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Abstract. This study identifies patterns in the gap disturbance regime along a succes-
sional gradient in the southern boreal forest and uses this information to investigate canopy
composition changes. Gaps were characterized in hardwood, mixed-forest, and conifer
stands surrounding Lake Duparquet in northwestern Quebec. From 39 to 80 gaps were
evaluated along transects established in each of these stands. The abundance of gap makers
and gap fillers and total regeneration was evaluated by species, as well as the size of each
gap encountered along the transects. The percentage of the forest in canopy gap was cal-
culated directly from the proportion of the transect in gap and by using gap area and line-
intercept techniques. Changes in composition were evaluated from gap-maker and gap-
filler distributions and by using transition matrices based on species mortality and regen-
eration in canopy gaps.

The percentage of the forest in canopy gap ranges from 7.1% in a 50-yr-old forest
dominated primarily by aspen to 40.4% in a 234-yr-old firdominated forest. Gap events
are due to individual or small-group tree mortality in the early successional forest but
become species-specific events controlled by spruce budworm outbreaks in the later stages
of succession. Due to the high latitude, direct light only reaches the forest floor in the very
largest gaps of the conifer-dominated stands. However, these gaps form slowly as budworm-
caused mortality occurs over a number of years, whereas in aspen-dominated stands gaps
are formed quickly by the snapping of tree stems. Balsam fir is the most abundant gap-
filling species; however, its abundance is negatively correlated to gap size in all stand types.
Markovian transition matrices suggest that in the young aspen-dominated forests small gaps
lead to species replacment by more shade-tolerant conifers but that in the oldest forests
the larger gaps will result in maintenance of the intolerant species and an increase in the
abundance of cedar.

Key words: balsam fir; boreal forest disturbance regimes; canopy composition; canopy gaps,
canopy turnover times; cedar, gap characteristics along a successional gradient,; gap size distributions;
gap makers and gap fillers, regeneration of trees and forest; spruce budworm-caused gaps; trembling

aspen.

INTRODUCTION

In forests where large-scale disturbances are rare,
stand dynamics are controlled by the creation of gaps
due to single or multiple overstory-tree mortality. It is
within these openings that newly established seedlings
or advance regeneration will be recruited to the canopy.
Gap dynamics have been described for tropical forests
(Whitmore 1978, Brokaw 1985, 1987, Denslow 1987,
Lawton and Putz 1988), temperate hardwood forests
(Barden 1981, Runkle 1981, 1982, 1990, Runkle and
Yetter 1987, Krasny and Whitmore 1992), temperate
coniferous forests of western North America (Stewart
1986, Spies et al. 1990), and coniferous montane or
subalpine forests (Foster and Reiners 1986, Worral and
Harrrington 1988, Lertzman and Krebs 1991, Lertzman
1992, Yamamoto 1993, Battles et al. 1995, Battles and
Fahey 1996). Although some research has been con-
ducted on boreal forests in Europe (Leemans 1991,
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Qinghong and Hytteborn 1991, Kuuluvainen 1994), in
North American boreal forests the influence of gaps
has usually been ignored due to the pervasive nature
of large-scale disturbances such as fire (Heinselman
1981, Bergeron 1991, Johnson 1992).

Numerous studies have demonstrated examples of
species replacement within different regions of the bo-
real forest (Carleton and Maycock 1978, Bergeron and
Dubuc 1989). Although the replacement of overstory
pioneer species by understory trees has thus been ac-
knowledged, it has rarely been studied. In young boreal
forest stands, intolerant species such as trembling aspen
(Populus tremuloides Michx.) dominate. Over time (af-
ter fire) these stands develop into mixed stands as more
shade-tolerant conifers replace the pioneers. If succes-
sion is allowed to continue the resulting forests will be
dominated primarily by these more shade-tolerant co-
nifers. This successional model has been developed
from observations of stand chronosequences. Recent
work has, however, shown that a second rotation of
aspen occurs before stand conversion to conifers (Paré
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and Bergeron 1995), suggesting the importance of gap
openings with a light environment sufficient to permit
recruitment of the intolerant aspen.

