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Local versus regional processes: can soil characteristics
overcome climate and fire regimes by modifying

vegetation trajectories?
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ABSTRACT: We analysed charcoal and pollen from sediments obtained from two lakes in the northwestern mixed-
wood Canadian boreal forest in order to reconstruct fire-return intervals and vegetation dynamics over the last 8000
years. Sites were selected with contrasting soil properties (mesic versus dry-sandy soils), allowing an estimation of the
potential influence of soils on long-term vegetation and fire dynamics. The sites likely experienced fewer fires during
the period extending from 8000 to 4000 cal. a BP than over the last 4000 years. At both sites, eastern white pine (Pinus
strobus) populations were most extensive shortly after deglaciation, with vegetation later shifting towards mixed
woodlands with less P. strobus and more extensive Picea and Pinus banksiana populations. This gradual vegetation
shift was probably induced by the establishment of colder and moister conditions along with a fire-regime change. In
spite of the parallel long-term vegetation trajectories, vegetation composition differed between the two sites in both the
past and present. Whereas Picea was more abundant at the mesic site, the fire-adapted P. banksiana populations were
more extensive at the sandy-soil site. These differences in vegetation composition indicate that, in addition to climate
changes and fire occurrence, soil properties also influenced vegetation dynamics. A likely increase in fire frequency in
the Canadian boreal forest during the 21st century might therefore favour the expansion of these two disturbance-
adapted trees with spatial heterogeneity in the populations due to varying soil types. Copyright © 2012 John Wiley &

Sons, Ltd.
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Introduction

Fire is a natural disturbance that exerts a major influence on
terrestrial ecosystems (Wright, 1974; Bond et al., 2005). Fire
notably contributes to the maintenance of the functions of the
boreal forest (Johnson, 1992; Niklasson and Granstrom, 2000;
Bergeron et al., 2004). However, as a consequence of
environmental changes, the frequency and intensity of natural
and anthropogenic disturbances are expected to fall outside
their natural range of variability within the next few decades
(Schar et al., 2004; Fischlin et al., 2007; Cyr et al., 2009),
potentially threatening the integrity of these forest ecosystems.
In eastern Canada, models suggest that, over the next century,
higher summer temperatures associated with lower precipi-
tation may induce an increase in fire frequency and burned
areas (Bergeron et al., 2010), along with potential environ-
mental and economical consequences associated with the loss
of forest resources (Flannigan et al., 2005). Moreover,
vegetation shifts toward communities dominated by fire-
adapted species might have a positive feedback effect on fire
regimes through changes in plant flammability, fuel load, or
landscape connectivity (Rupp et al., 2002; Hu et al., 2006).
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Negative feedbacks could also occur because recently burned
areas would be less likely to burn again over short periods
(Krawchuk and Cumming, 2011). If fires of intermediate
frequency promote high levels of species diversity (Pickett and
White, 1985), variations in fire frequency outside this
intermediate level could alter species composition (Shugart,
1984), which contradicts sustainable management aims.
Therefore, an understanding of long-term climate-veg-
etation—fire interactions is important for sustainable forest
management (Bergeron et al., 1998) and biodiversity con-
servation (Willis and Birks, 2006). Moreover, a better knowl-
edge of the impact of fire regimes on forest communities over
the last millennia is needed to accurately forecast the
relationships between vegetation composition and fire, and
to improve our understanding of the long-term ecological
processes that influence vegetation dynamics. However, while
the usual scheme of top-down regional processes control is well
studied, the role of local factors such as soil properties is less
well known, resulting in poor estimations of its impact.
Throughout the Holocene, boreal ecosystem fire regimes
were variable (Carcaillet et al., 2007; Ali et al., 2009a; Higuera
et al., 2009), with the fire season length (Hély et al., 2010)
fluctuating in response to climatic variations (Carcaillet et al.,
2001; Lynch et al., 2004; Hallett and Hills, 2006) or to changes
in vegetation composition (Hu et al.,, 2006; Higuera et al.,
2009). Physiographic features, such as surficial deposits, and
human activities have also been shown to influence fire regimes
across the boreal forest (Mansuy et al., 2010; Seneci et al.,
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2010), with soils of different textures often supporting dissimilar
communities due to different levels of soil moisture and
nutrients (Brubaker, 1975). Nevertheless, despite the ecological
and economical relevance of boreal forests, our knowledge on
the influence of physiographic features on plant communities
remains weak.

