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Abstract

e The managed area of the North-American boreal forest has been studied extensively. However,
because of their inaccessibility, the growth and dynamics of trees at higher latitudes remain unknown,
so precluding the possibility of quantifying their productive and economic potential and, if any, their
exploitation.

e The aim of this paper was to assess individual growth patterns in dominant black spruces (Picea
mariana (Mill.) B.S.P.) belonging to the first cohort and to compare growth dynamics within and
north of the commercial forest in Quebec, Canada.

e Compared with stands located on 49th parallel, stands on 51st parallel showed thinner tree rings
and 15% less growth in height, resulting in a 35% reduction in the stem volume attained at the age of
125 years (170 and 110 dm® for dominant trees in stands within and north of the commercial forest,
respectively). At maturity, the annual increment in stem volume in northern stands was 28% lower
than that measured in southern stands.

e These findings represent important information on tree growth in stands of high-latitude boreal
forests and should be taken into account when evaluating the profitability of exploiting the remotest
Canadian forests. Confirmation by more extensive and spatially-exhaustive inventories is desirable.

1. INTRODUCTION

The North-American boreal forest has been extensively
studied within its major managed area and at the treeline
(Johnson, 1992; Lussier et al., 2002; Paquin and Doucet, 1992;
Payette, 1996). However, because of their inaccessibility, the
studied stands in Canada are sporadic at latitudes between the
51st and 53rd parallels, where the road network is basically
inexistent. This drastic lack of study sites has led to a gap
in information on growth rates and dynamics of trees in the
northern areas of Quebec. Previous work on the ecology and
dynamics of the black spruce stands forests in these remote
regions have shown how the evolution of the stands without
a fire event led to uneven-aged structures and how this dy-
namics could influence the growth rates of trees, but almost
nothing is known about their real productivity (Rossi et al.,
2009a; 2009b). As a result, actually there is no possibility
of quantifying the productive and economic potential and, if
any, the exploitation of these forest ecosystems (Ministere des
Ressources Naturelles, 2000).
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In Quebec, a northern boundary to the commercial forest
has been established between the 51st and 52nd parallels ac-
cording to criteria of preservation of biodiversity, physical and
climatic constraints, forest fire recurrence and productivity
(Ministere des Ressources Naturelles, 2000). This boundary
drastically reduces the possibility of calculating the produc-
tive potential of the boreal forest by excluding roughly 25% of
the area belonging to the black spruce (Picea mariana (Mill.)
B.S.P.) — feather moss bioclimatic domain (unpublished data).
Nevertheless, as long as the growth rates of these high-latitude
forests remain unknown, no economically-advantageous ex-
ploitation north of the current managed forest area can be eval-
uated or considered.

In the northern black spruce forests, the most representa-
tive forest formation in the North-American boreal region, the
development of an extensive and thick moss layer prevents
the establishment of seed-originated seedlings but favours the
growth of a dense regeneration produced by natural layering
(Rossi et al., 2009a; Viereck and Johnson, 1990). Black spruce
is characterized by shade-tolerance, showing growth in as lit-
tle as 10% of full light intensity, and by a continuous initia-
tion of adventitious roots following the steady accumulation
of organic matter at the base of the stem (Krause and Morin,
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Figure 1. Location of the 12 sampled stands within (stars) and north of (circle) the commercial forest in Quebec, Canada. The thick dotted line

corresponds to the boundary of the managed forest area.

2005; Viereck and Johnson, 1990). At lower light intensities,
advance regeneration can maintain low production rates by re-
taining branches and foliage longer and drastically reducing
height and diameter growth (Claveau et al., 2002; Takahashi,
1996). These features allow saplings to maintain their pres-
ence in the understorey for more than 100 years, by avoiding
costs of construction for new tissues, reducing outlay for non-
photosynthetic organs, and waiting with slow growth until a
small-scale disturbance occurs to open the canopy (Messier
et al., 1999; Rossi et al., 2009a).