Monetheless, stand conversiom to conifers occurs
gradually if the inter-fire period is sufficiently long.
With recent research suggesting that the fire return in-
terval is being extended (Bergeron 1991, Johnson
1992, Bergeron and Archambault 1993), an increas-
ingly large proportion of the forest (if not cut) will
attain old-growth statws. At this stage individual or
group tree mortality will dominate and gap-phase pro-
cesses will be responsible for maintaining the forest
canopy (Oliver 1981, Oliver and Larson 1990, Runkle
1991). In the eastern part of the southern boreal forest
these mature and old stands are dominated by balsam
fir (Abies balsamea (L.) Mill.), a species that is highly
vulnerable to sproce budworm outbreaks. The abun-
dance of balsam fir has increased this century due to
decreased fire frequency and changes in timber har-
vesting methods. Retrospective studies suggest that
budworm outbreaks are now having a greater impact
on the forest than in the earlier part of the centory (Blais
1983, Morin et al 1993).

Research from eastern fir forests suggests that spruce
budworm outbreaks lead to a cycling of balsam fir for-
ests (Baskerville 1975, Maclean 1984, 1988), thus
maintaining the climax forest. However, in the more
species-rich forests of western Quebec and eastern On-
tario, Ghent et al. (1957) noted that openings cansed
by the budworm favored balsam fir in some regions
and white sprace (FPicea glauca (Moench) A. Voss) in
others. In Minnesota, sproce was found to recruit in
low but consistent nombers with fir regeneration de-
pendent on the presence of non-host trees and the pro-
portion of overstory fir mortality or gap intensity (Batz-
er and Popp 1985). However, in none of these cases is
the explicit effect of gap size on tree recruitment in-
vestigated.

Gap size has not only been positively correlated with
resource availability (Canham and Marks 1985), but
gradients of gap size have also been proposed as im-
portant elements in determining the composition of
gap-filling species in tropical forests (Brokaw 1985,
1987, Whitmore 1989). Indeed such theories have been
invoked to at least partially explain the maintenance
of tropical-forest tree species diversity (Denslow
1987). Gaps of differing size may also explain different
successional patterns found with time since fire in bo-
real forest stands. However, to date the only part of the
North American boreal forest gap regime that has been
adequately studied is the periodicity of spruce bud-
worm-caunsed mortality (2530 yr in our study area
[Morin et al. 1993]).

To better understand inter-fire stand dynamics it is
important to evaluate gap characteristics as they change
from random mortality as frees senesce to budworm-
capsed mortality. This study therefore attempts to eval-
pate differences in the gap size-class distribution, as
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well as mortality and recruitment patterns in gaps in a
section of the southern boreal forest. We conducted the
study along a chronosequence in an attempt to explain
and predict forest compositional change.

STUDY AREA

Our study was conduocted in northwestern Quebec,
in the forests surrounding Lake Duparquet, at a latitude
between 48715 and 48730" N and a longitude of 79715"
and 79°30" W. This region, known as Quebec and On-
tario’s northern clay belt, is characterized by clay de-
posits from the post-glacial lakes Barlow and Ojibway
(Vincent and Hardy 1977). The study region is domi-
nated by a rolling clay lowland interspersed by small
rocky hills up to 550 m in height overlain with re-
worked till deposits (Bergeron et al. 1983). The climate
can be classified as cold and continental, with an annual
average temperature of 0.8°C and with an average an-
nual precipitation of 857 mm (Anonymous 1993). The
average number of frost-free days is 64, although frost
can occor at any time during the growing season (Anon-
ymous 1993).

Lake Duparquet is located at the southern limit of
the boreal forest in the balsam fir—white birch climax
region (Thibault and Hotte 1983) or in Rowe’s (1972)
Missinaibi-Cabonga section where an association of
balsam fir black spruce (Ficea mariana (Mill) BSE),
and white spruce with paper birch (Befula papyrifera
Marsh ) and trembling aspen dominates. Jack pine (Fi-
nus banksiana Lamb.) may also be present on some
sites, and, where fire has not occurred for long periods,
white cedar (Thuja occidentalis L) may be abundant
(Bergeron and Dubuc 1989).

The fire history of stands in the Lake Duparquet area
has been reconstructed using dendroecological tech-
nigques (Bergeron 1991, Dansereau and Bergeron
1993). Four of the fire years, 1760, 1847, 1870, and
1916, representing conifer, mixed-conifer, mixed-hard-
wood, and hardwood stands, respectively, were re-
tained for use in this study: Gap sampling was also
conducted in stands dating from fires in 1944, 1823,
and 1797. The fire cycle has changed from an estimated
63 yr for the pre-1870 period to =99 yr in the current
period. Spruce budworm epidemics have been recon-
structed by Morin et al. (1993), with the 1972-1987
outbreak resulting in the death of most of the fir trees
(Bergeron et al. 1993). Defoliation due to a 19507
forest tent caterpillar outbreak has also been docu-
mented as causing a significant hardwood growth de-
crease (Bergeron and Charron 1994). Forest harvesting
was umimportant uotil large-scale clearcuts began in
the western part of the region in 1978.

