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Abstract. In order to test whether changes in forest composition observed while sam-
pling portions of the landscape originating from different fires may be explained by stand-
level processes, I reconstructed species and stand dynamics for mesic sites in the mixed-
boreal forests of Quebec. The stands studied are located in the forest surrounding Lake
Duparquet in northwestern Quebec and originated from eight successive fires representing
a chronosequence of 230 yr. Tree composition and ecological characteristics were assessed
in 313 quadrats distributed systematically within the burned areas; one representative stand
per fire, presenting the average species composition for clay soils with a moderate moisture
regime, was selected for detailed dendroecological analysis. All living and dead stems (.
1 cm dbh) were mapped and cut down in a 20 3 20 m quadrat. Cross sections collected
at the root collar and at every meter were analyzed using standard dendrochronological
techniques. The age of the stand before the last fire was estimated using snags and logs
located in, or in the vicinity of, each quadrat.

A PCA (principal-components analysis) ordination of all quadrats shows a gradual
change with time since fire from stands dominated by hardwoods (aspen and paper birch),
to mixed stands with an important white spruce component, to coniferous stands dominated
by balsam fir and white cedar. Despite variations in the age and composition of the stands
before the last fire, they generally follow a common pattern characterized by post-fire
hardwood dominance. Age structures show successive waves of aspen, birch, and fir re-
cruitment, corresponding respectively to the post-fire cohort, the gradual dismissal of the
first aspen cohort, and spruce budworm outbreaks. Each of these waves corresponds to a
decrease in hardwoods and an increase in the conifer component of the stand. Suppressed
white spruce individuals, recruited primarily as part of the post-fire cohort, experienced
growth releases following the dismissal of the first aspen cohorts. White cedar increased
in abundance late in succession and tended to outcompete balsam fir in old coniferous
stands severely affected by spruce budworm outbreaks.

The observed multi-cohort process contrasts with the simple replacement of hardwoods
by conifers as suggested by observations of differential growth rates. The patchy distribution
of conifer regeneration together with the poorer ability of conifers to rapidly fill gaps may
explain why hardwoods are successfully recruited. This gradual rate of change, occurring
over several generations, results in the maintenance of an important hardwood component
in most stands even in the absence of fire. After 230 yr, stands are still mainly composed
of trees originating from punctuated events such as fire, the gradual dismissal of the first
aspen cohort, or spruce budworm outbreaks. This contrasts with old-growth boreal forests
dominated by spruces in which a quasi-equilibrium is maintained by small canopy distur-
bances. The study confirms that changes in forest composition observed while sampling
portions of the landscape originating from different fires may be explained by simple
processes occurring at the stand level.

Key words: aspen; balsam fir; boreal forest disturbance regimes; canopy gaps; dendroecology;
forest fire; forest succession; mixed woods; old-growth forest; post-disturbance species dynamics;
spruce budworm; stand dynamics, southern Quebec boreal forest.

INTRODUCTION
In Canada’s boreal forests, fire regimes are generally

characterized by high-intensity crown fires that initiate
secondary-succession processes in the burnt areas (Hein-
selman 1981, Van Wagner 1983). In most parts of the
boreal forest, the fire cycle is shorter than the life-span
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of the dominant species, thereby favoring a post-fire
composition similar to the pre-fire composition (Johnson
1992). This phenomenon is typical of stands dominated
by trees bearing serotinous cones such as black spruce
(Picea mariana (Mill.) BSP.) and jack pine (Pinus bank-
siana Ait.), as well as by species with root systems that
survive fire such as paper birch (Betula papyrifera
Marsh.) and aspen (Populus tremuloides Michx.) (Vi-
ereck 1983, Gagnon 1989, Gauthier et al. 1993). While
in most parts of the boreal forest short fire cycles limit
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changes in canopy composition, in the southern part of
the boreal forest longer fire cycles permit changes in
species dominance to occur (Dix and Swan 1971, Carle-
ton and Maycock 1978, Cogbill 1985, Bergeron and
Dubuc 1989, Frelich and Reich 1995). It is generally
accepted that this change in canopy composition is a
result of differential growth rates among species (Vi-
ereck 1983) and not to a true replacement of species as
driven by inhibition or facilitation processes (Connell
and Slatyer 1977). In fact many studies report that late
successional species can invade burnt areas immediately
following fire (Johnson 1992, Bergeron and Charron
1994). However, Bergeron and Dubuc (1989) suggest
that the recruitment of balsam fir (Abies balsamea (L.)
Mill.) and eastern white cedar (Thuja occidentalis L.)
might be delayed until suitable seedbeds (dead wood
and moss) become more abundant.
Although there is a general relationship between the

time since fire and forest composition over large land-
scapes (Bergeron and Dubuc 1989, Frelich and Reich
1995), the occurrence of and the processes involved in
the change from one composition to another at the stand
level is still strongly debated (Johnson 1992). This is
partly due to the fact that most studies of the boreal
forest have emphasized post-fire succession, while dis-
turbance dynamics affecting old post-fire stands are rare-
ly studied. At this stage, canopy disturbance replaces
fire as the process controlling stand dynamics (Oliver
and Larson 1990). In the southeastern boreal forest, large
canopy openings caused by spruce budworm outbreaks
(Blais 1983, Morin et al. 1993) may lead to a cyclical
replacement of mature stands of balsam fir (MacLean
1980, Morin 1994). Many studies have also shown the
importance of small canopy disturbances in the dynam-
ics of old-growth boreal forests (Qinghong and Hytte-
born 1991, Hofgaard 1993, Kuuluvainen 1994).
In the absence of permanent plots established for

long-enough periods of time to observe succession di-
rectly, stand dynamics have generally been inferred
from current stand characteristics. Differences in stand
composition on similar sites have often been inter-
preted as succession (Carleton and Maycock 1978, Ber-
geron and Bouchard 1984, Cogbill 1985). Species di-
ameter or height distributions have been used as in-
dicators of past and future forest succession (Carleton
and Maycock 1978, Bergeron and Dubuc 1989). These
approaches have suffered from criticisms because dif-
ferences in stand composition may be related more to
fire behavior than to time elapsed since fire (Johnson
1992) and because size structure may reflect differ-
ential growth rates more than species replacement (Vi-
ereck 1983). Dendroecology is an alternative tool per-
mitting the reconstruction of stand history and species
dynamics. It has been successfully applied in many
different forest types for this purpose (e.g., Lorimer
1985, Johnson and Fryer 1989). However, with the ex-
ception of a few studies on wind and insect distur-
bances (Morin 1990, Payette et al. 1990), there are very

