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ABSTRACT

Associations among the few tree species in the
North American boreal landscape are the result of
complex interactions between climate, biota, and
historical disturbances during the Holocene. The
closed-crown boreal forest of eastern North Amer-
ica is subdivided into two ecological regions having
distinct tree species associations; the balsam fir
zone and the black spruce zone, south and north of
49°N, respectively. Subalpine old-growth stands
dominated by trees species typical of the balsam fir
forest flora (either balsam fir or white spruce) are
found on high plateaus, some of which are isolated
within the black spruce zone. Here we identified
the ecological processes responsible for the distinct
forest associations in the subalpine belt across the
eastern boreal landscape. Extensive radiocarbon
dating, species composition, and size structure
analyses indicated contrasted origin and dynamics
of the subalpine forests between the two ecological
regions. In the black spruce zone, the subalpine belt

is a mosaic of post-fire white spruce or balsam fir
stands coexisting at similar elevation on the high
plateaus. With increasing time without wildfire,
the subalpine forests become structurally similar to
the balsam fir forest of the fir zone. These results
concur with the hypothesis that the subalpine
forests of this area are protected remnants of an
historical northern expansion of the fir zone. Its
replacement by the fire-prone black spruce forest
flora was caused by recurrent fires. In the subalpine
belt of the fir zone, no fire was recorded for several
millennia. Harsh climate at high altitude is the
primary factor explaining white spruce dominance
over balsam fir forming a distinct subalpine white
spruce belt above the balsam fir dominated forest.
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INTRODUCTION

The circumboreal forest is one of the Earth’s major
biomes and covers about 11% of the globe (Bonan
and Shugart 1989). The boreal biome is geologically
young as it was continually reshuffled by widely
varying climate during the Quaternary. As a result,
and despite its vast range, the biome is floristically
poor and is represented by only nine tree species
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throughout North America. Current North Ameri-
can boreal terrestrial ecosystems are represented by
distinctive associations among these few tree spe-
cies of the boreal landscape. These contrasted eco-
systems are the result of complex interactions
between the prevailing climate, biota, and histori-
cal disturbances during the Holocene (Ritchie
1987). The general aim of this study is to explore
the origin and dynamics of distinctive tree species
assemblages representing marginal components of
the landscape (that is, subalpine stands at the limit
of the species range) to better understand the his-
torical changes in species associations and the ma-
jor ecological factors responsible for structuring the
closed-crown forest ecosystems of the southern
boreal biome in eastern North America.

The boreal biome in eastern North America is
subdivided into three extensive bioclimatic zones
from south to north: the closed-crown forest, the
lichen woodland, and the forest tundra, respec-
tively (Rowe 1972; Payette and others 2001; Fig-
ure 1). In Québec, the closed-crown boreal forest
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Figure 1. Location of sampled sites. The main biocli-
matic zones of Québec are represented; the zones corre-
sponding to boreal biome are between the two red lines.
Note that the closed-crown forest is subdivided at 49°N
into two ecological regions represented by different
shades of green; the southern paler green represents the fir
zone whereas the northern darker green represents the
black spruce zone.

corresponds to two ecological regions characterized
by contrasted forest ecosystems roughly divided
along 49°N (Lafond 1964; Grandtner 1966;
Figure 1). South of 49°N, the moist balsam fir
(Abies balsamea (L.) Mill.) forest zone (fir zone,
thereafter) is a mixed forest dominated by balsam
fir along with white spruce (Picea glauca (Moench)
Voss) and white birch (Betula papyrifera Marsh.) as
companion species. North of 49°N, the black spruce
(Picea mariana (Mill.) B.S.P.) forest zone (black
spruce zone, thereafter) is dominated by extensive
tracts of closed-crown black spruce forest inter-
spaced with monospecific stands of jack pine (Pinus
banksiana Lamb.). Of all the widespread boreal tree
species, white spruce and especially balsam fir are
the least adapted to fire, whereas jack pine and
black spruce are fire-adapted species (Heinselman
1973; Rowe and Scotter 1973), suggesting fire as a
major forcing accounting for the distinctiveness of
the fir zone and black spruce zone (Payette 1992).

White spruce in eastern North America is typi-
cally associated with the southern fir zone occu-
pying approximately 10% of the forest cover
(Jurdant 1959; Lafond 1964, 1974). Noticeable
exceptions exist in which white spruce is locally the
dominant species. On the maritime coast of Hudson
Bay and Labrador monospecific white spruce
stands are initiating the colonization of barren
surfaces (Payette and Filion 1985; Caccianiga and
Payette 2006; Payette 2007; Laliberté and Payette
2008). Other maritime white spruce populations
are forming a strip along the Acadian coast where it
is a pioneer species of the secondary succession
following forest openings by wind blow-downs
(Davis 1966). White spruce also readily colonizes
abandoned agricultural fields in maritime Canada
and New England (Davis 1966; Nienstaedt and
Zasada 1990). On Anticosti island in the Gulf of St.
Lawrence, selective grazing of balsam fir by over-
populated white-tailed deer (Odocoileus virginianus
Zimmerman) resulted in a shift from former balsam
fir stands to white spruce dominated stands over
the last century (Potvin and others 2003).