MEeTHODS

Canopy openness was evaluated along 3-8 transects
each located in forests that originated following fires
in 1760, 1797, 1823, 1847, 1870, 1916, and 1944 Ref-
erences to stand age are to the time since fire as cal-
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Stand composition in the southern boreal forest swrounding Lake Duparquet, north-

western Quebec, Canada, and charactenistics of the different species of canopy trees, by time
since the forest last burned. Data are means + 1 5D.

Tome
since fire
(vr) Balsam fir White spruce Aspen Birch Cedar
A) Basal area (m*ha)
50 42 =351 06=16 13.7 = 16.1 94 =70 03 =08
78 59+42 1.7+ 36 173 = 158 84 467 DE+x11
124 T5+47 45+ 45 149 = 128 TB+56 00 +02
147 155 + 55 56+54 167 = 11.8 54 42 02 +06
171 128 + 58 24 +33 121 = 11.1 47 35 04 +08
197 106 = 83 20+ 26 08 +27 94 +81 09 +10
234 134 +74 23 +33 34273 69 * 6.6 15+13
B) Density (no. trees’ha)
50 514 = 520 42 + B 447 = 621 874 = 598 731
78 T46 = 527 132 + 152 397 = 460 683 = 492 33 + 8
124 T30 = 434 158 = 113 617 = 566 295 = 180 3+23
147 2055 = 754 148 = 129 386 = 324 191 = 176 32 = 117
151 1200 + 523 86 = 90 399 + 516 215 = 223 32 + 40
197 1266 + 725 106 = 130 14 + 55 360 = 395 132 + 145
234 1190 + 555 66 = 76 69 + 156 244 = 367 338 = 352

colated from fire scars. At each meter along these tran-
sects the canopy was evaluated as forest crown (cov-
ered) or open (duoe to the mortality of an adult tree).
From 2.5 to 8.4 km of transects were established in
each stand to calcolate canopy-gap percentages. Stand
composition was evaluated by measuring the basal area
and density of trees in 256-m?® quadrats placed at fixed
imtervals along the transects; it is displayed in Table 1.

In forests that originated following the 1760, 1847,
1870, and 1916 fires, more detailed sampling of gaps
{n = 80, 46, 46, and 39 respectively) along three to
five transects was nsed to evaluate gap size, expanded
gap size, species of border trees, tree mortality, and
recruitment. Gaps were defined as *“the vertical pro-
jection of a canopy opening, caused by the mortality
of one or more trees, onto the ground™ (as vernfied
pnsing a clinometer to ensure vertical sightings), and
expanded gaps as “the area circumscribed by the stem
of those trees whose crowns define the gap™ (Runkle
1982). In the data presented in this paper, expanded
gap areas and proportions include gap area. Gap area
was evaluated using the formula for an ellipse for small,
regularly shaped gaps, and by a modified method of
subtending extra width measurements from the central
long axis as necessary to capture the form of larger
and/or irregularly shaped gaps.

For each of these gaps, the species and number of
all bordering trees were noted. The number, species,
and relative size class of all dead trees, both standing
and fallen were also recorded. Regeneration was com-
pletely censused by species in the smaller gaps (<100
m?) and was sampled in a two-m-wide band along the
gap axes for the larger (=100 m”) gaps. The regener-
ation was divided into two classes: seedling regener-
ation and gap fillers. Seedling regeneration was defined
as “‘stems <1 m in height,” and is an objective eval-
pation comparable to other regeneration studies. The

gap-filler category is an attempt, similar to that of
Lertzman (1992}, to assess those individuals that duoe
to their height, growth rates and good form will have
a better probability of maling it to the canopy. Gap-
fillers were defined as (modified from criteria used for
British Columbia Ministry of Forest regeneration and
free-to-grow surveys) “‘seedlings or saplings of good
form, =1 m in height and <5 cm in diameter at breast
height, free of competition, and at least 50 cm from
the nearest similar individual of the same species.™
The percentage of the forest in canopy opening was
calculated following Runlkle (1985, 1992) as the pro-
portion of the total distance of the fransect in canopy
opening divided by the length of the transect. For tran-
sects where the size of the canopy gap was measured,
these calculations can be compared with the gap per-
centage calcolated wsing the line-intercept method
(DeVries 1974 as cited in Runkle 1992), in which
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where e(X) = estimate of the proportion of the forest
in canopy gap, L = the length of the transect, X, =
area of the jth gap. and d, = the diameter of the the
Jjth gap.
This technique can also be modified to calculate the
density of gaps per hectare within different size classes
as