The present study aims to explore the long-term influence of
regional (e.g. climate) and local-scale factors (e.g. soil type) on
long-term wildfire and vegetation dynamics in a boreal
ecosystem, with a particular focus on their interactions. We
hypothesize that if climate is the main factor controlling fire
frequency and vegetation dynamics within a given region,
comparable fire and vegetation histories should be expected at
the regional scale. In contrast, different fire histories or
vegetation dynamics would be expected if the effects of
climate changes are overlain by local factors such as soil
properties. For example, it is conceivable that vegetation on
well-drained soils would be more drought adapted and more
resilient to fire spread.

We analysed sedimentary pollen and charcoal from two
lakes located on the central boreal shield (northern Ontario).
While climate is quite similar across the region, there is a large
spatial variation in soil types. In addition, this area is considered
to be the most diverse area of the North American boreal forest
in terms of vegetation (Qian et al., 1998; Kier et al., 2005).
Therefore, northern Ontario may offer a unique suitable
opportunity to decipher the impacts of large-scale processes
on fire regimes and on long-term vegetation dynamics.

Materials and methods
Study area and site selection

Huard Lake and Christelle Lake are two small basins (Table 1)
located ~200 km apart in northern Ontario (Fig. 1). Christelle
Lake is situated in the Clay Belt, an area characterized by poorly
drained mesic Gray Luvisols (Canadian Soil Information
Service, 2011) overlying clayey lacustrine sediments that were
deposited in the proglacial Lake Ojibway (Veillette, 1994). In
contrast, the area around Huard Lake, which lies outside the
Clay Belt, is characterized by Humo-Ferric Podzols that occur
on better-drained sandy deposits.

Lake surface area and morphometry strongly influence the
relevant source-area size and source-area shape for the
collection of pollen (Sugita, 1993) and macroscopic charcoal

Table 1. Main characteristics of Huard and Christelle lakes.

Huard Lake Christelle Lake

Latitude 50° 09’ 51” N 49° 40" 57"N
Longitude 86° 49’ 35" W 84° 13 49" W
Elevation (m a.s.l.) 343 291
Lake surface (ha) 3.7 2.4
Water depth (m) 8.3 7.0
Core length (cm) 712 427
Median deposition time (acm™)

8000-0 cal. a BP 10.0 16.9

80004000 cal. a BP 9.2 37.0

4000-0 cal. a BP 13.9 11.7
Soil properties

Soil order Podzolic Luvisolic; gleysolic;

organic; podzolic

Soil great group Humo-ferric podzol Gray luvisol

Material Mineral Mineral

Soil drainage Very rapid, rapid Well, moderately
well

Copyright © 2012 John Wiley & Sons, Ltd.

(Higuera et al., 2007). Huard and Christelle lakes were chosen
for their similarities in size, maximum depth and shape
(Table 1), thus allowing for a comparison between their long-
term pollen-inferred vegetation dynamics and charcoal-
inferred fire-regime changes.

Average annual temperatures recorded from the closest
meteorological stations to Huard Lake (Manitouwadge, 49° 09/
N, 85° 48" W; 332 m above sea level (a.s.l.)) and to Christelle
Lake (Mattice TCPL, 49° 36’ N, 83° 10’ W; 233 m a.s.l.) are
1.4+1.2°C and 0.1 £ 3.3°C (mean =+ SE), respectively, with an
average of 859 and 841 mm annual precipitation, with ~34%
and 38% falling in the form of snow (series 1971-2000;
Environment Canada, 2011).