few dendroecological studies addressing post-fire spe-
cies dynamics in the southern boreal forest. Moreover,
very few studies have, like the present one, addressed
the problem using both a chronosequence approach at
the landscape level and detailed stand reconstruction
at the local stand level.
In a previous study (Bergeron and Charron 1994), we

assessed the use of such a dendroecological approach
to the study of post-fire succession in the southern boreal
forest. In the present study, this approach is applied to
the reconstruction of a long post-fire succession in Qué-
bec’s southern boreal forest. Eight areas, originating
from fires that occurred at different times, were used to
reconstruct species and stand dynamics over a 230-yr
period. My objective was to document changes in forest
composition at the landscape level and to analyze the
processes responsible for tree-species replacement at the
stand level. It was further hypothesized that changes in
forest composition observed while sampling portions of
the landscape originating from different fires may be
explained by stand-level processes. Despite the multiple
pathways of forest succession that are present after fire,
I also hypothesized that a convergence towards domi-
nance by shade-tolerant conifers occurs. This pattern of
convergence is mainly driven, at the stand level, by spe-
cies life history such as recruitment, longevity, and
growth. In other words species replacement occurs with
time since fire and is better explained by species tol-
erance than by inhibition or facilitation processes (Con-
nell and Slatyer 1977).

STUDY SITE

The study sites (Fig. 1) are in the forests surrounding
Lake Duparquet, located south of Lake Abitibi in north-
western Québec (79819 W, 488309 N). Lake Duparquet
is part of a vast watershed that drains northward
through Lake Abitibi to James Bay.
The surrounding region is part of the northern Clay

Belt of Québec and Ontario, a large physiographic re-
gion created by lacustrine deposits left after the maxi-
mum post-Wisconsinian extension of the proglacial
lakes Barlow and Ojibway (Veillette 1994). The closest
meteorological station to our study area is at La Sarre,
;42 km to the north. The climate is cold temperate with
a mean (1961–1990) annual temperature of 0.88C and a
mean annual precipitation of 856.8 mm (Environment
Canada 1993). Snow represents 25% of the yearly total
precipitation. Most liquid precipitation falls during the
growing season but evaporation can limit plant growth
in both June and July. The mean frost-free period is 64
d but freezing can occur at any time.
Lake Duparquet is located in the southeastern boreal

forest within Rowe’s (1972) Missinaibi–Cabonga forest
section. Balsam fir is the dominant species while black
spruce, white spruce (Picea glauca (Moench) Voss),
and paper birch are also important components of the
forest. Stands of pioneer species, such as jack pine,
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FIG. 1. Map of Lake Duparquet (Canada) showing the location of the transects (dashed lines) and the different fire areas
(with year of fire). Black ovals indicate the location of the quadrats used for detailed dendroecological analysis. Note that
the site of the 1964 fire is located about 10 km northwest of the lake.

TABLE 1. Characteristics of the eight studied fire areas in
forests surrounding Lake Duparquet (northwestern Quebec,
Canada).

Fire date Fire area (ha) Stand age (yr)† Interval (yr)

1964
1944
1916
1870
1847
1823
1797
1760

362
.298‡

35
555
122
288
178

.7760‡

26
46
74
120
143
167
193
230

26
30
28
46
23
24
26
37

†At the sampling date (1990).
‡Theextent of fire is a minimum estimate because the fire

burned a larger area than the area under investigation.

aspen, and paper birch, occupy large areas following
disturbance (Bergeron and Bouchard 1984).
The periodic occurrence of fires since the end of the

last glaciation (;8000 BP) has been documented from
lake sediments (Liu 1990, Richard 1993). The fire re-
gime during the last 300 yr has been reconstructed by
Bergeron (1991) and Dansereau and Bergeron (1993).
The mainland fire regime is characterized by high-in-

tensity fires covering large areas, especially in flat to-
pography. The fire cycle has been estimated as 63 yr
for the period before 1870 and .99 yr after 1870. Three
major spruce budworm (Choristoneura fumiferana)
outbreaks during 1919–1929, 1930–1950, and 1970–
1987 have been reported for this century (Morin et al.
1993). The forest tent caterpillar (Malacosoma disstria)
is the major pest in hardwood stands, and severe out-
breaks were reported in the area during the 20th century
(Bergeron and Charron 1994). Forest harvesting started
in the region as soon as the transcontinental railway
was opened in 1910. However, it was not until 1978
that large-scale clearcuts disturbed the western part of
the Lake Duparquet area (Harvey and Bergeron 1989).
The sampled stands originated following eight dif-

ferent fires: 1964, 1944, 1916, 1870, 1847, 1823, 1797,
and 1760 (Table 1, Fig. 1). Fire date and area have been
delimited in previous studies (Bergeron 1991, Danser-
eau and Bergeron 1993) using fire scars and cohorts of
fire-prone species. Maps and reports on the 1964 and
1944 fires were found in the archives of the Société de
protection contre les feux du Québec (Québec, Cana-
da). To control for the effects of site characteristics, all
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studied sites were located on clay deposits with a mod-
erate moisture regime (Brais and Camiré 1992). All
sites are characterized by gentle slope and soils are
classified as gray luvisols (Bergeron et al. 1983).