So far, the North-American boreal forest has been erro-
neously associated to even-aged ecosystems with frequent
stand-initiating events like fire. However, because of both
the survival strategy implemented by the understorey black
spruces and the small-scale disturbances that have been
demonstrated to occur during the stand lifespan, the forma-
tion of multi-cohort structures with uneven-aged age distribu-
tions is less infrequent in the boreal forests than previously
thought (Fricker et al., 2006; Kneeshaw and Gauthier, 2003;
McCarthy, 2001). Trees of uneven-aged stands show one-
third-lower growth rates and delayed culminations of mean an-
nual increments in height, diameter and volume following the
initial suppression by and competition with the dominant layer
(Rossi et al., 2009b). Consequently, the estimated growth rates
could provide incorrect information about effective or poten-
tial tree performances where tree age is not taken into account
or assessed in stands older than 150-200 years, when trees
of the secondary cohorts have attained the dominant canopy
(Rossi et al., 2009a). The aim of this paper was to assess indi-
vidual growth patterns in dominant black spruce and to com-
pare growth dynamics within and north of the commercial for-
est in Quebec, Canada. In this work, stand selection required
an assessment of the age structure of each plot in order to re-
strict the analysis to the trees developed from the seeds germi-
nated after the stand-replacing disturbance and belonging to
the first cohort.

2. MATERIAL AND METHODS
2.1. Study area

The study was conducted at two latitudes (around the 49th
and 51st parallels) in the Saguenay-Lac-Saint-Jean region in
Quebec, Canada (Fig. 1). The region has a gently rolling to-
pography with hills reaching 500-700 m a.s.l. on thick and
undifferentiated glacial till deposits. This area is part of the
black spruce-feather moss bioclimatic domain with a poten-
tial vegetation composed mainly of black spruce associated
with balsam fir (Abies balsamea (L.) Mill.), jack pine (Pi-
nus banksiana Lamb.), white spruce (Picea glauca (Moench)
Voss), white birch (Betula papyrifera Marsh.) and trembling
aspen (Populus tremuloides Michx.) (Robitaille and Saucier,
1998). The meteorological station closest to the study area
is located between the two selected latitudes in Bonnard
(50° 43" N, 71° 03’ W, 506 m a.s.l.). The climate is conti-
nental, with short, cool summers and long, cold winters with a
30-year mean annual temperature of —1.8 °C and total precip-
itation of 946 mm. About 300 cm of snow covers the ground
from October to May, only disappearing completely in June.
Mean temperature exceeds 5 °C on 138 days per year.

2.2. Stand selection

Twelve natural stands were selected around the 49th (south-
ern stands) and 51st parallels (northern stands), within and
north of the commercial forest, respectively (Tab. I). Stand se-
lection was performed on inventory maps at the scale 1:50 000
(Quebec Ministry of Natural Resources) by using the areas
classified as older than 100 y, which corresponded to 90%
of the stands of the region. Stands were sorted according to
their mapped density and dominant height and were randomly
selected from each stratum independently in order to repre-
sent the same reported density and height classes between the
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northern and southern stands. As northern stands were inac-
cessible by road, stand selection was based on the proximity
of a lake at least 1 km in length to permit access by floatplane.
In 2006, a preliminary investigation of the age was performed
on several trees of different sizes in order to avoid markedly
uneven-aged stands. In each selected stand, one square plot
of 400 m? was established and sampled during 2007-2008
(Tab. I). The plot size was twice the area of the larger gaps
observed in these forests (McCarthy, 2001). Because of their
remote location and the absence of evidence of human impact,
the stands were considered to have developed under the influ-
ence of natural disturbances only.

2.3. Data collection

All living trees with a diameter at breast height (DBH)
larger than 9 cm were cut down and 2-cm-thick discs were
collected from the stem base for age determination. In each
plot, discs were also collected along the stem of the 5 domi-
nant black spruce trees selected between those with the largest
DBH. The sampling heights were 0.6, 1.3 and 2 m from the
collar. Above 2 m, discs were collected at intervals of 2 m for
the remaining length of the stem. In 4 trees (6% of the total),
the last 2-3 m from the top showed forks; in this case, only
the longer and upright stem was used for measurements. Discs
were air-dried and sanded with progressively finer grade sand-
paper. Tree-ring widths were measured to the nearest 0.01 mm
using a Henson measuring system along two-four paths, ac-
cording to the uniformity of the tree rings on the disc. All ring
width series were corrected by cross-dating performed both vi-
sually and using the COFECHA computer program (Holmes,
1983). Measurements were averaged for each disc and tree
ring.