At both sites, the regional vegetation consists of boreal
mixed-wood forests. At Huard Lake, forests are dominated
primarily by Pinus banksiana Lambert, Picea glauca Moench,
Abies balsamea (L.) Mill. and Betula papyrifera Marshall.
Conversely, on the mesic soils around Christelle Lake, forests
are dominated by A. balsamea, P. glauca and Populus
tremuloides Michx. Thuja occidentalis L. is a minor component
of the forests. At both sites, the forest understorey is composed
of shrubs including Rhododendron groenlandicum (Oeder)
Kron and Judd, Kalmia angustifolia L., Vaccinium angustifo-
lium Ait. and Gaultheria hispidula (L.) Muhl., herbs (mainly
Cornus canadensis L.) and bryophytes (mainly Sphagnum spp.
and Pleurozium schreberii (Brid) Mitt.).

Fieldwork and sediment chronologies

Sediment cores were taken from the frozen lake surfaces in
March 2008 with a Livingstone-type square-rod piston corer
(100 x 5 cm) (Wright, 1967) with the sediment-water interface
being collected with a Kajak-Brinkhurst gravity corer (KB;
Glew, 1989) (50 x 7.5 cm). Radiocarbon ages were calibrated
with CALIB 6.0 (Stuiver and Reimer, 1993) using the Intcal09
dataset (Reimer et al., 2009). Datings were obtained from
terrestrial plant macro-remains or on bulk organic sediment
when macro-remains were not abundant enough for accel-
erator mass spectrometric measurements (i.e. when the weight
of plant macrofossils was <0.1 mg). Age-depth models (Fig. 2)
were calculated using calibrated '*C dates (Table 2) and by
applying a Stineman smoothing function (Stineman, 1980) on
the age-depth distribution.

Basal ages at the interface between the proglacial sand and
the postglacial gyttja were compared to the ages of the
Laurentide Ice Sheet margins as reported by Dyke (2005) at
1000 'C a BP time intervals and arbitrarily using an age
uncertainty of + 50 '*C a before calibrating Dyke’s '*C ages.
Although the spatial and temporal uncertainties of Dyke's
dataset are large, this comparison helped to decipher the local
timing of the afforestation processes, which followed the retreat
of the Laurentide Ice Sheet.

Charcoal and pollen analysis

For charcoal quantification, contiguous (every centimetre)
sediment samples (1 cm®) were soaked in a 3% NaP,O,
solution and then sieved through a 160 wm mesh. The sieved
residues were washed in 10% NaOCI to bleach dark organic
matter. Charcoal particles were identified, counted and
measured (surface; mm?) under a dissecting microscope
coupled to a digital camera and image analysis software at
x40 magnification (Regent Instruments Canada Inc., 2009).
Charcoal abundance was transformed to a charcoal accumu-
lation rate (CHAR; mm” cm™? a™') using the age—depth model.

Based on the age-depth model, the sampling interval for
pollen analysis was ca. 100 a between successive samples. The
collected sediment subsamples of 1 cm® were processed
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Figure 1. Location of Huard and Christelle
lakes (Ontario, Canada), the Clay Belt (dark-
grey area), vegetation zones and ice sheet
\ margins at different time periods (see legend;
™™ adapted from Dyke, 2005). Great Lakes are
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following Faegri and Iversen (1989). Pollen grains were
counted using a transmitted-light microscope at x400
magnification. Pollen concentration (grainscm ™) was esti-
mated using Lycopodium spores that were added before
processing (Stockmarr, 1971). At least 300 terrestrial pollen
grains (excluding aquatic pollen and fern spores) were counted
per sample. However, fewer than 150 grains were counted in
the inorganic-rich sediment samples at the base of the Christelle
Lake core owing to low pollen concentrations. Pollen grains
were identified using pollen keys (Richard, 1970; McAndrews
et al., 1973; Faegri and Iversen, 1989; Moore et al., 1991),
pollen atlases (Reille, 1995-1999) and pollen reference
collections at the Laboratory of Continental Paleoecology
(GEOTOP and Geography Department, University of Québec
at Montréal). Pollen percentages were calculated based on the
pollen sum of terrestrial plants excluding pollen from obligate
aquatics and spores.