METHODS

Forest composition

Tree composition and ecological characteristics were
sampled in quadrats distributed every 50 m along tran-
sects established within each of the burnt areas. The
number of sampled quadrats varied among fires accord-
ing to the area covered by clay deposits: 1964 (n 5 5
quadrats), 1944 (n 5 51), 1916 (n 5 43), 1870 (n 5
45), 1847 (n 5 62), 1823 (n 5 42), 1797 (n 5 17), and
1760 (n5 48). Trees (.5 cm in diameter at breast height
[dbh]) were tallied in a 16 3 16 m quadrat, saplings (1–
5 cm dbh) in an 8 3 8 m quadrat and seedlings (,1 cm
dbh) in twelve 1 3 1 m quadrats. Stand origin (fire year)
was determined from the fire map (Fig. 1) and verified,
when necessary, by coring trees. Soil texture (hand de-
termined, Jones et al. 1983), slope (in percentage), ston-
iness (in percentage), and moisture regime (Brais and
Camiré 1992) were recorded at each site.
An ordination using a principal-components analysis

(PCA) was performed using species’ relative basal area
(ter Braak 1988). In order to normalize the distribution
of species abundance, values were first log transformed
using a Napierran logarithm. The stands used for den-
droecological analysis (see below) were passively po-
sitioned a posteriori in the ordination diagram to assess
their composition with respect to the entire burnt area.
Finally in order to describe general trends in the

abundance of each tree species in relation to time since
fire, polynomial regressions based on raw basal areas
were performed.

Dendroecological analysis

One site per fire was subjectively selected for a de-
tailed dendroecological analysis. Each site had to be
representative of the average composition for a specific
fire year and free of any sign of anthropogenic distur-
bance. In a 20 3 20 m quadrat, all living and dead tree
stems $1 cm dbh were tagged and mapped using a
two-coordinate system. Trees were cut down and cross
sections $2 cm in diameter including bark were col-
lected at the root collar and at every subsequent meter
in order to create cumulative height date curves (John-
son and Fryer 1989). We cut a number of trees below
the humus surface to asses the possible underestimation
of tree age compared with samples collected at the
humus level. The depth of the humus layer in mesic
stands is rarely over 10 cm. Ages below humus layers
were not significantly different and thus we did not
correct our age estimates. Cross sections were collected
from dead standing trees and from logs when possible.
All tree saplings ,1 cm dbh and .10 cm in height
were collected and aged at the collar. Tree seedlings

#10 cm in height were collected and aged in ten 1 3
1 m quadrats randomly distributed within the 20 3 20
m quadrat. In addition, in cases where some species
were not represented in sufficient numbers, we
searched for other individuals in 1-ha area around the
20 3 20 m quadrats. Only cores were collected from
these additional trees and they were used solely to com-
plement our age-structure data.
The identification and dating of snags and logs found

in the burnt forest were used to estimate the origin and
composition of the pre-fire stand. Snags and logs were
collected in, or in the vicinity of, the 203 20 m quadrats.
Whenever possible, the estimated date was confirmed
by the year of the last recorded fire in an adjacent area
(Fig. 1). The crossdating of white cedar and jack pine
snags was accomplished using previously developed
chronologies from the same area (Archambault and Ber-
geron 1992, Dansereau and Bergeron 1993).
Tree-ring widths were measured, using a Henson

(Mission Viejo, California, USA) incremental measuring
device (precision of 0.01 mm), on two radii taken from
the basal cross sections. The two radii were then cross
dated using pointer years and graphical plots to identify
incomplete rings or errors in dating. The same procedure
was applied to all samples of each species, and each
chronology was corrected for missing rings or dating
errors. Cross-dating accuracy was verified using the CO-
FECHA program (Holmes 1983). A mean chronology
was then constructed for each species. Each ring-width
series was divided by its mean in order to give the same
weight to each tree without disturbing either long- or
short-term signals. Individuals with atypical growth or
without good cross dating were not included in the mean
chronology. Dead stems were precisely dated by cross
dating with the mean chronology.
Individual chronologies were used to study the fre-

quencies of sharp increases and decreases in growth
(Bergeron and Brisson 1990). Following criteria de-
fined by Lorimer (1980) and Glitzenstein et al. (1986),
a tree was considered to show a significant, sharp re-
lease in its growth if (a) for trees under suppression
(ring width ,1 mm/year prior to the year under study)
ring width at least doubled over a 3-yr period, and
growth for the 10 yr after the initial increase averaged
at least twice that of the preceding 10 yr, or (b) for
trees presumably not suppressed, ring width increased
by at least 50% over a 3-yr period, and this increase
was maintained for 10 yr as in (a). A sharp decrease
in growth was defined as a 50% decrease in ring width
for non-suppressed trees and 25% for suppressed trees.
A 5-yr growth reduction was used instead of 10 yr for
dead fir because the number of rings present following
the last growth decrease was often limited.
In order to synthesize the data and to reduce space

the results of the dendroecological analyses are gen-
erally presented for all stands put together. However,
results for individual stands are available in electronic
format in the Appendix.
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FIG. 2. Principal-components (PC) analysis based on tree species basal areas. Species vectors associated with the two
first axes are shown in the upper portion of the figure. Concentration ellipses including 80% of stands from a specific fire
year are depicted. In each concentration ellipsis the site used for a detailed dendroecological analysis is represented by an
asterisk.

RESULTS
Stand composition

The principal-components analysis shows 22.5% and
17.3% of the variance in stand composition to be found
on the first and second axes, respectively. The first axis
(Fig. 2) discriminates early successional post-fire spe-
cies to the right from late-successionnal species to the
left. The second axis is mainly characterized by trem-
bling aspen and white spruce vectors. Stand ordination
(Fig. 2) shows a gradual clockwise transition from early
post-fire stands, located in the upper right part of the
diagram, toward old stands located in the upper left.
This transition is associated with the presence of pin
cherry (Prunus pensylvanica and willows (Salix) spp.)
in very young stands (26 and 56 yr), aspen in young
stands (74 and 120 yr), balsam fir and white spruce in
mid-aged stands (143 and 167 yr), and eastern white
cedar in the oldest stands (193 and 230 yr).