2.4. Growth estimation

The tree height (H;;) at the age t;; was estimated for the
60 dominant trees using the Carmean (1972) method. After
having designated the growth rings at the ith cross section with
the subscript j varying from 1 to r; for each tree of age n, the
assumptions are expressed mathematically by:

hi+l—hi

hi+l—]’li
2(r,~—r,-+1)

Hij=hi+
Y ! r,-—ri+1

+(-D-

and
lijzi’l—}"i-i-j

where £; is the height at the ith cross section, #;; the tree age
associated with the jth inner ring at the ith cross section and
r; the number of growth rings at the ith cross section. Stem
volume was calculated by adding the volume of all tree sec-
tions envisaged as truncated cones with the volume V being
obtained by the formula:

V:%.l(a2+ab+b2)
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where [ is the height of the truncated cone and a and b the
minor and major radius (Van Laar and Akga, 2007).
Multi-cohort stands include trees with slow young growth
that is the result of the initial suppression by and competition
with the dominant layer. The growth dynamics of these slow-
growing trees affect the accuracy in evaluating the effective
growth performance of the stands (Rossi et al., 2009b). Conse-
quently, the growth patterns of trees in the uneven-aged stands
were carefully verified and a total of two trees were removed
from plot 6 (northern stands) and from plot 3 (southern stands)
because they clearly belonged to the secondary cohorts.

2.5. Curve fitting

Growths in height and volume were fitted with a sigmoid
function using the NLIN procedure (NonLINear regression)
and Gauss iterative method in SAS (SAS, 2003) according to
Rossi et al. (2009b). For each variable, curve fitting was per-
formed twice, on the observations belonging to the northern
and southern stands. The sigmoid function is defined as:

y=Aexp [—e‘“(’_m]

where y represents stem height or volume and 7 the tree age.
The three parameters are the upper asymptote A, the rate of
change of the shape x and the x-axis placement of the inflec-
tion point 7;. The residuals were regressed onto the partial
derivatives with respect to the parameters until the estimates
converged. Several possible starting values were specified for
each parameter, so that the NLIN procedure evaluated each
combination of initial values using the interactions producing
the smallest residual sums of squares. Evaluation of the non-
linear regressions was based on statistics for goodness of fit,
fitting behaviour and examination of the residuals.

2.6. Statistical comparisons

Statistical comparisons between the functions obtained for
the northern and southern stands were performed on the curves
as a whole and on each estimated parameter.

The fitted curves were compared according to Potvin et al.
(1990) using the sums of squares (S) furnished by the nonlin-
ear regressions and computing F-statistics as the ratio between
MS, and MS,,:

SSw
MS, =
Vw
SS—-SSy
MS, = —-_ "%
Vo

where SS; is the residual SS prior to grouping (obtained by
fitting the function to the complete dataset), and SS,, is the
sum of the SS obtained by fitting the function to each group
(obtained by fitting the function to the northern and southern
stands separately). Vy, and V,, were calculated with the follow-
ing:

Vo =N-g-pi
Vo=pi+tg—-p—-1
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Table I. Location and characteristics (number of trees, dominant height, mean DBH, stand age, density and basal area) of the 12 black spruce
plots of 400 m? within (southern stands) and north of the commercial forest in Quebec, Canada.

Number of trees in the plot

Stand Stand  Latitude Longitude  Altitude  Black Other Dominant Mean DBH Stand age  Stand density  Basal area
number (mas.l.) spruce species height (m) (cm) (years) (treesha™')  (m?ha™')

1 51° 40/ 71° 01’ 603 37 1 11.44 12.48 114 950 11.91

2 51° 45’ 70° 27" 540 85 5 14.98 13.06 132 2250 31.17

3 51° 53 70° 23 540 60 12.49 124 139 1500 18.68

Northern 4 51° 48 71° 36’ 640 89 7 13.7 12.91 170 2400 32.63

5 51° 30/ 70° 04’ 560 39 14.41 16.52 190 975 21.14

6 51° 16’ 70° 117 535 52 26 19.28 16.63 213 1950 46.1

1 49° 19’ 70° 36’ 569 73 7 18.58 15.66 130 2000 40.21

2 49° 23’ 70° 35 526 52 13.33 14.59 130 1300 22.68

3 49° 14/ 70° 31" 558 27 1 17.47 17.15 130 700 18.34

Southern 4 49° 04/ 70° 22/ 567 48 11.89 12.06 131 1200 14.14

5 49° 04/ 70° 217 522 49 2 17.83 15.75 134 1275 24.79

6 49° 12/ 70° 33’ 609 68 14.16 13.71 138 1700 26.12

where N is the number of observations of all groups combined,
p the number of parameters of the function, g the number of
groups and pi the product g X p. The significance level for the
F-statistics was calculated with V,, and V,, degrees of freedom.