Numerical analyses

To reconstruct local fire events, the sedimentary macro-charcoal
records (CHAR) were broken down into low-frequency
(background; Cpackground) and peak components (or residual
series; Cpeal) Using a locally defined threshold to identify local
fire events. Although we cannot rule out the possibility of
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indicated by light-grey shaded areas.

charcoal pieces larger than 160 um to exceptionally travel
long distances (Pisaric, 2002; Tinner et al., 2006; Higuera
et al., 2007), empirical and modelling studies indicate that
peaks of CHAR are indicative of fire occurrence within a
distance of ~1.2-3.0km from the lakeshore (Higuera et al.,
2007, 2010). We estimated Cpackground With a locally weighted
regression (lowess) using a 400-500 a window width. Peak
components (Cpeal) Were obtained by subtracting the Cpaciground
from Cinterpolateds Which corresponded to a resampled record
of the CHAR series. The deposition time (i.e. inverse of sediment
accumulation rate) fluctuated greatly within and between
records. Whereas the median deposition time of the two
records differed greatly during the period 8000-4000 cal. a BP
(37 acm™" at Christelle Lake; 9 a cm™" at Huard Lake), median
deposition times were similar during the period 4000-0 cal. a
BP (12 a cm™"' at Christelle Lake; 14 a cm™' at Huard Lake).
Therefore, to better compare the fire history between the
two sites and avoid any biases related to changes in
deposition time, we used a median deposition time of 40 a
cm™' (Table 1) to compute Cinterpolated S€ries. However, we
also present the results of the reconstructed fire return
intervals (FRI) based on a deposition time of 15 a cm™', as
resampling a record with deposition times greatly below real
ones can lead to a loss in fire event detection (as in the period
4000-0 cal. a BP).

Figure 2. Age—depth models for (a) Huard
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Lake and (b) Christelle Lake. Squares represent
ages obtained from gyttja and circles represent
ages obtained from plant material.
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Table 2. Conventional radiocarbon age determinations ('*C a BP) and calibrated age ranges (cal. a BP) for samples from Huard Lake and Christelle

Lake.

Site and depth range (cm) Laboratory code CaBP £20 Cal. a BP £20 13¢/12C ratio (%o) Dated materials

Huard Lake
62-68 Beta-248443 80 £40 0-134 -28.0 Plant
137-140 Beta-248444 1500 & 40 1307-1516 —33.7 Plant
141-142 Beta-248445 1460+ 40 1296-1410 —28.3 Gyttja
269-270 Beta-248446 3440+40 3590-3830 —28.9 Gyttja
381-382 Beta-248447 4160+ 40 4571-4831 -27.0 Gyttja
471-472 Beta-248448 488040 5488-5712 —-27.3 Gyttja
581-582 Beta-248449 5580+40 6287-6452 -29.2 Gyttja
687-688 Beta-248450 8960+ 40 9909-10,233 -31.2 Gyttja

Christelle Lake
64-65 Beta-248438 1760 £ 40 1565-1811 —27.2 Gyttja
160-170 Beta-248439 2200440 2123-2331 -26.9 Plant
260 Beta-248440 3110£50 3212-3443 —28.5 Plant
365-366 Beta-248441 5760 £50 6440-6670 —-25.4 Plant
405-410 Beta-248442 7780£50 8428-8641 —27.2 Plant

The selected window width to estimate Cpackground Maxi-
mized the signal-to-noise index and the goodness-of-fit
between the empirical and modelled peak distributions.
Consistent with theoretical evidence (Gavin et al., 2006;
Higuera et al., 2007, 2009; Ali et al., 2009b), we divided
the Cpeak Series into two subpopulations: (i) noise, which
represents variability in sediment mixing, sampling, and
analytical and naturally occurring noise; and (ii) fire events
(Chire), representing charcoal input from local fires. For each
sample, we used a Gaussian mixture model to identify the noise
distribution with a 99th percentile value threshold for
separating samples into fire and non-fire events. FRI, which
correspond to an estimate of the time-span between consecu-
tive local fire events, were obtained from the Cge series. All
statistical treatments were calculated with the program
CharAnalysis version 1.0 (Higuera et al., 2009).