There is a great deal of variability in stand compo-
sition with stand age as expressed by stand dispersion
in the ordination diagram. Variability is particularly high
in early post-fire stands and appears to decrease with
time. The variability observed in the oldest stands is
mostly explained by the low abundance of white cedar
in some stands while balsam fir is present everywhere.
With the exception of the 1870 stand, the stands used
for the demographic studies are all included in the ellipse
representing 80% of the variability around the centroid.
Regressions showing changes in species basal area

with time since fire are presented in Fig. 3. Willows and
pin cherry are only important in the first 26 yr following
fire. Aspen is responsible for an important part of stand
basal area in the first 167 yr following fire but its im-
portance decreases afterwards. Paper birch’s presence is
significant throughout succession although its greatest
basal-area values occur in the youngest and oldest
stands. White spruce basal area starts to be important
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FIG. 3. Polynomial regressions of species basal areas for
all stands in relationship to time since fire. All regressions
are significant at P, 0.05 with the following R2: aspen (0.15),
total balsam fir (0.32), paper birch (0.05), white spruce (0.11),
pin cherry, (0.16), willows (0.19), and white cedar (0.39).
The stippling shows the basal area for living balsam fir.

TABLE 2. A list of the sampled dead trees used to determine
the date of the fire preceding the last recorded fire for each
stand used in the detailed dendroecological analysis.

Last fire
Previous
fire†

Interval
(yr) Individual trees sampled

1964 1760 204 jack pine: ,1771, 1764,
1765, ,1770, 1768, 1767,
,1805, ,1770, ,1767,
,1778, 1766, ,1777,
1770, 1771, 1774

1944 1717 223 jack pine: , 1779, ,1765,
,1756, ,1744, ,1740,
,1763, ,1757

1916 1717 199 jack pine: ,1731, ,1746,
,1729, ,1762, ,1739;

cedar: ,1766, ,1706,
,1771, 1766, ,1745,
,1752

1870 1760 110 jack pine: ,1771, 1768,
1770, ,1770, 1772,
,1777, 1770, ,1775

1847 1717 or
older

130 jack pine: ,1718, ,1741;
cedar: 1685, 1671, 1739,
1694

1823 1760 63 jack pine: ,1730, ,1729
(scar: 1760)

1797 1760 37 cedar: ,1780
1760 ? ?

†Most likely date according to the age of the oldest trees
and the adjacent fire as presented in Fig. 1.

TABLE 3. Number of living and dead stems (.5 cm in diameter at breast height) from the pre-fire and the post-fire cohorts
for each stand.

Fire date

Balsam fir

Pre-fire Post-fire

White birch

Pre-fire Post-fire

White spruce

Pre-fire Post-fire

Trembling aspen

Pre-fire Post-fire

White cedar

Pre-fire Post-fire

1964
1944
1916
1870
1847
1823
1797
1760

1 (1)
1 (5)
1
0
0
0
0
0

0
2
55
1
5
1
2
0

1 (1)
1
1
0
0
0
0
0

0
20
24
1
21
5
16
1

0
1 (2)
0
0
0
0
0
0

0
1
16
3
5
1
0
3

5 (4)
0
0
0
0
0
0
0

112
105
31
25
1
17
0
0

0
13
14
0
4
0
(3)
0

0
0
0
0
0
0
5
5

Notes: The post-fire cohort includes trees that germinated during the first 20 yr following the fire. For the pre-fire com-
position, living trees that survived the fire are indicated in parentheses.

74 yr after fire, peaks 143–167 yr after fire, and decreases
afterwards. Total balsam fir basal area (living and dead
stems) increases throughout succession. However, be-
cause mortality is greatest in the oldest stands living
basal area tends to decrease. The proportion of basal
area accounted for by white cedar is important only in
the 193 and 230-yr-old stands.

Pre-fire composition
Except for the 1760 fire, the presence of snags and/

or logs has allowed me to date the previous fire in all
stands used for the dendroecological reconstructions.
All stands very likely originated following fires in 1717
or 1760 (Table 2 and Fig. 1). In some cases, trees older
than those fires were observed but because the pine
snags were younger I assume that these older trees
survived the fire. Intervals between two successive fires
vary from 37 to 224 yr.

Using logs and stumps from trees that very likely
recruited before the last fire, it is possible, in some
cases, to assess pre-fire stand composition. The inter-
pretation, however, is complicated by the fact that, ex-
cept for white cedar, decay rates of the other species
are fast and stems are datable for only a few decades
following their death (Bergeron and Charron 1994).
White cedar stems pre-dating the last fire were ob-
served in the 1797, 1847, 1916, and 1944 stands sug-
gesting that this species was present in the pre-fire
stands (Table 3). The presence of white cedar in the
pre-fire composition is congruent with the present com-
position of old-growth stands that were spared by these
fires (Fig. 3). No stems from the pre-fire forest can be
clearly identified in the 1823 and 1870 stands; only
large dead aspen stems were observed, however, some
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FIG. 4. Combined age structures for the eight stands taken together. Results include number of living (solid bars) and
dead (open bars) stems .1 m in height in relationship to time since fire.

of these might have a pre-fire origin. A pre-fire com-
position, dating back to the 1717 or 1760 fire, domi-
nated by aspen would be congruent with the present
composition of stands of the same age (63 and 110 yr
old) (Fig. 3). In the 1964 stand the presence of living
scarred aspen and fir individuals together with a few

large dead aspen stems suggests a mixed composition
probably dominated by aspen. The low number of pre-
fire stems observed despite the short period of time
since fire might be an indication that this stand, which
is located close to an area used for agriculture since
the 1930s, was logged before it burnt.
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TABLE 4. Frequency and density of seedlings (,1 cm in diameter at breast height) for the principal species, by stand age.

Stand
age

Balsam fir

Freq.
(%)

Density
(no./ha)

White birch

Freq.
(%)

Density
(no./ha)

White spruce

Freq.
(%)

Density
(no./ha)

Trembling aspen

Freq.
(%)

Density
(no./ha)

White cedar

Freq.
(%)

Density
(no./ha)

Total
density
(no./ha)

26
46
74
120
143
167
193
230

40
90
100
98
100
98
100
96

4 385
6 255
17 970
11 988
38 090
23 295
19 519
15 960

···
25
38
29
65
43
65
27

···
657
775
556
5357
992
2892
660

20
31
74
57
81
64
65
29

198
813
959
1150
7481
1390
1556
677

60
41
24
48
58
55
24
38

1833
993
941
1447
1169
1974
282
1147

···
4
36
···
8
17
59
54

···
82
898
···
124
573
2430
3328

6 417
8 965
21 582
15 145
52 543
28 586
26 679
21 772

Note: Frequency is defined as the percentage of the studied quadrats in which seedlings were found.