N |
Density/ha = 104 X — X >, —
L 54
forj =1, ..., n gaps of a given size class.

Gap size-class distributions and gap diameter to tree
height distributions were compared using Kolmogorov-
Smirnov tests. The gap-filler and all other regeneration
data for most species could not be normalized using
ecologically meaningful transformations and thus re-
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TABLE 2. (Gap and expanded gap size charactenistics for different-aged boreal forests in north-

western Cuebec.
Gap area Expanded gap area
Forest Total Range () Total Range ()

age (yr) Forest type (%a) Min. Max. (%) Min Max.
50 Hardwood 71 HA HA Ha HA HA
78 11.3 41 214 19 19.5 434
124 18.7 6.3 380 261 344 577
147 Mized 244 44 1200 32 11.5 1450
171 282 HA HA Ha HA HA
197 353 HA HA Ha HA HA
234 Conifer 409 10.2 3000 539 358 3480

Notes: Max. = maximoum, Min = nunimum; ¥A = not available.

lationships between advance regeneration and gap size REsuLTS

by species and by stand age were tested using a Spear-
man correlation test.

To evalpate the potential effect of gaps on succes-
sion, Markovian transition probabilities were used,
with individual gaps as the entity of evaluation rather
than individual trees. This approach does not presup-
pose tree mortality and subsequent tree replacement
but bases transitions on currently observed replacement
processes. Feplacement probabilities were calculated
for the youngest hardwood stand, the combined (147-
and 170-yr) mixed stands (since the distributions of the
proportion of forest in gap diameter to canopy height
classes were not statistically different, Kolmogorov-
Smirnov test F = 0.05) and the oldest 234-yr-old co-
nifer-dominated stand. It has been demonstrated that
stationary Markovian models do not provide accurate
predictions thronghout succession due to changing
transition probabilities (Binkley 1980, Belleflenr
1981). Thus, only one iteration for each model was
performed on current composition. Replacement prob-
abilities for each species were calculated based on the
proportions, by species, of gap fillers to gap makers in
each gap. These individual gap probabilities were then
pooled by gap size class. The same procedure was then
followed to calculate seedling regeneration to gap-
maker proportions. The proportion of forest area in
each gap size class was then used to weight the pro-
portions before summing them to get the overall tran-
sifion probabilities.

Successional change in the tree layer is a fuonction
of both compositional changes in gaps and canopy turm-
over times. These turnover times can be calculated by
dividing the time taken to fill a gap (T,,) by the pro-
portion of the forest in gap. These calculations were
made using the assumption that gaps were filled when
gap fillersreach a height of 7 m and using stem analysis
data from the region (Y. Bergeron, unpublished data).
These data show that fill times vary with stand age. In
the younger forests T, approaches 30 yr whereas in
the older forests T, 1s ~15 yr

Gap characteristics

The percentage of the forest in canopy gap ranged
from 7.1% in the 50-yr-old stand to 40.4% in the stand
that burned 234 yr ago (Table 2). The proportion of
the forest in expanded gap was 8-13% higher In rel-
ative terms the proportion of forest in expanded gap
was greater in the younger forests due to the larger
sized crowns of the overstory aspen. The largest gaps
were found in the oldest conifer-dominated forests, al-
though gap boundanes for gaps >=1000 m? in these
forests were somewhat arbitrary due to the large size
of the gaps and the heterogeneous open nature of these
older forests. Residual trees were also occasionally
found within the larger gaps.

Gap size distribotions show that, in the all but the
oldest forest, the majority of gaps are found in the
smallest size classes (Fig. 1). In the oldest forest the
gaps are more evenly and continwously distributed
throughout the size classes. Gap distributions for each
of the four studied forests were significantly different
(Kolmogorov-Smimov tests, P <2 0.01).