White spruce stands are also found at the altitu-
dinal treeline of the highest plateaus of the boreal
forest in both the balsam fir and black spruce zones.
Such subalpine white spruce stands are not found
southward in the Appalachian Mountains where
the treeline, from north to south is either red spruce
(Picea rubens Sarg.), balsam fir or Fraser fir (Abies
fraseri (Pursh) Poir.), respectively (Cogbill and
White 1991). The southernmost subalpine white
spruce stands are distributed on an extensive high
plateau within the fir zone of the Gaspé Peninsula
(Figures 1, 2). These stands form a subalpine belt



between the balsam fir stands and the alpine tundra
(Payette and Boudreau 1984). The other subalpine
white spruce stands are restricted to three high
plateaus within the northern black spruce zone in
central Québec (Figures 1, 2). There, white spruce
stands co-occur with balsam fir stands, a pattern
roughly similar to that found on the high plateau of
the Gaspé Peninsula. In central Québec, however,
the subalpine vegetation contrasts markedly with
the lowland vegetation dominated by black spruce
communities. The subalpine balsam fir and white
spruce stands in this area form disjunct populations
located far north (c. 300-500 km) of the extensive
fir zone. The subalpine stands also represent the
northernmost, inland, balsam fir and white spruce
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that is, Monts Otish, Montagnes Blanches, and
Monts Groulx. Four stands were sampled in each
plateau, that is, two stands were dominated by
balsam fir (NORFIR, n = 6) and the other stands by
white spruce (NORWSP, n = 6). Stands were all
old-growth forests with living and dead trees of all
sizes and ages. All the sampling sites but one (site
PROV FIR in the NORFIR community type) were
located more than 800 m above sea level (a.s.l.),
immediately below the treeline (or near the top of
the plateau in the absence of a treeline; see ““Re-
sults”” section). Sites were sampled during the
growing seasons of 2006, 2007, and 2008.

Climatic data are not directly comparable among
sites because of difference in altitude between the
sampled stands and location of the weather stations
in lowlands. The Forét Montmorency weather sta-
tion (47°19°N, 71°09°W, 640 m a.s.l.) is located in
the center of the fir zone. The average annual
temperature is 0.3°C, with July and January being
the warmest (average 14.7°C) and coldest months
(average —15.8°C), respectively. The average total
precipitation is 1,600 mm with 40% falling as snow.
The growing season above 0°C is 130 days. The
Murdochville weather station (48°57’'N, 65°31'W,
574.5 m a.s.l.) is located in the Gaspé Peninsula.
The average annual temperature is 1.7°C, with July
and January average temperature being 16.4 and
—13.9°C, respectively. The average total precipita-
tion is 1,120 mm with 48% falling as snow. The
growing season above 0°C is 165 days. The Bonnard
weather station (50°43’N, 71°03’W, 506.0 m a.s.l.)
is located in the center of the black spruce zone. The
average annual temperature is —1.8°C, with July
and January average temperature being 14.6 and
—21°C, respectively. The average total precipitation
is 950 mm with 32% falling as snow. The growing
season above 0°C is 135 days. Average climatic
data are based on the period between 1971 and
2000 available online from Environment Canada,
Canada’s National Climate Archives (www.climate.
weatheroffice.ec.gc.ca).

MATERIALS AND METHODS
Field Sampling and Laboratory Analyses

A 500 m” (10 m x 50 m) plot was randomly posi-
tioned in each of the 21 stands. In stands where tree
density is low, a 1,000 m? (20 m x 50 m) plot was
used to sample at least 50 trees (>2 c¢m). In com-
parison with other forest types (for example, tem-
perate, tropical), boreal forest stands have low tree
species diversity, homogeneous stand structure and

are typically composed of small individuals. There-
fore, smaller quadrats are often used to describe the
structural attributes of boreal forest stands, espe-
cially in studies focusing on comparisons among
multiple sites (Saucier 1994 [Québec Ministry of
Natural Resources (MRNQ) forest inventory pro-
gram, quadrat size: 0.04 ha]; Girard and others 2009
[24 sites, quadrat size: 0.05 ha]; Pollock and Payette
2010 [19 sites, quadrat size: 0.05 ha]). All plots were
oriented perpendicular to the slope, with the long
axis along the contours. Within each plot, the
diameter at breast height (dbh: 1.3 m from the
ground) was measured for all trees with a diameter
greater than 2 cm. Saplings and seedlings (<2 cm
dbh, regeneration) were counted. Sub-sampling
was done in plots where the regeneration density
was too high for systematic counting and consisted of
either counting all specimens less than 2 ¢m in half
the plot or in ten 1 m? quadrats along the lower 50 m
plot edge, depending on regeneration density. In
each stand, 5 to 14 (average 10) of the largest trees
were cored as close to the collar as possible along two
opposite rays using a Pressler increment borer. At the
laboratory, all increment cores (n = 420) were finely
sanded to make the xylem cells clearly visible under a
40x binocular microscope and minimum age of
sampled trees was determined.