Post-fire composition

Aspen is present in the post-fire cohort of all stands
up to 1823 (Table 3). Aspen trees recruited long after
firewere also observed in the 1760 and the 1797 stands,
suggesting that aspen was also present in the post-fire
cohort of these older stands but that its remains have
disappeared. White birch recruited following fire in all
stands. Although less abundant, balsam fir and white
spruce are also present in the post-fire cohort of almost
all stands. On the other hand, despite its presence in
the pre-fire composition of many of the stands, white
cedar was recruited in the post-fire cohort only in the
1797 and 1760 stands.

Age structure

In order to show the overall trends, results are pre-
sented for all stands put together (Fig. 4). The age
structures include only stems .1 m in height and are
presented in relationship to time elapsed since fire rath-
er than calendar date.
With the exception of cedar all species show a peak

in recruitment just after fire. While pin cherry is re-
cruited only during the first 20 yr following fire, small
numbers of aspen are present even a long time after
fire. These lower peaks in recruitment occur over long
periods and may be a response to canopy gaps created
by the gradual dismissal of the post-fire cohort. Fol-
lowing an important post-fire peak, a low but constant
recruitment of white birch is also observed.
Compared to the deciduous species the post-fire re-

cruitment of white spruce and balsam fir is delayed for
5–10 yr. Following an initial peak, recruitment of white
spruce is constant but very low and very few stems are
recruited into the canopy. Balsam fir on the other hand
is constantly and abundantly recruited with important
peaks centered 10, 75, 125, and 170 yr after fire. Peaks
in recruitment are roughly synchronous with similar
peaks in aspen and white birch, suggesting that they
may be associated with similar causes.
Although present in low abundance in the post-fire

cohort, white cedar recruitment increased dramatically
between 70 and 130 yr, declining afterward.
The observed patterns of recruitment are congruent

with the changes in species dominance observed in Fig.
3. Decreases in pin cherry, willow, aspen, and white
birch are linked to lower recruitment in those species
between fire events. In contrast, the constant recruitment
of balsam fir and the late arrival of white cedar are
responsible for their dominance a long time after fire.
White spruce’s maximum basal area observed at mid-
succession is not explained by a late peak in establish-
ment but by slower growth under the deciduous canopy
and late recruitment to the canopy. A great longevity
and constant but low recruitment of white spruce and
white birch ensure their presence in old-growth stands.

Stand regeneration

Except for the 26-yr-old stand, regeneration is dom-
inated by balsam fir (Table 4). It increases in abundance
in the first 167 yr after fire and decreases afterwards.
Although less abundant, white spruce regeneration fol-
lows a similar pattern. White cedar seedlings are abun-
dant only in the older stands although their frequency
of occurrence is low (;50%). Seedling age structures
for the three coniferous species (Appendix: Fig. 2)
showed a constant recruitment and seedlings of all ages
up to 40 yr were observed. In the case of white cedar
.50% of the seedlings originated from vegetative lay-
ering. With the exception of the 1964 fire, birch seed-
lings and aspen root suckers are present in stands of
all ages. Very few, however, survive more than one
year (Appendix: Fig. 2).

Species life-span and mortality

The oldest aspen that were found in the sampled
quadrats are ;90 yr old (Fig. 5). However, the lack of
dead, old individuals suggests that none of our sample
stands have recently experienced a peak in overstory
mortality and that consequently aspen longevity in this
area might be longer than 90 yr. In fact, by searching
the forest around our quadrats we were able to find a
few trees that were .150 yr old.
The oldest balsam fir was .150 yr old when it died.

In fact, 59% of the balsam fir stems collected were
dead and no living trees were older than 110 yr. Dead
stems are well distributed throughout all age classes,
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FIG. 5. Distribution of living (black bars) and dead (open bars) stems per species by age class, all stands combined (n
5 total number of stems per species).

with a slight increase in the oldest age classes. The
high number of dead stems observed is, at least in part,
due to the recent (1972–1987) spruce budworm out-
break (Bergeron et al. 1995). Mortality is concentrated
in this period in all stands and peaks early in the 1980s.
While pin cherry’s longevity is typical of an early

successional species, with no stems .40 yr old, white
birch can reach 200 yr of age. Cumulative birch mor-

tality across all stands appears slightly higher in 1977,
1979, and 1980 (Appendix: Fig. 3). This mortality,
which appears to be synchronous with balsam fir mor-
tality, could be due to stress caused by the opening of
the canopy following the spruce budworm outbreak.
White spruce and white cedar longevity is greater than

the maximum age of all stands and these species show
no sign of higher mortality in the oldest stands. Instead,
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FIG. 6. Frequency of stems .5 cm in diameter at breast height showing a sharp decrease or increase in radial growth.
Results are presented per species across all stands for the period 1760–1990.

mortality appears limited to small stems in the case of
spruce, as we found only one dead stem .5 cm. White
cedar mortality is distributed across all age classes.
Overall, very little mortality was observed in white

spruce (only 11% of total stems), whereas figures were
higher for other species: white cedar (28%), white birch
(28%), aspen (41%), balsam fir (59%), and pin cherry
(71%).

Species growth and interaction
Radial growth.—Ingeneral, a low frequency of

growth releases and decreases was observed (Fig. 6).