Comparisons of the estimated parameters were performed
with bootstrapped #-tests calculated as:

E-E

[2 2
S1+S2

where E; and s; are each of the estimated parameters A, 3 and K
and their standard error, respectively (Mencuccini, 2002; Zar,
1999). t-statistic was repetitively calculated by randomly re-
sampling the original dataset and estimating 5 and 95% con-
fidence intervals of the distribution (Efron, 1979). A 10000-
times-bootstrapping was performed in order to improve the
robustness of results and differences were considered signif-
icant (p < 0.05) when both confidence intervals were either
higher or lower than zero.

=

3. RESULTS
3.1. Stand description

A total of 728 trees were measured and harvested for age
determination. Plots contained between 28 and 96 trees, which
indicated a high density variability, estimated as being from
700 to 2400 trees ha™! (Tab. I). Higher densities were cal-
culated for the northern plots, at 1670 trees ha~! on average,
while 1362 trees ha~! were estimated in the southern plots.
Mean DBH was very similar between southern and northern
stands and varied from 12.06 to 17.15 cm, producing a basal
area of between 11.91 and 46.10 m? ha~!. Black spruce formed
almost monospecific stands in all plots except in plot 6 of the
northern stands, where 23 trees (29.4% of the total) were bal-
sam fir and 3 were white birch. There were occasional tama-
rack (Larix laricina) and white birch in plot 1 of the northern
stands and plot 1 of the southern stands, respectively, while
balsam fir was present in 6 of the 12 plots (Tab. I).

Nine stands showed a clear even-aged structure, with 90%
of tree ages concentrated within 30 years (Fig. 2). Plots 5 and 6
(northern stands) and 3 (southern stands) exhibited a more ir-
regular age distribution. In the northern stands, although most
trees in plot 6 revealed an age of 120-140y, 20% of trees were
older than 180 y, which indicated the occurrence of an incom-
plete stand replacement disturbance.

3.2. Stem analysis

On average, tree-ring widths varied between 0.1 and
2.1 mm, with the thinnest tree rings measured at younger and
older ages, before 10 and after 100 years (Fig. 3). The widest
tree rings were observed at 2—4 m of height, when trees were
20-30 years old. Wider tree rings were observed in the south-
ern stands at ages ranging between 30 and 90 years and until
6—8 m. At ages over 90 years or heights above 10 m, tree-ring
widths in northern and southern stands were similar. The right
hand side of Figure 3 shows the number of trees measured
at the different heights. Trees in the northern stands attained
heights above 4 m at older ages and the differences gradually
increased with height until 12—-14 m, when a drastic decrease
was observed in the number of trees. A small percentage of the
measured trees in the southern stands and only one tree in the
northern stands attained a height of 16 m (Fig. 3).

Growth in height and volume followed an evident sigmoid
pattern (Fig. 4). Slow initial increases were observed until
15 and 40-50 years for height and volume, respectively, fol-
lowed by more rapid growth rates. Growth in volume lacked
a plateau at the older tree ages. A heteroscedasticity appeared
in all growth curves but was more evident for volume, where
proportionally higher increases in data dispersion around the
mean values occurred throughout the tree lifespan (Fig. 4). Af-
ter 125y, abrupt changes in the average and standard deviation
were observed in the northern stands, due to the fewer trees
reaching these ages that were used for producing the last parts
of the curves (data not shown).
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Figure 2. Tree age frequency distribution for the 12 sampled stands within and north of the commercial forest in Quebec, Canada.