Along the upper 50-m plot edge, a vegetation
relevé was conducted every 50 cm with the aid of a
metal pin for a total of 100 sampling points. Each
plant species touching the pin was identified and
recorded (Mueller-Dombois and Ellenberg 1974).
Charcoal particles were collected when present at
the soil surface. All the charcoal particles were wa-
shed, dried, and identified to the genus level based
on wood anatomy under an optical microscope with
the aid of a charred wood reference collection at the
Center d’Etudes Nordiques (Université Laval, Qué-
bec) and botanical keys (Schoch and others 2004;
Schweingruber 1978, 1990). Three to four charcoal
particles per site were randomly selected and
radiocarbon dated using the accelerator mass spec-
trometry (AMS) method. At each site, the youngest
radiocarbon date is a measure of the maximum time
since last fire (TSLF). Radiocarbon dating of at least
three samples allowed a rigorous assessment of the
most recent fire disturbance, whereas dating only
one charcoal per site would offer no guarantee that
the date actually corresponds to the last fire event.
At sites where charcoal was absent, the basal organic
layer at the mineral soil interface was sampled.
Three randomly selected samples of basal organic
horizon per site were washed and manually sorted
to remove modern material (for example, roots,
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needles, twigs) in preparation for AMS '*C dating.
At each site, the oldest radiocarbon date is a measure
of the apparent age of the stand which turns out
to correspond to the minimum stand age.
Radiocarbon dating was performed at the Center
d’Etudes Nordiques (Université Laval, Québec) and
at Keck Carbon Cycle AMS Facility (University of
California, Irvine) laboratories. The radiocarbon
dates were calibrated using calibration dataset Int-
Cal04.14c (Reimer and others 2004) implemented
in CALIB (version 5.0.1) software (Stuiver and
others 2005).

Data Analysis

Tree size structure models were computed inde-
pendently for Abies balsamea and Picea glauca at all
sites by plotting the number of individuals per 2-cm
diameter classes. Comparison among sites with
sampling plots having unequal size was done by
converting the number of individuals per plot into
number of individuals per hectare for each diame-
ter class. Because stands were old-growth stands of
long-lived species, the size structure had a re-
versed-J shape and the frequency of individuals in
different size classes could be described by the
negative exponential or the power function models
(Hett 1971; Hett and Loucks 1971, 1976; Leak
1975). Overall, the power function model yielded
better fit with our empirical data (Table A2 in
Supplementary materials). Therefore, all sub-
sequent analyses were conducted with the two
parameters of linear power function under the
form

Indyp 1p% f, pfilnx

where y is the number of individuals per hectare,
x is the central value of each 2-cm size class, f§; (the
slope) is the decreasing mortality rate, and fS, (the
Y-intercept) is the natural logarithm of the regen-
eration density. High intercept and slope values
indicate a population size structure with high
regeneration density subjected to strong mortality
in small size classes but with mortality probability
decreasing rapidly with increasing tree size (Hett
and Loucks 1971). Lower intercept and slope val-
ues indicate less regeneration, and a more uniform
low mortality rate usually coupled with a longer
lifespan.

A canonical correspondence analysis (CCA) was
performed on the complete vegetation relevés (Ter
Braak 1986, 1987) to confirm that the sampled
stands were clustered in homogeneous species
assemblages corresponding to the five a priori
community types. The CCA was run with a focus

scaling on inter-sample (stand) distances and a
down-weighting of rare species. The ordination
axes were constrained by latitude, slopes of the
power function for both fir and spruce (1% and
Br?), maximum age of both fir and spruce (age
Abies and age Picea), and stand age (estimated either
from TSLF or apparent age). The significance of the
environmental data in the model was tested by
forward selection using a Monte Carlo permutation
procedure (499 permutations). CCA analysis was
performed using CANOCO for Windows Version
4.5 (Biometris—Plant Research International,
Wageningen, The Netherlands).

The size structure data from sites included in
each of the five community types were pooled to-
gether to generate composite power function
models describing each community type size
structure (composite models, thereafter). First, to
contrast differences in structure between the two
species, a composite Abies balsamea model was
compared to a composite Picea glauca model in each
community type. Zar’s (1984) t-test for the com-
parison of two regression slopes and ¢-test for the
comparison of two regression elevations (when
slopes were not different) were used for statistical
comparison of models. Second, to compare size
structures among community types, analyses of
covariance (ANCOVA) were conducted to test for
the homogeneity of regression coefficients followed
by a Student-Newman-Keuls (SNK) test to com-
pare among multiple slopes (or elevations) when
ANCOVA concluded that the slopes (or elevations)
were not equal (Zar 1984). The composite models
were compared among FIRZON, NORFIR, and
NORWSP. This analysis was performed to identify
differences in structure among subalpine white
spruce stands, subalpine balsam fir stands from
central Québec and balsam fir forest stands of the
fir zone. To determine the differences in structure
among subalpine white spruce and balsam fir
stands of the Gaspé Peninsula and balsam fir stands
of the fir zone, comparisons were made among
composite models of the FIRZON, GASFIR, and
GASWSP. Differences in slope indicate changes in
the amount of regeneration relating to the abun-
dance of larger size class, whereas differences in
elevation indicate the overall change in stand
dominance.