It has often been suggested that simple measures of
gap area do not provide an accurate portrayal of the
potential impact of varions-sized openings becanse of
differences in tree heights between stands within the
same study and also between studies. In this study,
aspen-dominated stands had much taller canopies than
firdominated stands, as aspen individuals can easily
attain heights of 30 m while balsam fir canopies may
be 612 m lower (Paré and Bergeron 1995). To account
for this difference, gap distributions for each different-
aged forest are also presented on the basis of the ratio
of gap diameter to canopy height (Fig. 2). The gap-
diameter-to-canopy-height ratios were not significantly
different between the two mid-succession stands (120
and 147 yr old) (Kolmogorov-Smirnov tests, P = 0.05).

The smallest shadow length (i.e., on the summer sol-
stice) for our study area is 1.1224 times the canopy
height. This means at this latifode, gap ratios must be
greater than this to receive full direct sunlight within
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the projected outline of the gap. Thus very few gaps
except the largest ones in the old-growth forest receive
direct sunlight at the forest floot

Mortality and recruitment

In all but the youngest forest, gaps are created pri-
marily by the mortality of balsam fir trees (Fig. 3). Fir
trees make up 36% of the gap makers in the 78-yr-old
forest, increase to 83% of the gap makers in the mid-
successional, 124—147-yr-old, forests and approach
90% of the gap makers in the oldest (234 yr old) forest.
In the 78-yr-old stand, gaps are caused primarily by
the death of aspen. As the aspen are generally much
larger than the fir trees, it requires a smaller number
of deaths to create similar-sized openings. Despite the
smaller stature of fir, gaps created by fir mortality attain
large sizes due to the severity of the last spruce bud-
worm outbreak. This outbreak effectively killed most
overstory fir trees in the area (Bergeron et al. 1995).
It is also interesting to note that even in the 76-yr-old
aspen-dominated stand, gaps are not due to individual
tree deaths but rather are usually the result of multiple
gap-maker mortality (Fig. 3).

In all four of the intensively studied stands balsam
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fir is the most abundant species, both in terms of gap
fillers (Fig. 4) and all regeneration combined (not
shown). The trend in the number of gap fillers per gap
(all species combined) is unusual in that it does not
increase with gap size as would be expected. Instead
there appears to be a plateau, except perhaps in the
youngest stand, that occurs at gap sizes between 150
and 200 m? and beyond which the total number of gap
fillers declines (Fig. 4). In fact, there is a negative
correlation between the density of both balsam fir seed-
lings and balsam fir gap fillers and gap size in all forests
(Table 3). Birch and white spruce have positive rela-
tionships to gap size in the mixed and conifer-domi-
nated forests.

Gap regeneration (relative to the number of gap mak-
ers) was most abundant in the youngest stand (Table
4). Mortality of fir adults exceeds recruitment from gap
fillers in all but the youngest stand, suggesting that if
gap fillers are a reasonable prediction of the future
stand, fir densities will be lower than in the original
forest (although fir may still be the most abundant spe-
cies in the forest), or that recruitment processes are
slower in these older forests.

Transition probabilities for the different species sug-
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gest that fir will be the most successful species in re-
cruiting to the canopy in all stages of forest develop-
ment, although its greatest abundance occurs in the
transition from mixed to old conifer-dominated stands
(Table 5). The model based on gap fillers does not,
however, show firto be as successful as the model based
on all regeneration. Aspen’s lowest projected abun-
dance, based on both the gap filler and regeneration-
based models, is in the transition from our oldest stands
into an even older state not observed in our study area.
Spruce and birch fluctuate between models but seem
to maintain themselves as important secondary com-
ponents of the forest. Cedar’s relative abundance, on
the other hand, increases as a result of recruitment in
the 234-yr-old forest.

As a result of the increase in gap area, canopy turn-
over time decreases with stand age (Fig. 5). The time
to reach 7m in height (the fill time), derived from stem
analysis data, also decreases in the older forests, lead-
ing to even larger changes in turnover time with stand
age. Thus the rate of transition from one state to another
(as estimated by transition probabilities) accelerates
from the youngest towards the oldest stands. The con-
cept of a static turnover time is therefore highly un-
realistic, especially in the early stages of succession
where it decreases rapidly.
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DiscussioN
Gap characteristics

The picture that emerges from our study is of small,
randomly generated gaps in the initial stage of forest
succession (dominated by the intolerant hardwoods,
primarily aspen). The percentage of the 78-yr-old forest
in gaps (11%, Table 2) compares well to those reported
for temperate hardwood forests to the south (Runkle
1982, 1985, Krasny and Whitmore 1992).

