many would be disadvantaged by large fires because they have to reseed
from protected trees. Many studies have shown an ex-
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ponential decrease of seedling abundance at the fire
margin (Galipeau et al. 1997, Greene et al. 1999, Asselin et al. 2001). In a large fire (50 000 ha), Kafka et
al. (2001) found that only 12.5% of the burnt area was
located ,200 m away from unburnt islands or fire margins. Thus, remaining patches of scattered green trees
may be important for maintaining the presence of species that rely on the presence of survivors in the landscape.
Large fires are generally more intense and thus have
a greater impact on tree mortality. Intensity is also
higher in pure coniferous stands than in mixedwood
and hardwood stands (Hély et al. 2003). Both of theses
factors lead to a reduction in the number of green trees
inside the fire perimeter and thus limit the capability
of survivor-dependant species to efficiently reinvade
burnt areas. This might be dramatic for conifers such
as balsam fir and white cedar, which have a low dispersal potential, and, to a lesser extent, for white
spruce. The ability of aspen and birch to disperse over
long distances allows them to better cope with large
fires. Aspen can also reproduce from root suckers,
while birch may resprout from the stem collar or germinate from a seed bank. In these later cases, however,
very intense fires associated with an important duff
removal may in some cases kill the root systems and
the seed banks (Zasada et al. 1992). Besides the depth
of burn, which will determine whether white birch and
trembling aspen will be able to resprout from unburned
roots (Lavertu et al. 1994), it is the distance from survivors that will affect the regeneration of those species.
Other factors may interact with fire regimes to set
the limit between mixedwood and coniferous forests in
northwestern Quebec. Decreasing abundance toward
the north of upland sites, which are highly favorable
to the growth of mixedwood (Carleton and Maycock
1978, Gauthier et al. 2000), are also decreasing the
availability of seed trees at the landscape level. A lower
seed production due to climatic stress may also affect
the dispersal potential of certain species (Tremblay et
al. 2002). Decreasing abundance of lakes, which constitute firebreaks (Larsen 1997), is also a factor contributing to the decrease of survivors. This in particular
might explain why species such as white pine and red
pine, which are strongly associated with islands and
lake margins, attain their northern limit in the mixedwood region (Bergeron and Brisson 1990) despite
potentially being able to regenerate successfully further
north (Flannigan and Bergeron 1998, Engelmark et al.
2000). Although white cedar is still present in very low
abundance in the north, the same phenomenon may
limit its distribution, which is strongly associated with
lake margins protected from fires (Heinselman 1973,
Denneler et al. 1999).