Power function parameters (fi; and ) of each
site were plotted as functions of TSLF, altitude and
latitude. This allowed an evaluation of the relative
importance of the last disturbance (fire) and cli-
mate (altitude and latitude) on the shape of the
stand structure. This was done independently for
sites south and north of 49°N. Significant relations
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between power function parameters and environ-
mental variables were tested with simple regression
analyses. Parameters of all power functions and
associated P values, regression analyses and all
other statistical tests were performed using Statis-
tica software package (StatsSoft Inc., Tulsa, OK).

REsuLTSs

South of 49°N, there are no subalpine white spruce
stands on the Laurentian Plateau and Monts Valin
areas, whereas the sampled balsam fir stands are all
located at the highest elevations. On the high pla-
teau of the Gaspé Peninsula, subalpine balsam fir
stands and white spruce stands were sampled at
their maximum elevation just below the treeline.
North of 49°N, most sampling sites were also lo-
cated at their highest elevation beneath the treeline
except for site PROV FIR which was not located at
maximum elevation due to problems of accessibil-
ity. The elevation of both balsam fir and white
spruce stands decreases with increasing latitude
(Figure 3; fir stands R?> =0.31, P=0.048; white
spruce stands R? = 0.65, P = 0.015). The altitudinal
position of white spruce stands drops more rapidly
with latitude than that of balsam fir stands. This
resulted in the altitude of white spruce stands being
significantly higher than balsam fir stands south of
49°N (t value = —3.283, P = 0.013), whereas there
was no difference in altitude between white spruce
stands and balsam fir stands north of 51°N
(t value = —1.394, P = 0.194). Removing the out-
lier site PROV FIR from the analysis did not change
significantly any of the results presented above
(data not shown).

RAbpiocArRBoON DATES

Eight of the nine balsam fir sites south of 49°N
contained no charcoal (Table 1). For these stands,
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Figure 3. Altitude of sampled balsam fir stands (solid

circles) and white spruce stands (open circles) according to
latitude.

minimum stand age estimated from the basal
organic layer at the mineral soil interface ranged
between 510 and 5300 calibrated years before
present (cal. y BP) (mean: 3010 cal. y BP). These
apparent ages were 463 to 5181 years (mean:
2911 years) older than the oldest tree (106 to
213 years, mean: 141.2 years), confirming the old-
growth status of the stands. Charcoal was recovered
at the mineral interface in site RFL2. Four charcoal
fragments (three Abies and one Picea) from RFL2
corresponded to two fire events, the last one
occurring approximately 95 cal. y BP (1855 AD).
Given that the oldest tree at that site was 117 years
in 2008 (established in 1891 AD); this likely cor-
responded to the first mature cohort after the last
fire. The cause of this fire in the region was most
probably anthropogenic as it was contemporaneous
to the construction of the road between Québec
City and Saguenay in the 1870s (Brousseau 1926).
A previous fire was dated at 1290 cal. y BP.

Charcoal was found at all but one site north of
49°N (Table 2). TSLF varied between 230 and
940 cal. y BP (mean: 430 cal. y BP) and were thus
74 to 862 years (mean: 269 years) older than the
oldest tree at each site, confirming the old-growth
status of the stands. Older fires were recorded at
seven sites with up to three fire events at four sites.
Charcoal fragments were identified as Picea sp.
(58.8%), Abies sp. (35.3%), and Betula sp. (5.9%)
and the relative proportion of identified taxa was
very similar in the white spruce and balsam fir
stands (ca. two-third Picea sp. and one-third Abies
sp.). Older charcoal showed that Abies sp. was
present in the area since at least 2420 cal. y BP and
Betula sp. since at least 3880 cal. y BP. The radio-
carbon dated basal organic layer at the mineral soil
interface at the charcoal-free Monts Groulx site
(PROV WSP) gave a minimum apparent age of
3345 cal. y BP.

SreciEs COMPOSITION ANALYSIS

A total of 83 plant species was recorded at the 21
sampled sites (Table A3 in Supplementary material)
and common species were typical of the balsam fir
forest flora (for example, trees: Abies balsamea, Picea
glauca; shrubs: Alnus viridis ssp. crispa (Aiton) Pursh,
Amelanchier bartramiana (Taush) M. Roem., Ribes
glandulosum Grauer; herbs: Clintonia borealis (Aiton)
Raf., Coptis trifolia (L.) Salisb., Cornus canadensis L.,
Oxalis montana Raf., Solidago macrophylla Pursh.,
Trientalis borealis Raf.; ferns: Gymmnocarpium dryop-
teris (L.) Newman; and mosses: Dicranum sp., Pleu-
rozium schreberi (Brid.) Mitt., Sphagnum sp.). Based
on species—environment correlations, the CCA
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continued

Table 2.

Age of TSLF Minimum

Probability

Interval

Date

Charcoal
taxa

Sample
type

Laboratory

number

Community
type

Site

stand age

(cal. y BP)

oldest tree
(years)

(cal. y BP)

(**C y BP)

name

(cal. y BP)

3345

0.687 253

0.985

3317-3376
2332-2364
2312-2352

3100 £ 20

2345 + 20

Organic matter

NORWSP ULA-1025

PROV WSP

Organic matter

ULA-1026

2305 + 20 0.993

Organic matter
Charcoal

ULA-1027

0.794 265 305

0.959

347-460°
2352-2488¢

325 + 20

2410 £+ 20

Picea sp.