With an increase in balsam fir abundance, spruce
budworm-mediated gaps dominate the landscape, and
both the percentage of forest in gap and the average
gap size increase dramatically. However, the per-
centage of our mixed-wood forest in canopy gaps
(18.7-24.4%) falls nearly within the range (3.2-24.2
%) reported by Runkle (1982) and within the 5-31%
suggested by Yamamoto (1992) for temperate forests.
Gap area in our coniferous forests is also comparable
to other conifereous forests in which gap area varied
from 15 to 63% but on general averaged 30-40% of
the total area (Worrall and Harrington 1988, Spies et
al. 1990, Lertzman and Krebs 1991, Qinghong and
Hytteborn 1991, Perkins et al. 1992, Battles and Fahey
1996).

In our study the small range of gap sizes (Fig. 1) in
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the hardwood forest is due to the random nature of gap
events throughout the forest as individual or groups of
overstory trees senesce and die. The greater range of
gap sizes in the older conifer forests at Lake Duparquet
is due to the the mortality of all individuals in different-
sized patches of fir due to outbreaks of the spruce bud-
worm. Large gap events are usually caused by exog-
enous factors (Kuuluvainen 1994). While spruce bud-
worm is the causal agent in firdominated regions of
eastern North America, severe wind storms have been
cited as the source of large gaps in other coniferous
forests (Qinghong and Hytteborn 1991).

Despite the large size of these openings, direct light
only reaches ground level in the very largest gaps
(Fig. 2) due to the low sun angle at these northern
latitudes. As shown by Canham et al. (1990), increases
in light at ground level will be displaced to the north
of the gap edge. The deep crowns of the three conifer
species and the abundance of mountain maple (Acer
spicatum) in hardwood stands and in large gaps will

The number of gap makers of each species per gap as found in each gap size class.

effectively reduce the amount of direct light penetra-
tion into the understory north of the gaps. Seedlings
growing in the area north of the gaps will also ex-
perience declining light levels as they grow in height,
whereas seedlings located within gaps will grow into
a zone of higher light levels. In the boreal forests of
northeastern China, Ban et al. (in press) found that
increased light levels in obliquely projected gaps
(e.g., to the north of the gap) resulted in increased
seedling survival but that vertically projected gaps
were necessary for seedling recruitment to the canopy.
Gap expansion to the north of the original gap area
may therefore be an important element in gap-filler
recruitment to the canopy in hardwood and mixed for-
ests. In our conifer forests, gap formation is essen-
tially a periodic phenomenon due to spruce budworm-
caused mortality (90% of mortality in the oldest stands
is composed of fir). Gap expansion may, therefore,
account for only a small proportion of the area in gaps
in these old forests.



790 DANIEL D. ENEESHAW AND YVES BERGERON Ecology, Vol 79, No. 3
= 78 yr o 124 yr
S, 40 J > 35 ¢
5 35 30 -
@
a 30 H Q. 25 A
w25 LTy g
S 20 < £
= 15 4 = 154
S 10 S o 10—
Bl S s LA T [l
d D L TTrTT TrrJ|rro LB d 0 ﬂ1r||1 T 1T T T 711
2 T T T T L T T T |
0 100 200 300 400 500 0 100 200 300 400 500
Gap size class (m?) Gap size class (m?)
o 147 yr
5 35 Y
© C_] Fir
g' B4 W.spruce
S b Aspen
= B3 Birch
g E=] Cedar
)]
o
=

0 100 200 300 400 1200
Gap size class (m?)

|
frrrTTrrrr T

0 200 400 600 800 1000 3000 3200
Gap size class (m2)

MNo. gap fillers per gap

Fic. 4. The number of gap fillers by species found in each gap size class.

TABLE 3. Spearman correlation, r,, betwesn gap fillers and seedling abundance by species,
and gap size for three forest age classes. N5 = not sigmficant at P = 0.05.