To compare the local fire histories between the two study
areas, we examined median fire return intervals (mFRI) and FRI
distribution using non-parametric two-sample Mann-Whitney
(MW) and Kolmogorov-Smirnov (KS) tests (Ali et al., 2009a).
Comparisons were made between 8000 and O cal. a BP,
corresponding to the period covered by the '*C dating at both
sites (excluding the extrapolation). The FRI records were
divided into two equally long periods (8000-4000 and 4000~
0 cal. a BP) to determine whether the Neoglacial climate
cooling in central Canada (4500-1500 cal. a BP; Viau et al.,
2006) had affected the fire regime. Indeed, in North America,
this period is characterized by the well-documented establish-
ment of cool and wet climate conditions (Gajewski, 1993;
Moos et al., 2009; Viau and Gajewski, 2009).

Stratigraphic changes in the pollen records were determined
by optimal partitioning using the program ZONE (Juggins,
1991). The number of statistically significant zones was
obtained by comparison with the broken-stick model (Bennett,
1996) using BSTICK (J. M. Line and H.J.B. Birks, unpublished
program, 1996).

To estimate the compositional turnover in the pollen data,
detrended correspondence analysis (DCA; Hill and Gauch,
1980) with detrending by segments and down-weighting of rare
species was used. Since this gradient was found to be less than
2.0 SD units, pollen taxa were assumed to show mostly
monotonic behaviours over the observed gradient, and thus
linear-based ordination methods (principal component
analysis, PCA, and redundancy analysis, RDA) were used
(ter Braak and Prentice, 1988). The PCA and RDA were
calculated with centring by species. Rare species were down-

Copyright © 2012 John Wiley & Sons, Ltd.

weighted for the PCA. As the Hellinger distance between
samples is retained in an ordinary PCA (with square-root
transformed relative species abundances and calculated on a
covariance matrix), the distance between samples in a scatter-
plot of the first two axes can be interpreted as a dissimilarity
measure (Legendre and Gallagher, 2001).

Indirect gradient analysis (PCA) was used to investigate the
variability of vegetation composition at the two sites and
to compare both vegetation trajectories through time. Variables
describing different aspects of fire history (i.e. CHAR,
CHARp.ck, FRI) were plotted as passive variables in the PCA
ordination plots. CHARpack, as well as CHAR, may reflect the
regional fire history (Higuera et al., 2007, 2010), and can thus
be linked to the regional vegetation inferred by pollen, while
FRI reflects local fire events.

Direct gradient analysis (RDA) was used to test the influence
of fire occurrence on vegetation. In each RDA, only one fire
history variable was used at a time in order to constrain the first
RDA axis. The statistical significance of the first RDA axis (at
P <0.001) was tested using a Monte Carlo permutation test
(999 unrestricted permutations). In order to remove the
influence of the temporal autocorrelation, partial RDAs were
used with time added as a co-variable. All ordinations
were performed using square-root transformed pollen percen-
tages with the software CANOCO version 4.5 (ter Braak and
Smilauer, 2003). To avoid the influence of an ecologically non-
relevant pollen taxon, the counts of non-identified Pinus pollen
(e.g. single sacci, broken pollen grains) were redistributed into
the two identified Pinus classes (P. strobus and P. cf. banksiana)
based on their relative abundance.

Results
Chronological setting and sedimentation rates

Radiocarbon dating indicated that continuous coarse
organic matter (gyttja) deposition started ca. 10000 cal. a BP
(at ~688 cm) and ca. 8500 cal. a BP (at ~410 cm) at Huard Lake
and Christelle Lake, respectively (Table 2 and Fig. 2).
Deposition times vary from 4.9 to 54.0 a cm ™' at Christelle
Lake (mean+SD =22.5+0.8 acm ') and from 1.9 t0 59.2 a
cm™' at Huard Lake (mean+SD=16.2+0.5a cm™").

Fire reconstruction

Using a 40 a time resolution per sample, 33 fire events were
reconstructed at Huard Lake since 11 500 cal. a BP (Fig. 3). The

J. Quaternary Sci. (2012)
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lake possessed an mFRI of 260 a for the past 8000 a
(Table 3). The period extending between 8000 to 4000 cal.
a BP displayed a longer mFRI (360 a), while the past 4000 a
showed a shorter mFRI (200 a). Fires were more frequent after
6000 cal. a BP where the resolution was 15 a per sample
(Fig. 3).