3.3. Growth dynamics in height and volume

The nonlinear regressions explained a proportion of varia-
tion varying between 0.49 and 0.88, with higher R? observed
for the southern stands (Tab. IT). Lower R*> were obtained
for stem volume because of the higher variability in the data
(Fig. 4). Standard errors represented 0.7-5.6% of the parame-
ter values with higher errors estimated for x (Tab. II). The ab-
sence of patterns in the distributions of the residuals confirmed
the model quality and goodness of fit for all three variables.
However, the beginning of the function representing height
growth was distant from the origin and predicted values that
overestimated the observations until 10 years of age (Fig. 4).
Moreover, all functions underestimated growth at tree ages be-
tween 115 and 125 years.

Comparisons of the sigmoid functions between the two
stand groups produced F-statistics of 229.23 (p < 0.0001)
and 675.48 (p < 0.0001) for the growth in height and stem
volume, respectively. The highly significant probabilities sug-
gested that, overall, the growth curves differed statistically be-
tween the northern and southern stands. The functions exhib-
ited very similar patterns of growth for both height and stem
volume with similar values estimated for the parameters x
and 7; (bootstrapped #-tests in Fig. 5). The bootstrapped -
tests showed statistically different asymptotes A, which indi-
cated that trees in the southern stands were taller (16.7 ver-
sus 14.3 m) and attained higher stem volume (242.6 versus
143.7 dm?) than trees in the northern stands (Tab. II).

Annual increments in height culminated between 41 and
44 years, while later culminations were observed for stem vol-
ume at 73-79 years of age (7; parameter in Tab. II and Fig. 5).
The patterns of the annual increments for northern and south-
ern stands were clearly synchronous and similar during the
first development stages. Close to and after the culmination
of the annual increments, higher differences in growth vigour
appeared, with increments in the northern stands at the time of
culmination being 83 and 72% of those in the southern stands
for height and stem volume, respectively. Although annual in-
crements in height converged towards similar values at older
tree ages (3—4 cm year™!), at 125 years the northern stands still
showed 57% lower growth rates in stem volume than those of
the southern stands.

4. DISCUSSION

Increasing interest in exploiting the forests of the northern
boreal ecosystems requires more knowledge about tree growth
at these latitudes. This paper compared individual growth of
black spruce from stands within and north of the commercial
forest in Quebec. Within 2° of latitude between the 49th and
51st parallels, thinner tree rings and 15% less growth in height
were observed for the northern stands, compared with the
southern ones. This reduction in height and radius resulted in
a 35% lower stem volume attained at the age of 125 years (170
and 110 dm? for dominant trees of stands within and north of
the commercial forest, respectively). At maturity, the annual
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Figure 3. Average tree-ring widths measured along the radius on sections collected at different heights (H, m) along the stem of black spruce
trees from stands within and north of the commercial forest in Quebec, Canada. The number of measured trees is also reported.
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stands within and north of the commercial forest in Quebec, Canada. Vertical bars correspond to the standard deviation between trees.

Table II. Parameters of the sigmoid function (A, upper asymptote; ¥, rate of change; T}, x-axis placement of the inflection point) and R? for
models fitted by nonlinear regressions with tree height and stem volume of black spruce in stands within and north of the commercial forest in
Quebec, Canada. Values in parentheses represent the standard error of the estimated parameters.

Variable Stand A k (1072) T; R?
Hetop  Northern 1430 (0.11)  282(006) 4130(047) 082
CIgNt  Southern 1673 (0.16)  2.88 (0.06) 44.02 (0.49)  0.88
Vol Northern  143.70 (4.05) _ 3.00 (0.17) 73.28 (1.37) 0.49
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Figure 5. Sigmoid functions representing mean individual growth in height and stem volume and corresponding current annual increments for
black spruce in 12 stands within and north of the commercial forest in Quebec, Canada. The enclosed vertical bars represent average and 5 and
95% confidence intervals of the bootstrapped z-statistics calculated by 10 000 replications. #-test is considered significant when both confidence
intervals are either higher or lower than zero.
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increment in stem volume was strongly affected by latitude,
with 28% lower growth rates measured in the northern stands
at 75 years, compared with the southern stands. Although a
decrease in height and wood production was expected with
latitude (Eko et al., 2008; Moles et al., 2009), to our knowl-
edge this is the first time that individual growth patterns are
compared between different latitudes in pristine stands of the
Canadian boreal forest after having assessed the age structure.