Comelation with gap size

T8-r-old 124 and 147 vr old, 234-y7r-0ld
stand combined stand

Species ra P ¥z P ¥z P
Gap-filler species

Fir —0.581 0.001 —0.505 0.0001 —0.453 0.0001

Spruce NS NS 0.405 0.0002

Aspen NS NS NS

Birch NS 0237 0.0349 0,400 0.0002

Cedar NS NS —0250 0.0300
Seedling species

Fir —0.383 0.0160 —0260 0.0207 NS

Spruce NS —0.266 0.0620 0350 0.0014

Aspen NS NS 0220 00446

Birch NS NS 0374 0.0006

Cedar NS NS NS
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TasLE 4. Eatio of the mumber of gap fillers and seedlings to the number of gap makers, by
forest type.
A) Gap fillers
Forest age Fatio of the no. of gap fillers to:
(1) Fir White sprace  Aspen Birch Ceadar Total
78 33 126.8 0.1 1.3 35 1.9
124 and 147 0.5 53 13 0.7 14 0.6
234 0.6 1.7 18 32 14 0.8
B) Seedlings
Forest age Fatio of the no. of seedlings to:
(1) Fir White sprace  Aspen Birch Ceadar Total
78 183 651.6 21 14 9.4 91
124 and 147 6.5 397 51 85 85632 7.5
234 74 10.5 183 10.7 17.7 83

Mortality and recruitment

There is a definite progression in the species of gap
maker with time since fire that parallels the shade tol-
erance of the species in these forests. Howewver, despite
the greater number of fir gap makers in the 123-yr-old
stand, hardwood mortality continues to be important
due to the greater size of adult birch and aspen com-
pared to fir The expanded-gap measures are propor-
tionately much greater under the large-crowned aspen
canopies than under the narrow, conical, fir canopies.
Such a difference implies that the death of a single
aspen adult will have a greater effect on gap size than
that of a fir Similarly, the rate of gap formation, which
influences the rate at which resources become avail-
able, varies between the aspen- and fir dominated for-
ests. Aspen death was almost always the result of a
snapped bole (the nsuoal mode of death) or uprooting.
Balsam fir on the other hand, uwswally died standing
due to defoliation by the spruce budworm. Seven years
after the end of the last epidemic and twelve years after
the mortality of many of the adults (Bergeron et al
1995), =80% of the boles are still standing (although

TABLE 5. Percentage future composition of boreal forests
based on transition probabilities from tree mortality and
gap fillers, and regeneration in forests of different ages.

124147
T8-vyr-old yr-old  234-yr-0ld
aspen muxed conifer
Species forest forest forest
A) Gap filler
Balsam fir 6l1.5 727 54.0
White spruce 148 99 8.0
Trembling aspen 459 72 35
Paper birch 16.5 98 85
Eastern white cedar 23 0.4 26.0
B) Fegensration
Balsam fir T1.0 T8.5 68.1
White spruce 11.1 62 20
Trembling aspen 128 58 6.1
Paper birch 45 87 6.3
Eastern white cedar 06 0.8 17.6

the branches have long since fallen). Thus gaps in co-
nifer-dominated stands are slowly created over a period
of years, whereas hardwood gaps are usually sudden
events. Gradual gaps have also been noted as being
important in forests where diseases, notably beech-bark
disease, are a major canse of overstory mortality (Eras-
ny and Whitmore 1992).

The high oumber of gap makers per gap observed
in this study exceeds those reported for all other stud-
ies, in which the number of gap makers rarely exceeds
20 (Spies et al. 1990, Lertzman and Krebs 1991, Qingh-
ong and Hytteborn 1991). This is natwral, considering
that the agent of death—thepruce budworm—caunses
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changping fill ime is the best estimate of the actual fill tmes
for forests that imtated at different times following fire.
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large patches of mortality in epidemic years. However,
even the youngest hardwood stand in our study is dom-
inated by multiple gap-maker gaps. This may be a re-
flection of the stand age (78 yr), which is close to the
average lifespan of aspen in the area. For stands of this
age and older, synchronous mortality may become more
and more frequent. We also speculate that such group
death may be linked to the clonal establishment of as-
pen.