White spruce, then paper birch, and then balsam fir are,
respectively, the species that most frequently experi-
enced periods of release. Growth releases were more
rarely observed in white cedar and aspen. Except for
paper birch, sharp decreases in radial increment are
relatively infrequent. Patterns of release and decrease
in growth appear to be influenced primarily by local
stand development and/or insect outbreaks.
Aspen experienced frequent growth decreases during

the 1964–1979 period with the strongest dip occurring
in 1971–1972. This decrease might be due to severe
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FIG. 7. Height growth increment for all stems .1 m in height. Stems with similar height growth patterns were averaged,
and their number is given on the graphs. Dashed lines indicate dead stems with truncated height growth. Results are presented
per stand and per species for the period 1760–1990. (Fig. 7 continues on facing page.)
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FIG. 7. Continued

tent caterpillar outbreaks that are frequently reported
in the area (Martineau 1985).
White birch’s growth increases in 1922 and 1924 are

congruent with the recruitment of an aspen cohort in
the 1847 stand (Appendix: Fig. 4) and may be due to
a large opening in the canopy. Increases observed in
other stands do not seem to match any specific event
and are probably due to very local responses. Birch’s
growth decreases are abundant and more or less syn-
chronous among stands, occurring in 1808, 1811, 1840,

1843–1844, frequently between 1872 and 1909 with a
strong dip in 1894, and again between 1927 and 1971
with dips in 1932, 1941, 1953–1954, and 1961.
Sharp growth increases observed in balsam fir and

white spruce are synchronous with massive aspen re-
cruitment in the 1870, 1847, and 1823 stands (Appen-
dix: Figs. 4 and 5). The presence of sharp growth in-
creases around 1930 in the 1760 and 1797 stands can
also be associated with a peak in balsam fir recruitment
(Appendix: Figs. 4 and 5). More or less synchronous
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sharp decreases were observed for these two species
around 1905, 1935, 1945, and between 1960 and 1980.
The last and most frequently observed decreases pre-
ceded the widespread fir mortality caused by the last
spruce budworm outbreak in the area, suggesting that
this decrease and possibly the preceding ones may be
due to defoliation by the spruce budworm.
Growth increases in white cedar were frequently ob-

served between 1910 and 1940. As with fir and spruce,
growth decreases in cedar were also more frequent be-
tween 1960 and 1980.
Height growth.—Aspen height growth is typical of a

shade-intolerant species: trees reach the canopy or die
early. This pattern is well illustrated by the stand struc-
ture in the 1964 and 1944 stands (Fig. 7), where dom-
inant trees overtop suppressed or dead stems. A single
canopy layer characterizes the 1916 stand where mature
and very tall (.25 m) aspen are observed. A more dis-
continuous canopy layer in the older stands allows for
the presence of vigorous aspen of various heights.
Few paper birch and white spruce reach the canopy

immediately after fire; instead most of them are sup-
pressed and are maintained in the sub-canopy layer for
periods that may exceed 150 yr. Although white spruce
can reach heights comparable to aspen, paper birch is
generally shorter than aspen. In stands recruited follow-
ing recent fires, birch is rarely taller than 15 m in height
whereas aspen may be greater than 25 m (see the 1964,
1944, and 1916 stands). Height growth of birch was
reinitiated in the older stands, probably following the
more or less synchronous mortality of the first aspen
cohort (see the 1847, 1870, and 1823 stands) or due to
the non-synchronous mortality of a few individuals (see
the 1797 and 1760 stands). The regular growth pattern
observed for many birch and spruce stems in the 1797
stand suggests that they were growing immediately after
fire in the absence of aspen in this stand.
In comparison to birch, which is generally taller than

10 m, very shade-tolerant spruce and fir can remain in
the lower canopy for long periods. In most cases a long
period of suppression is followed by an abrupt reini-
tiation of height growth that is often followed by an-
other period of suppression. With the exception of the
1760 stand, balsam fir rarely reaches the highest canopy
layer. White cedar has a low but constant height growth
in the sub-canopy, although it rarely exceeds 15 m.

DISCUSSION

Individual species dynamics

Species dynamics are controlled by species shade tol-
erance and their means of regeneration. Although all
deciduous tree species are able to invade burnt area from
seeds, vegetative propagation is the most common strat-
egy (Zasada et al. 1992). Exceptions are willows and
pin cherry, which are not present in mature stands and
thus must reinvade burnt stands, respectively, from seeds
dispersed over long distances and long-lasting seed

banks (Marks 1974). Following fire there is a massive
and immediate regeneration of aspen root suckers, how-
ever, factors leading to the recruitment of subsequent
cohorts are not as easily identified. Since the stands were
not logged and there are no reports of pests causing
stand-level dieback of trembling aspen, the gradual dis-
missal of the first cohort has to be invoked to explain
the recruitment of the second cohort. When a large aspen
dies, the newly created gap cannot easily be filled by
the advance growth of other species. Even when such
advance regeneration is abundant it will not usually grow
with sufficient speed to outcompete fast-growing aspen
root suckers. In many cases root suckers are already
present in the regeneration layer (Kneeshaw and Ber-
geron 1996, Table 4). Aspen recruitment may also be
enhanced by the group tree mortality observed in hard-
wood stands of this area (Kneeshaw and Bergeron 1998).
Overmature aspen stands, often made of a few clones
(Barnes 1966), may deteriorate very rapidly—inas short
a time as 6 yr (Shields and Bockheim 1981).
Birch’s recruitment pattern resembles aspen’s but at

lower densities. Seedlings and saplings are observed in
all stands and are recruited in gaps created by either
aspen or fir mortality (Kneeshaw and Bergeron 1998).
Following establishment birch tends to persist in all
stands for a very long period due to both its longevity
(many birch in this study exceeded 230 yr of age) and
its capacity to resprout when the main stem, recruited
as part of the post-fire cohort, died and was replaced by
a new sprout from the same individual ( personal ob-
servation). These characteristics may also partially ex-
plain the presence of paper birch in old-growth forests
in Minnesota, as reported by Frelich and Reich (1995).
Fir is also present in the post-fire cohort, but max-