ULA-1061

NORWSP

JAU WSP

Abies sp.

Charcoal

ULA-1062

284-328 0.575

270 £ 25

Abies sp.

Charcoal

ULA-1063

Intervals in bold face are those selected for estimating time since last fire (TSLF) or minimum stand age.

“A suspect date not considered in the analysis because interval was younger than the oldest tree.

bIntervals corresponding to a second, older fire event.

‘A third, even older fire event.

9An interval with lower statistical probability but higher biological meaning was selected according with the oldest tree and other '*C dates.

o ; 0 PROV FIR ‘E‘
L e g latitude
‘. (O NORWSP
© NORFIR
@ FIRZON
@ GASFIR
@ GAswsP
0"
MB1 WSP
1«
(=]
-15 1.5

Figure 4. Canonical correspondence analysis (CCA)
biplot of sampled sites and environmental variables (first
and second axis). Green arrows represent the environ-
mental variables included in the CCA model. The five
community type clusters are circumscribed by a dashed
line.

separated the 21 sampling sites into five species
assemblages which corresponded to the a priori
community types with respect to geographical re-
gions (fir zone, central Québec and Gaspé Penin-
sula) and dominant tree species (white spruce or
balsam fir) (Figure 4). The ordination diagram of
CCA explained 83.5% of the variance of species—
environment relation. The first axis was positively
correlated with latitude, p““ and age Picea, but
negatively correlated with f° and age Abies. The
second axis was positively correlated with latitude,
phicea pAbies age Picea, and age Abies, but negatively
correlated with stand age. According to the forward
selection procedure, latitude and age Abies were the
only significant environmental variables. The CCA
model limited to these two environmental variables
resulted in the same five species assemblages (data
not shown). The biplot of sampled stands and
environmental variables (Figure 4) showed a
gradual change in species assemblages from the fir
zone to subalpine fir stands to subalpine white
spruce stands along axis one. Along axis two, sub-
alpine stands of the Gaspé Peninsula were differ-
entiated from those of central Québec. All balsam
fir stands of the Laurentian Plateau and Monts
Valin were clustered together (community type:
FIRZON) in the bottom left corner of the graph.
This community type had high relative abundance
of Betula papyrifera, Oxalis montana, Dicranum sp.,
and Polytrichum sp. (Figure Al in Supplementary
material). Towards the central portion of the first
axis, two community types were recognized, and
corresponded to the subalpine balsam fir stands of
the Gaspé Peninsula (GASFIR) and of central
Québec (NORFIR) which were differentiated along
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the second axis (Figure 4). Subalpine balsam fir
stands from the Gaspé Peninsula showed high
abundance of Clintonia borealis, Dryopteris spinulosa
(O. F. Miill.) Watt, and Rubus pubescens Raf. North-
ern subalpine balsam fir stands were characterized
by Gymnocarpium dryopteris, Rubus chamaemorus L.,
Pleurozium schreberi, Ptilium crista-castrensis (Hedw.)
De Not., and Vaccinium uliginosum L. (Figure Al in
Supplementary material). Both positioned on the
right part of the first axis, the subalpine white
spruce stands of the Gaspé Peninsula (GASWSP)
and of central Québec (NORWSP) were differenti-
ated along axis two (Figure 4). Kalmia polifolia
Wangenh. and Racomitrium lanuginosum (Hedw.)
Brid. were found in the white spruce stands from
the Gaspé Peninsula exclusively. High abundance of
Alnus viridis ssp. crispa, Betula glandulosa Michx.,
Calamagrostis canadensis (Michx.) P. Beauv., Clintonia
borealis, Coptis trifolia, Cornus canadensis, and Solidago
macrophylla were characteristic of the northern
white spruce stands (Figure Al in Supplementary
material).

S1ZE STRUCTURE ANALYSIS

The power function models showed good fit with
the empirical stand size structures of Abies balsamea
and regressions from all sites were significant
(Table A4 in Supplementary material). The power
function models yielded moderate fit with the
empirical stand size structures of Picea glauca.
Fourteen regressions were significant (P < 0.05),
five were not (P = 0.05), and two distributions had
no variance (flat distribution). Picea glauca models
of the fir zone were either non significant or
showed a flat distribution (Table A4 in Supple-
mentary material).

All the community type composite models were
significant (P < 0.01) and their parameters (f;:
slope and fy: Y-intercept) are presented in Table 3.
The comparison of the composite models between
the two species (Abies balsamea and Picea glauca) in

each community type showed that in FIRZON,
NORFIR, and NORWSP, the slope of Abies balsamea
was higher than that of Picea glauca (t val-
ues = 9.158, 7.304, 7.521, respectively; P < 0.05;
Figure 5A—C), indicating that in these community
types Abies has higher regeneration density and
earlier mortality than Picea. In GASFIR and GAS-
WSP, the slopes of the two species were not dif-
ferent (¢t wvalues =1.559, 0.811, respectively;
P > 0.05). The elevation of Abies balsamea was
higher in GASFIR (f value = 3.004; P < 0.05; Fig-
ure 5D) whereas that of Picea glauca was higher in
GASWSP (t value = 4.789; P < 0.05; Figure 5E).
This result merely reflects the fact that Abies is the
dominant species in the fir stands whereas Picea is
more abundant in the spruce stands.