The fact that balsam fir is the most abundant gap
filler and seedling species in these forests is not sur-
prising due to its prolific seeding and its status as a
late-successional species. However, the fact that the
numbers of seedlings does not increase with gap size
is. Kneeshaw and Bergeron (1996) suggest that in these
large canopy gaps there is a trade-off between increased
resource availability and increased competition from
shrubby species. Such competition may be responsible
for the fact that the number of gap fillers is not at this
present time sufficient to replace the number of gap
makers (Table 4A). This reduced or delayed recruit-
ment may also lead to an increase in canopy turnover
times. Earlier studies from western Quebec, eastern
Ontario, and Minnesota all note that competition from
shrub species such as hazel (Corylus cornuta), rasp-
berry (Rubus idaeus), and mountain maple (Acer spi-
catum) is greatest when overstory mortality is high
(Ghent et al. 1957, Batzer and Popp 1985). Personal
observations for our study area suggest that raspberry
is an unimportant competitor in these forests and that
the strongest competition comes from mountain maple,
followed by hazel.

Balsam fir’s projected dominance in filling gaps in
the 78-yr-old forest is primarily a reflection of its high
stem density. The composition of existing 147- and
161-yr-old forests shows that fir is indeed the most
abundant species (Table 1B). However, in terms of ba-
sal area these forests are not yet dominated by balsam
fir (Table 1A). Earlier research from our study area
showed a slow progression towards mixed stands due
to a second generation of aspen (Paré and Bergeron
1995; Y. Bergeron, unpublished data). Aspen’s more
rapid growth and its greater height at maturity result
in two-tiered stands, dominated by aspen with a sub-
canopy of shorter balsam fir (Paré and Bergeron 1995).

The second set of probabilities, derived from the
mid-aged forests, predicts that succession in these gaps
will lead to a more heavily conifer-dominated forest.
This prediction agrees with similar observations from
chronosequences in the area, in which the oldest stands
are dominated primarily by conifers, in particular by
balsam fir (Table 1). Transitions from spruce budworm-
caused gaps in the oldest forests to the hypothetical
next generation do not suggest the continued mainte-
nance of the current canopy composition. Rather, the
importance of fir decreases in these large gaps. This
contrasts with work from pure fir forests in eastern
Canada in which it has been suggested that spruce bud-
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worm-created openings would lead to a maintained cy-
cling of fir forests (Baskerville 1975, Maclean 1984,
Morin and Laprise 1989, Morin 1994).

Hardwood species are maintained via gap recruit-
ment but they do not increase in abundance. Although
large gaps would at first seem suitable to the recruit-
ment of fast-growing shade-intolerant species, the na-
ture of gap creation by the spruce budworm does not
result in an immediate increase in resources. Instead,
trees die slowly over a number of years, with maximum
mortality usually occurring 67 yr after the onset of
an outbreak (Baskerville and MacLean 1979). These
large, slow-forming gaps are generally dominated by
shrubs.

The tree species that is projected to increase the most
in the generation following our oldest stand (i.e., in the
last transition series) is eastern white cedar. Consid-
ering the long life-span of species such as cedar (and
white spruce), which live 3—4 or more times longer
than fir (Burns and Honkala 1990), the actual increase
in abundance may be greater than suggested by the
transition models. Cedar is considered to be extremely
shade tolerant, poorly adapted to fire, and a non-host
tree for the budworm. It has also been suggested that
the presence of decomposing logs (as seedbeds) may
be necessary before this species can become abundant.
An evaluation of cedar regeneration in the area dem-
onstrates a large increase in the oldest present-day
stands (Kneeshaw and Bergeron 1996). Frelich and
Reich (1995), on the basis of their transition proba-
bilities, suggest that spruce budworm outbreaks will
limit fir’s ability to increase in dominance but find no
similar constraint for cedar in the absence of fire. Pa-
leoecological reconstructions also suggest that cedar
was most abundant when fire cycles were thought to
be longest (Liu 1990, Richard 1993). The projected
increase in cedar does not seem therefore to be related
to large budworm-caused gaps but rather to the length
of time since fire.

In conclusion, small gaps found early in succession
in these boreal forests generally promote a gradual tran-
sition towards a more fir-dominated forest. As the forest
becomes increasingly dominated by fir, gap dynamics
are controlled more and more by outbreaks of the
spruce budworm. The resulting gaps are aggregated in
firdominated patches. These larger gaps not only allow
for the maintenance of intolerant hardwoods but also
promote competition between tree regeneration and
shrubby species and may eventually lead to an increase
in the proportion of cedar. Our results show that these
stands have not entered a state of relative compositional
equilibrium, and therefore do not follow the cyclical
model of continued fir maintenance after spruce bud-
worm outbreaks that has been proposed for eastern fir
forests.
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