imum recruitment, as with white spruce, is delayed for
;5 yr. Similar delays have been observed for other
species that rely on seeds for post-fire establishment
(Sirois and Payette 1989, Bélanger et al. 1993, Ber-
geron and Brisson 1994). Many factors may be re-
sponsible for this delay, including low seed production
at the time of disturbance, and/or inadequate seedbeds
during the first few years after fire. Underestimation of
tree age due to absent or false rings or the failure to
reach the stem collar have also been used to explain
apparent delays in regeneration (DesRochers and Gag-
non 1997). However, because cross sections were taken
at the very base of the trees and ring series were care-
fully cross dated, I do not believe the delay to be an
artifact of the sampling procedure. Maximum fir re-
cruitment occurred concurrently with the dismissal of
the first aspen cohort approximately 70 yr after fire.
Subsequent recruitment is probably linked to openings
created by spruce budworm outbreaks that occurred
throughout the 20th century (Morin et al. 1993). Out-
breaks kill mature trees but generally do not affect the
seedling bank, from which the new overstory cohort
will be recruited (Morin 1994). The budworm-caused
mortality rate increases with the abundance of fir and
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is more severe in mature than in immature stands
(MacLean and Ostaff 1989). Since mature fir increases
in abundance with time since fire, mortality and sub-
sequent recruitment are also more important in the old-
er stands. During the 1972–1987 outbreak .70% of
the fir in the coniferous forest died (Bergeron et al.
1995), creating gaps averaging 370 m2 (Kneeshaw and
Bergeron 1998). A concentration of trees ;60 yr old
(Fig. 5) and the lack of old fir, although the species
attain an age of 150 yr (Sims et al. 1990), suggests that
most of the trees were recruited following the 1919–
1929 outbreak (Morin et al. 1993). This would be con-
gruent with regeneration peaks observed around 1930
in the older stands (1760 and 1797). Although most
important following large canopy disturbances, the
constant recruitment observed with time since fire sug-
gests that fir regenerates continuously in smaller gaps
(Frelich and Reich 1995).
White spruce canopy recruitment is limited mainly

to the post-fire cohort, and subsequently is very low.
Mortality due to the spruce budworm was observed to
be very low (Bergeron et al. 1995), thereby permitting
most spruce individuals to survive to an old age. Poor
recruitment following canopy disturbances other than
fire appears to be related to the absence of disturbance
to the soil. Spruce’s small seeds, in comparison to those
of balsam fir, may limit its establishment on substrates
other than mineral soil or recently burned organic soils
(Zasada et al. 1992). Large areas of windthrow follow-
ing outbreaks, although described elsewhere (Morin
1990), were not observed in this region. Trees killed
by the spruce budworm die standing and remain that
way until they break near the base of the trunk due to
root and trunk rots (Bergeron et al. 1995). This lack
of soil disturbance may explain why I did not observe
an increasing abundance of white spruce following
spruce budworm outbreaks as reported for some sites
in Ontario and Québec (Ghent et al. 1957). Seedlings
mortality is, however, very low and thus may permit a
slow but continuous recruitment of white spruce in old-
growth stands.
Despite its abundance in the surrounding older for-

est, the very low constancy of white cedar in the post-
fire cohort may possibly be related to its lower seed-
dispersing capability (Sims et al. 1990). White cedar
is generally a sub-canopy tree, in comparison to white
spruce and balsam fir. An alternative hypothesis would
be the absence of adequate seedbeds after fire. Scott
and Murphy (1987) and Simard et al. (1998) have
shown the importance of decaying wood and a mossy
ground cover for Thuja establishment, and De Grandpré
et al. (1993), working in similar stands, described an
increase in the moss layer throughout succession. Ce-
dar’s establishment peak occurs some decades after the
dismissal of the post-fire cohort, which very likely cor-
responds with an increase in the dead-wood component
on the ground. The explosive pattern of recruitment
that follows may be explained by the intense layering

favored by the more humid conditions found under a
conifer canopy. Cedar’s exceptional longevity (Ar-
chambault and Bergeron 1992), combined with its
shade tolerance and its resistance to insects and path-
ogens (Sims et al. 1990), ensures not only its main-
tenance but also its increasing abundance in the absence
of fire.

Stand dynamics
Stand dynamics can be characterized by three im-

portant stages of development: (1) the post-fire cohort
dominated by hardwoods, (2) the dismissal of the first
aspen cohort (aspen stand breakup) and the recruitment
of subsequent cohorts of aspen dominated by mixed
woods and, (3) spruce budworm outbreaks in which
stands are increasingly dominated by coniferous spe-
cies.
As suggested by Palik and Pregitzger (1991), the

relative importance of each species in the post-fire co-
hort appears to be controlled more by initial numbers
than by different niches. Because of abundant root
suckers aspen easily saturates most of the safe sites.
Sprouting or seeding of birch is also abundant and this
species dominates in the absence of aspen. Delays in
conifer regeneration and their slower growth explain
their relatively low abundance in the post-fire cohort.
However, in the absence of birch and aspen, pure post-
fire stands of conifers may be observed (Paré and Ber-
geron 1996). Variations in the abundance of different
species in the post-fire cohort can have a large impact
on subsequent stand development. The proportion of
deciduous trees to conifers affects the success of sub-
sequent cohorts of deciduous species, as well as of
conifer regeneration. Many studies have shown the in-
hibitory effects of deciduous litter on conifer estab-
lishment (Zasada et al. 1992, Simard et al. 1998) and
thus dominance by deciduous trees may retard conifer
invasion.
A large variation in the initial post-fire composition

as observed in Fig. 2 may be linked to different pre-
fire compositions, proximity of seed sources (Galipeau
et al. 1997), and variations in fire severity (Johnson
1992). Pre-fire composition does not seems to be the
determining factor in this area as deciduous species
return as principal components in the post-fire cohort
even when old-growth conifer stands have burnt. Ex-
perimental cutting in a 230-yr-old coniferous forest has
shown that a few mature aspen trees per hectare can
produce a sufficient number of root suckers to regen-
erate a pure aspen stand (Lavertu et al. 1994). This
contrasts with fire-dependent jack pine, which may be-
come locally extinct during long fire intervals (Ber-
geron and Dansereau 1993, Frelich and Reich 1995).
Explaining variations observed in post-fire composi-
tion is beyond the scope of this paper and I will there-
fore concentrate here on the most typical stand suc-
cession beginning with aspen as the dominant species.
Once trees are established, stand development is con-
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trolled by differential growth among the species pre-
sent. The observed delay in the period of maximum
post-fire recruitment may explain in part why balsam
fir and white spruce are mainly concentrated in the sub-
canopy layers. But even without a delay it is reasonable
to believe that the genetically controlled patterns of
height and diameter growth favor aspen over all other
species (Zasada et al. 1992). Growth differences be-
tween aspen and paper birch have been further accen-
tuated by the presence of important and synchronous
growth reductions in birch. Bergeron and Charron
(1994) associated this phenomenon with the presence
of forest tent caterpillar outbreaks, but crown dieback
of birch following poor climatic conditions has also
been reported (Braathe 1995).
The next important step in stand development is the