A comparison of the Abies balsamea models
among the FIRZON, NORFIR, and NORWSP com-
munity types showed a gradual decrease of slopes
and/or intercepts (Figure 6A). The slopes of FIR-
ZON and NORFIR were similar and higher than
that of NORWSP (F value = 4.061; P < 0.05), but
the elevation was higher in FIRZON than in
NORFIR (t value = 3.987; P < 0.05). No significant
difference was found among the Picea glauca models
of these community types (F value =1.492;
P > 0.05; Figure 6B). These data indicate that the
difference in structure among these three com-
munity types is the outcome of the dynamics of
Abies balsamea and not Picea glauca. The Abies
balsamea models among community types FIRZON,
GASFIR, and GASWSP also showed a gradual de-
crease of slopes and/or intercepts (Figure 6C).
Specifically, the slope of FIRZON was higher than
those of GASFIR and GASWSP (F value = 6.606;
P < 0.05), but elevation was higher in GASFIR
than GASWSP (¢ value = 2.341; P < 0.05). By
contrast, Picea glauca models showed the inverse
transition. Indeed, slopes were all different
(F value = 5.693; P < 0.05) and the highest slope
value was in GASWSP whereas the lowest slope
was in FIRZON (Figure 6D). The differences in

Table 3. Parameters, Explained Variance, and P values of the Composite Power Function Models for Abies

balsamea and Picea glauca at All Community Types

Community Abies balsamea

Picea glauca

type

N By (slope) fo (intercept) R* Pvalue N B1 (slope) fo (intercept) R? P value
FIRZON 65 2.073 10.332 0.8689 <0.001 28 0.376 4.290 0.2964 0.003
NORFIR 84 1.848 9.249 0.7878 <0.001 61 0.786 5.478 0.5296 <0.001
NORWSP 75 1.467 7.357 0.7422 <0.001 101 0.574 4.834 0.4108 <0.001
GASFIR 36 1.253 7.357 0.6343 <0.001 32 0.926 5.913 0.6319 <0.001

GASWSP 24 1.459 7.376 0.9139 <0.001 32 1.318 7.837 0.7767 <0.001
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Figure 5. Size structures
of Abies balsamea (solid
circles) and Picea glauca
(open circles) and their
fitted composite power
function models (solid line
and broken line,
respectively) for the five
community types (A-E).
The species having a
significantly higher slope
or elevation value is
mentioned after each
community type.
Parameters of the
composite power function
models are shown in
Table 3. N.S. not
significant.

Figure 6. Comparison of
the composite power
function models among
community types for Abies
balsamea (solid lines) and
Picea glauca (broken lines).
Lines are colored red, orange,
and yellow according to the
community types FIRZON,
NORFIR, and NORWSP,
respectively (A, B) and red,
purple, and blue according to
community types FIRZON,
GASFIR, and GASWSP,
respectively (C, D). The
differences of slopes and
elevation among
community types are
mentioned. N.S. not
significant.
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structure among these community types thus re-
flect the dynamics of the two species.

The model parameters at sites north of 49°N did
not vary with altitude or latitude (data not shown).
The slopes of Abies balsamea models did increase
with TSLF (R? = 0.488, P = 0.017). Although the
intercepts showed the same trend, the relationship
was not significant (P = 0.132). No significant
relationship was found between model parameters
of Picea glauca and TSLF (Figure 7A, B). At sites
south of 49°N, model parameters varied with alti-
tude (Figure 8A, B) and latitude (Figure 8C, D).
The intercepts of Picea glauca models increased with
altitude (R* = 0.432, P=0.054) and the slopes
showed the same trends, although not significantly
(P = 0.145). By contrast, the intercepts and slopes

of Abies balsamea models showed a negative trend
with altitude but relationships were not significant
(P =0.235 and 0.166, respectively). The intercepts
and slopes of Picea glauca models increased with
latitude (R*=0.522 and 0.519; P =0.028 and
0.029, respectively). The intercepts of Abies balsa-
mea models decreased with latitude (R* = 0.498,
P = 0.034). The same trend was not significant with
slopes of Abies balsamea models (P = 0.099).

DiscussioN

The black spruce zone and the fir zone are char-
acterized by two distinct fire regimes. Stands from
the black spruce zone were subjected to recurrent
fire disturbances in the past whereas our data



recorded only one natural fire event in the stands
from the fir zone. North of 49°N, most stands
originated from a wildfire between 230 and
940 cal. y BP. South of 49°N, most stands had
minimum ages varying between 510 and 5300 cal.
y BP and only one stand showed evidence of a past
fire event. The data also indicate that the difference
in fire regime between the two ecological regions
may date back to at least four millennia because
sites north of 49°N showed continuous evidence of
fire since 3880 cal. y BP whereas several sites south
of 49°N dated back to this time period (five sites
were at least 3500 cal. y BP) and still showed no
evidence of fire. Botanical identification of charcoal
coupled with AMS 'C dates suggests that balsam
fir presence in subalpine forests of central Québec
dates back at least to 2420 cal. y BP. White birch,
another species associated with the fir zone, dates
back to 3880 cal. y BP. This suggests the presence of
the balsam fir forest flora on the high plateaus of
the black spruce zone over the past several mil-
lennia.