Stability of the vegetation zones
The mixedwood–coniferous margin in northwestern
Quebec does not appear to respond directly to the ef-
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fects of climate on regeneration or to the indirect effects
of climate through changes in fire frequency, but to a
complex interaction between fire size and severity and
the potential of the species to survive fires and disperse
into the burnt areas. There is no clear evidence that the
observed differences in fire behavior could be attributed only to a difference of climate between the two
regions. There are, however, strong positive interactions between the present vegetation types and the characteristics of the fire regimes. The presence of strong
deciduous components in mixedwood contributes to the
presence of smaller fires of lower intensity, making it
possible to maintain mixedwood-associated species.
On the other hand, large tracts of coniferous forest may
favor larger fires of higher intensity, which in turn favor
tree species with aerial seed banks. In this context, the
settings of the transition may relate more to the longterm Holocene history that set the initial composition
than to the present or recent past climate. In fact, local
reconstruction of vegetation using pollen analysis (Carcaillet et al. 2001) suggests that the transition between
the mixedwood and coniferous zones was set immediately after the deglaciation. It is hypothesized that
the mixedwood invasion at the southern margin of Lake
Ojibway-Barlow from the south met, at the drainage
of the lake 8000 years ago, the coniferous forest dominated by black spruce and jack pine that came from
the recently deglaciated areas around the lake. There
were, however, regional changes in the abundance of
certain species during the Holocene. White cedar and
white pine decreased in abundance, while jack pine and
black spruce increased (Richard 1980). These changes
are partly connected with an important increase in fire
frequency starting about 2500 years ago (Carcaillet et
al. 2001). The presence of large tracts of black spruce
and jack pine stands well south of the actual mixedwood–coniferous limit is possibly explained by extreme fire events that have occurred during this period.
A warmer climate and possibly a decreasing abundance of fires due both to climate changes and fire
suppression (Bergeron et al. 2000, Flannigan et al.
1998) may contribute in favoring an extension of the
mixedwood into the coniferous forests. This phenomenon may be limited, however, by the presence in coniferous forests of a thick mat of organic matter and
mosses (Boudreault et al. 2002) not suitable for the
regeneration of mixedwood species, particularly the
hardwoods. Industrial logging activities that contribute
to decreases in organic matter and make mineral soils
accessible may accelerate this transition (Carleton and
MacLellan 1994, Nguyen-Xuan et al. 2000, Reich et
al. 2001). It has been suggested that the important increase in hardwood species observed in the southern
boreal forests since the colonization is due to a combination of logging followed by human-caused fires, a
process that eliminates conifer seed trees and favors
hardwood invasion (Lefort et al. 2003).
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CONCLUSION
Limits of vegetation zones in systems controlled by
disturbance regimes such as fires may not have reached
a balance with current climatic conditions. Historical
legacies and strong positive feedback between disturbance regimes and composition filter and delay the responses to changes in climate. As the present situation
has not reached a balance in northwestern Quebec, it
cannot be used as such in models of future vegetation
patterns and species distributions. It is thus essential
to better document the complex interactions between
disturbance regimes and their specific controls over the
entire forest mosaics if we want to model possible effects of climate changes. In controlling disturbances
and thus ecological processes, humans can have a profound effect on the future of forests (Haeussler et al.
2002).
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Naturalist 114:601–604.
Engelmark, O., R. H. W. Bradshaw, and Y. Bergeron. 1993.
Disturbance dynamics in boreal forest: introduction. Journal of Vegetation Science 4:729–732.
Environment Canada. 1986a. Climatic atlas Canada: map
series number 1. Temperature and growing degree days.
Atmospheric Environment Service, Environment Canada,
Ottawa, Ontario, Canada.
Environment Canada. 1986b. Climatic atlas Canada: map
series number 2. Precipitation. Atmospheric Environment
Service, Environment Canada, Ottawa, Ontario, Canada.
Environment Canada. 1993. Canadian climate normals
1961–1990. Atmospheric Environment Service, Environment Canada, Ottawa, Ontario, Canada.
Flannigan, M. D., and Y. Bergeron. 1998. Possible role of
disturbance in shaping the northern distribution of Pinus
resinosa. Journal of Vegetation Science 9:477–482.
Flannigan, M. D., Y. Bergeron, O. Engelmark, and B. M.
Wotton. 1998. Future wildfire in the circumboreal forests

Ecology, Vol. 85, No. 7

in relation to global warming. Journal of Vegetation Science 9:469–476.
Flannigan, M. D., I. Campbell, M. Wotton, C. Carcaillet, P.
Richard, and Y. Bergeron. 2001. Future fire in Canada’s
boreal forest: paleoecology results and general circulation
model—regional climate model simulations. Canadian
Journal of Forest Research 31:854–864.
Flannigan, M. D., and B. M. Wotton. 1989. A study of interpolation methods for forest fire danger rating in Canada.
Canadian Journal of Forest Research 19:1059–1066.
Flannigan, M. D., and B. M. Wotton. 2001. Climate, weather
and area burned. Pages 335–357 in E. A. Johnson and K.
Miyanishi, editors. Forest fires: behavior and ecological
effects. Academic Press, New York, New York, USA.
Forestry Canada Fire Danger Group. 1992. Development and
structure of the Canadian forest fire behavior system. Information Report ST-X-3, Forestry Canada, Science and
Sustainable Direction, Ottawa, Ontario, Canada.
Foster, D. R. 1983. The history and pattern of fire in the
boreal forest of southeastern Labrador. Canadian Journal
of Botany 61:2459–2471.
Frelich, L. E. 2002. Forest dynamics and disturbance regimes: studies from temperate evergreen–deciduous forests. Cambridge University Press, New York, New York,
USA.
Frelich, L. E., and P. B. Reich. 1995. Spatial patterns and
succession in a Minnesota southern-boreal forest. Ecological Monographs 65:325–346.
Galipeau, C., D. Kneeshaw, and Y. Bergeron. 1997. White
spruce and balsam fir colonization of a site in the southeastern boreal forest as observed 68 years after fire. Canadian Journal of Forest Research 27:139–147.
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