dismissal of the aspen cohort. Birch, fir, and white
spruce, which established mainly after fire, can now be
recruited into the canopy layer. Large openings created
by the death of aspens are also sufficient to recruit a
new but smaller cohort of aspen. A decreased produc-
tion of aspen root suckers with time may be linked to
several factors: (1) smaller canopy gap that do not al-
low sufficient heat and light to arrive at ground level
to stimulate suckering and/or to sustain growth (Burns
and Honkala 1990), (2) an increase in the humus layer
inhibiting aspen suckering (Lavertu et al. 1994), and
(3) competition by other species already well estab-
lished. At this stage, the structure of the stand usually
changes from a matrix dominated by aspen to a mosaic
of patches dominated by all four species. The same
change in structure has been described for similar
stands in the Great Lakes area (Frelich and Reich
1995).
As aspen decreases in number, stand dynamics are

driven primarily by budworm-induced fir mortality. In
addition to causing a cycling of fir (Morin 1994), out-
breaks allow for some recruitment of deciduous spe-
cies. However, outbreaks do not bring succession back
to the deciduous stage, but on the contrary appear to
contribute to dominance of the canopy layer by balsam
fir and white cedar (Kneeshaw and Bergeron 1998).
Old-growth stands are thus characterized by a contin-
uous low-canopy layer of balsam fir and white cedar
from which taller birch and white spruce individuals
emerge. Aspen is only found as single individuals or
in small patches probably associated with areas ex-
periencing more severe outbreaks.
The observed successional process involving several

successive cohorts of aspen is more complex than the
simple replacement of hardwoods by more shade-tol-
erant species previously reported for the boreal and
deciduous forests in eastern North America (Runkle
1981, Viereck 1983, Frelich and Reich 1995). In con-
trast, self-perpetuating aspen stands are common in the
mixed boreal forests of western North America where
shade-tolerant species are rare (Burns and Honkala
1990, Peterson and Peterson 1992). The abundance of

aspen together with the lower levels of conifer regen-
eration than found further to the east or to the south
may explain the intermediate situation observed in the
Lake Duparquet area.
After 230 yr, stands are still mainly composed of

trees originating from discrete events such as fire, dis-
missal of the first aspen cohort, or spruce budworm
outbreaks. In fact, old stands are still recovering from
large gaps created in the fir canopy by the most recent
spruce budworm outbreaks (Bergeron et al. 1995). This
dependence on relatively large and synchronous can-
opy disturbances contrasts with old-growth forests
dominated by either black or Norway spruces where a
quasi-equilibrium situation, maintained by small can-
opy disturbances, is often reported (Cogbill 1985, Hof-
gaard 1993, Kuuluvainen 1994). Although the length
of the chronosequence limits my ability to predict fu-
ture stand development, I presume that as long as bal-
sam fir is an important component of the stand, dy-
namics will be characterized by the cyclical replace-
ment of coniferous stands following spruce budworm
outbreaks and that small canopy disturbances will re-
main a minor component of stand dynamics. In the
context of a decreasing fire frequency caused both by
climate change and fire suppression (Bergeron and Ar-
chambault 1993), white cedar may become more and
more abundant in the future, a pattern also observed
in the Great Lakes mixed forests (Frelich and Reich
1995).

Conclusions

Although my results confirm that there is consider-
able variability in post-fire forest composition, succes-
sion converges, nonetheless, towards dominance by co-
nifers. This pattern, previously identified using a chron-
osequence analysis (Bergeron and Dubuc 1989), is con-
firmed by the use of a stand-reconstruction approach.
This convergence appears sufficiently strong in the
mixed-wood boreal forest to emerge above the inherent
variability and legacies created by different pre-fire
compositions and fire behavior (Johnson 1992). This
repeated pattern of post-fire succession together with
the large variability in composition following individ-
ual burns has been also reported by Larsen and Mac-
Donald (1998) in the boreal forest of western Canada.
Species life-history traits such as longevity, type of

regeneration, growth rate, and shade tolerance are suf-
ficient to explain the course of the successional process.
The main mechanism explaining this convergence in-
volves a higher tolerance of conifers to shade. How-
ever, the late arrival of white cedar may be explained
by inhibition- or facilitation-related processes. The in-
hibitory effects of deciduous litter on conifer regen-
eration has been reported in many studies (Zasada et
al. 1992). Similarly, accumulation of coarse woody de-
bris with time since fire may provide safe sites for
conifer regeneration (Simard et al. 1998). On the other
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hand, increasing humus depth may be a factor contrib-
uting to the decrease in aspen recruitment.
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et de sapin baumier en zone boréale. Forestry Chronicle
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break in northwestern Québec. Canadian Journal of Forest
Research 25:1375–1384.

Blais, J. R. 1983. Trends in the frequency, extent, and severity
of spruce budworm outbreaks in eastern Canada. Canadian
Journal of Forest Research 13:539–547.

Braathe, P. 1995. Birch dieback—causedby prolonged early
spring thaws and subsequent frost. Norwegian Journal of
Agricultural Sciences, Supplement 20.
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APPENDIX
Results for individual stands plus additional data are available in ESA’s Electronic Data Archive: Ecological Archives

E081-018. The archived material includes: A1. Maps of dead stems for each stand; A2. Combined age structure of the
regeneration for the eight stands; A3. Age structures for all living and dead stems, per stand and per species (1760–1986);
A4. Frequency of mortality per stand and per species (1760–1990); and A5. Frequency of stems $5 cm dbh, per stand and
per species (1760–1990).