A general comparison with published data on the
species composition of the two ecological regions of
the closed-crown boreal forest (Jurdant 1959; La
Roi 1967; Desponts and others 2004; Pollock and
Payette 2010) suggests that the common flora at
the 21 sampled sites is more typical of the balsam fir
forest of the fir zone than that of the black spruce
forest of the black spruce zone, despite the fact that
more than half of the sites were located in the black
spruce zone. Nonetheless, CCA showed a grouping
of sites based on species—environment correlations
which identified five different species assemblages.
These corresponded to the five community types
expected a priori based on species dominance and
geographic location. The differences in the origin
and dynamics among these community types were
identified by the size structure analysis.

The size structures corresponded to the reversed-
J shape and were best described by a power func-
tion (Hett 1971; Hett and Loucks 1971, 1976; Leak
1975). This was expected because all studied stands
were old-growth with living and dead individuals
of all sizes.

The slope of the composite model for Abies
balsamea was higher than that of Picea glauca in
FIRZON, NORFIR, and NORWSP. This mostly re-
flected the different life histories typical of the two
species in old-growth stands (Dix and Swan 1971).
Abies balsamea benefits from an abundant shade-
tolerant seedling bank which establishes well on
organic substrate (Lieffers and others 1996; Simard
and others 1998; Awada and others 2004). This
species depends on advance regeneration, shade

tolerance, and rapid height growth to achieve old-
growth stand dominance. White spruce seedlings
are less abundant and mostly found on nursery logs
(Simard and others 1998; Awada and others 2004).
Correspondingly, this sheltering effect lowers
mortality rate and allows long-term persistence of
white spruce at low density as a companion species
in old-growth stands. Similar regeneration strate-
gies were also observed in old-growth subalpine fir
(Abies lasiocarpa (Hook.) Nutt.)/Engelmann spruce
(Picea engelmannii (Engelm.) Parry) montane forests
of the Central Rockies (Oosting and Reed 1952;
Veblen 1986).

Among FIRZON, NORFIR, and NORWSP, the
size structure of Picea glauca did not differ, but
slopes (or elevations) of Abies balsamea decreased
progressively. This indicates that the Picea glauca
dynamics do not explain the differences in struc-
ture among these community types. Rather, a de-
crease in the slopes (amount of regeneration
relative to the abundance in the overstory) and the

elevations (overall dominance in all size c2te274.7(af370.611.5
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dependent on site-specific ecological factors, a
period of 370-480 years after fire is a rough esti-
mation of the average time needed to achieve the
transition from white spruce stands to balsam fir
stands. The process appears somewhat similar to
that observed in the subalpine fir/Engelmann
spruce montane forests (Day 1972; Romme and
Knight 1981; Aplet and others 1988; Antos and
Parish 2002). In the Canadian Rockies, Engelmann
spruce dominates stand structure from 50 to
250 years after fire before being replaced by sub-
alpine fir (Day 1972; Antos and Parish 2002).

In central Québec, fire creates a mosaic within
the subalpine belt allowing local coexistence of
post-fire white spruce stands with late successional
balsam fir stands at the same elevation. More fre-
quent fire in the subalpine belt would probably
result in the collapse of the balsam fir forest flora
and its replacement by the fire-prone black spruce
forest flora. In contrast, a reduced fire regime
would most likely favor balsam fir forests. The
increasing similarity with forests of the fir zone in
the absence of fire concurs with the hypothesis that
the subalpine forests of central Québec originate
from a past expansion of the fir zone (de Lafontaine
and others 2010). Fire may have been responsible
for the regional collapse of the balsam fir forest
flora north of 49°N. In the present study we pre-
sented evidence that fire is also the proximal factor
explaining the local concentration of white spruce
dominating subalpine stands. Fire caused a regional
demographic decline but a local demographic
concentration of white spruce. Such a past fluctu-
ation in population size would correspond to that
expressed by the genetic bottleneck signature (low
intrapopulation diversity but high interpopulation
differentiation) of white spruce populations of
central Québec (de Lafontaine and others 2010).

In the Gaspé Peninsula, there was no fire for at
least 3,500 years and the old-growth subalpine
white spruce stands were located at higher eleva-
tion than the subalpine balsam fir stands. The ori-
gin and dynamics of subalpine white spruce stands
in this area are different from those of central
Québec. Among FIRZON, GASFIR, and GASWSP,
the slopes (or elevations) of the size structure
models of Abies balsamea decreased progressively.
This indicates a decrease in the regeneration of
Abies balsamea relative to its abundance in the
overstory (slopes) and a gradual decline of overall
Abies dominance (elevations) between the balsam
fir and white spruce stands of the Gaspé Peninsula.
In contrast, the slopes of Picea glauca models in-
creased. The higher slopes in GASWSP indicate that
there is more spruce regeneration relative to the

amount in the overstory than in the fir forests
implying that the dominance by Picea glauca is
maintained by high regeneration density. This dif-
fers markedly with the comparison among FIRZON,
NORFIR, and NORWSP where Picea glauca regen-
eration was low in all community types. The results
from the Gaspé Peninsula suggests that from the
balsam fir forest of the fir zone to the subalpine
white spruce stands, there is a gradual shift in
dominance from Abies balsamea to Picea glauca.
Among all sites south of 49°N, slopes and/or
intercepts of Picea glauca models increased with
altitude and latitude whereas the intercepts of Abies
balsamea models decreased with latitude. This
indicated that the balsam fir forest of the fir zone
progressively shifts towards a white spruce domi-
nated forest as altitude or latitude increase.