Similar radial and height increments between stands within
and north of the commercial forest were observed before 25—
30 years, when trees were less than 4 m tall on average. At that
height, the crown is still not closely coupled to the prevail-
ing atmospheric conditions because small trees can strongly
modify their microclimate. During the harsher season, they re-
main protected below the deep snow cover, while in spring,
even at low air temperatures, the low stature allows higher
heat accumulations within the canopy and an early resump-
tion of growth (Korner, 2003). Moreover, tree-ring widths
in the tallest trees were similar between northern and south-
ern stands. Nevertheless, only the individuals growing in the
most favourable locations or fertile stands, were able to attain
heights over 12 m. Consequently, the major differences in tree
growth occurred during and after the culmination of the incre-
ments in diameter and height, at ages comprised between 30
and 80 years. After the culmination and until 125 years, stem
volume increments in the stands located within the commer-
cial forest maintained higher values than those observed in the
northern stands.

Assessment of the age structure in each stand allowed more
precise estimations of the growth potentials of the trees to be
attained. The investigations performed on specimens of even-
aged stands or belonging to the first cohort developing after
stand initiation ensured that trees had not experienced any sup-
pressing periods during the juvenile stages. In the past, uni-
form, single-cohort stands have been associated with the bo-
real forest. However, the frequent occurrence of multi-cohort
stands originated by smaller-scale disturbances in these north-
ern ecosystems has been largely demonstrated (Kuuluvainen,
2009; McCarthy, 2001; Shorohova et al., 2009), with trees of
secondary cohorts showing lower and slower growth incre-
ments (Rossi et al., 2009a). In this work, the accuracy of our
results was also confirmed by the similar dynamics of growth
in height and stem volume, represented by the shape and place-
ment parameters of the fitted sigmoid curves (Fig. 5).

North of the 49th parallel, reductions in radial and height
growth of black spruce with latitude are associated with
smaller tracheids and higher amounts of latewood (St-Germain
and Krause, 2008). Latewood proportion explains up to 73%
of variation in wood density and is decisive in determining
the intrinsic resistance properties of wood and, consequently,
its quality and utilisation (Hannrup et al., 2001). Despite the
lower growth in volume, the potentially higher quality of
the wood harvested from the stands north of the commercial
boundary suggests higher-priced timber products. This could
allow a sufficient profit margin to be maintained when exploit-
ing the remotest forested areas of Northern Canada.

The sigmoid function used in this work represented ade-
quately the growth pattern in height and volume. However,

S. Rossi et al.

a reduced quality of fitting appeared at the beginning and
ending of the curves, at ages lower than 10 years for height
growth, and between 115 and 125 years for both height and
volume growth. Although fitting of cumulative growth data
could be realized using a more flexible interpolated spline, the
explicitly-defined models such us the sigmoid functions better
describe growth through a functional approach. Even if sta-
tistically comparable descriptions can be achieved by either
model, the polynomial-based equations are devoid of any bi-
ological interpretation (Zeide, 1993). Moreover, every param-
eter of the sigmoid functions can be separately analyzed or
compared (Mencuccini, 2002; Rossi et al., 2006). In this work,
two statistical approaches with different levels of definition
were used for comparing growth between stands within and
north of the commercial forest in Quebec. The first one evalu-
ated the differences in the growth patterns (Potvin et al., 1990),
while the second one investigated which parameters better
define these differences (Mencuccini, 2002). Results clearly
demonstrated that the differences lay essentially on the inten-
sity of growth (parameter A in Fig. 5) rather than on the inter-
annual dynamics of growth (parameters x and 7; in Fig. 5).

5. CONCLUSION

The northern boundary to the commercial forest has con-
siderably reduced the wood stocks of the Quebec resources
in order to maintain sustainable long-term forest exploitation.
However, this boundary was established despite very little be-
ing known about the dynamics and productivity of the remote
and inaccessible northern stands. This investigation analysed
the dynamics of individual tree growth belonging to the first-
cohort and compared stands located within and north of the
commercial forest. Our findings showed a significant decrease
in height and radius increment of the dominant trees, which
led to 35% reductions in the stem volume attained at the age
of 125 years. Although confirmation by more extensive and
spatially-exhaustive inventories is desirable, these preliminary
but exclusive results should be seriously taken into account
when evaluating the profitability of exploiting the northern
forests of Canada.
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