We suggest that the harsh high altitude climate
probably has inhibitory effects on Abies balsamea
which limits its capacity to dominate stands at high
elevation. Picea glauca appears to be more cold tol-
erant and takes advantage of the absence of inter-
specific competition to dominate the upper
subalpine belt on the high plateau of the Gaspé
Peninsula. Absence of white spruce stands in the
other parts of the fir zone may be explained by the
lower altitude and latitude of Laurentian Plateau
and Monts Valin.

Of all the subalpine sites sampled in central
Québec, only one site escaped fire for millennia.
This site is dominated by white spruce, not balsam
fir as would be expected from the prolonged period
without fire. This site exemplifies that the altitu-
dinal sorting process driven by climate described for
stands of the Gaspé Peninsula can also maintain
subalpine white spruce stands in central Québec.
Where the harsh local high altitude conditions
prevent balsam fir to achieve stand dominance,
subalpine white spruce stands can be maintained
without fire in the absence of interspecific compe-
tition at the highest elevation in central Québec.
Climate cooling and reduced fire would probably
result in the formation of an upper white spruce
subalpine belt above a lower subalpine balsam fir
forest on the high plateaus of central Québec.
However, under the current climate, the active fire
regime in the black spruce zone prevents the for-
mation of a neat topographic gradient (as that ob-
served on the high plateau of the Gaspé Peninsula)
by consistently reshuffling most subalpine com-
munities.

For a given boreal tree species, the northern
range limit typically corresponds to its maximum
postglacial spread. However, natural disturbances
can modify the relative abundance of a species
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within its range (Payette 1993). In this context, it is
noticeable that isolated balsam fir stands at their
northernmost limit are exclusively found at high
elevation, in a subalpine environment where cli-
matic conditions approach the ones that limit Abies
balsamea in the absence of fire (as that observed in
the Gaspé Peninsula high plateaus). The virtual
absence of balsam fir stands in the surrounding
lowlands, where the climate is less rigorous but
where fire is more frequent, exemplifies how the
natural disturbances can alter the abundance and
distribution of a species within its climatic enve-
lope. Likewise, the disturbance (fire) regime in the
high plateaus of central Québec was instrumental
in maintaining uncommon communities (subal-
pine white spruce stands), otherwise associated
with harsh climate. With respect to climate chan-
ges, this research thus emphasizes that the influ-
ence of natural disturbances on ecosystems will
need to be properly considered to better predict the
future changes in the abundance and distribution
of the major taxa structuring the different ecosys-
tems.

CONCLUSION

The balsam fir forest flora within the black spruce
zone was maintained in the subalpine belt for
several millennia as demonstrated by the continu-
ous presence of either Abies sp. or Betula sp. char-
coal since 3880 cal. y BP. The northernmost balsam
fir and white spruce stands within the black spruce
zone form distinct species assemblages maintained
by the occurrence of fire. Under the current cli-
mate, without the prevailing fire regime in the
black spruce zone, subalpine stands in central
Québec would likely become more similar to the
balsam fir forest of the fir zone. The similar struc-
ture of the northernmost stands and stands of the
fir zone concurs with the hypothesis of the histor-
ical northern expansion of the balsam fir forest (de
Lafontaine and others 2010). Fire likely caused the
regional collapse of the balsam fir forest flora in the
lowlands north of 49°N. However, fire is also the
primary mechanism allowing local coexistence of
white spruce dominated stands among the residual
subalpine balsam fir forest flora. In central Québec,
the subalpine forests are thus a mosaic of different
post-fire successional stages coexisting at similar
elevation on the high plateaus of the black spruce
zone. The subalpine white spruce and balsam fir
stands also coexist on the high plateau of the Gaspé
Peninsula but this pattern results from a different
process. There, no fire was recorded and climate at
high altitude is the primary factor explaining the

distribution of subalpine balsam fir and white
spruce stands at different elevations.

This research was based on a multidisciplinary
approach integrating data from soil charcoal
radiocarbon dating, stand structure, species com-
position and ecological history that allowed us to
determinate the origin and dynamics of the subal-
pine boreal ecosystems in eastern North America.
The use of such a multiproxy approach was
essential to uncover the different ecological mech-
anisms (fire or harsh, high elevation climate)
driving the studied subalpine ecosystems that ap-
peared similar at first glance. Given the fact that
this approach was useful in studying boreal eco-
systems, which are quite simple in comparison with
other terrestrial biomes, temperate or tropical, we
stress that the use of such an integrative approach
should be used when studying structural or com-
positional differences among terrestrial ecosystems.
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