At Christelle Lake, 26 fire events were identified between
9000 and 0 cal. a BP with an mFRI of 240 a for the past 8000 a
(Table 3). The period extending between 8000 and 4000 cal. a
BP displayed a longer mFRI of 360 a. Although overall
Christelle Lake experienced a shorter mFRI during the past
4000 cal. a BP (180 a), most fires were clustered in the past
1000 cal. a BP, with longer FRI (ca. 500-900 a) occurring
between 3000 and 1000 cal. a BP. Nevertheless, this increase

Copyright © 2012 John Wiley & Sons, Ltd.

values for a resolution of 15 a per sample.

in FRI disappears when using a resolution of 15 a per sample to
reconstruct local fire events (Fig. 3).

Comparisons made between the two sites using a 40 a per
sample resolution displayed a comparable fire history since at
least 8000 cal. a BP (P> 0.05) (Table 3). However, different
results are obtained when using a 15 a per sample resolution,
with significant dissimilarities in fire histories between the two
sites over the last 8000 cal. a BP. This result is more realistic for
the period extending between 4000 and O cal. a BP, where the
two sites possess comparable deposition times (13.9 versus
11.7 a cm™'). While the two sites displayed comparable fire
frequencies (MW test, P> 0.05) during this period, the actual
timing of fire events was dissimilar between the two sites (KS
test, P< 0.05).

J. Quaternary Sci. (2012)
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Table 3. Two-sample Mann-Whitney (MW) and Kolmogorov—Smirnov (KS) tests between FRI at Christelle and Huard lakes.

8000-0 cal. a BP

8000-4000 cal. a BP 4000-0 cal. a BP

Sample resolution Christelle Huard P-value Christelle Huard P-value Christelle Huard P-value
40acm™’
MW test 0.936 0.447 0.529
KS test 0.968 0.735 0.559
Fire no. (n) 23 26 9 11 14 15
Median FRI (a per fire) 240 260 360 360 180 200
15acm™’
MW test 0.007 <0.0001 0.805
KS test <0.0001 <0.0001 <0.0001
Fire no. (n) 42 66 12 34 30 32
Median FRI (a per fire) 170 110 374 100 110 115

Vegetation dynamics

Tree pollen abundance at Huard Lake was greater than 70%
throughout the entire profile (Fig. 4a), indicating that trees were
persistently present in the surroundings of the lake since at least
10 700 cal. a BP. Between 11 500 and 10 700 cal. a BP (zone
H1), woodland was dominated by Picea and Pinus strobus, with
tall shrubs (e.g. Salix) being sparsely present. Among the herbs,
Ambrosia, Asteraceae, Chenopodiaceae, Poaceae and Cyper-
aceae were the most abundant. Around 10 700 cal. a BP (onset
of zone H2), a shift towards lower relative abundances of
P. strobus associated with increasing of Picea values occurred.
The presence of Larix laricina, Betula, Quercus, Pinus bank-
siana and Ulmus pollen indicates a more diverse woodland
composition with higher abundances of shrubs, mainly Alnus
crispa type. Around 9400 cal. a BP (onset of zone H3), the
Picea-dominated pollen assemblages shifted back to P. strobus-
dominated assemblages. This change was followed by a
gradual increase of Betula and P. banksiana and by a decrease
in P. strobus, which dropped markedly at ca. 6200 cal. a BP
(onset of zone H4). Together with this decrease, pollen
frequencies of shrubs (Alnus incana type and Corylus cornuta)
increased and herb pollen declined, likely indicating a further
densification of the vegetation. At 2700 cal. a BP (onset of zone
H5), Picea populations rapidly recovered. The gradual increase
in P. banksiana was associated with a gradual decline of Betula.
The discontinuous presence of P. strobus pollen indicates its
apparent disappearance in the area.

At Christelle Lake woodland cover values were high starting
at ca. 8500 cal. a BP (onset of zone C2). During zone C1 (9500~
8500 cal. a BP), pollen assemblages were dominated by herbs,
mainly Cyperaceae, with lower abundances of tree (e.g. Picea
and Pinus strobus) and shrub pollen, indicating a more open
ecosystem. The onset of zone C2 was marked by a rapid rise of
Betula, a more gradual increase in Quercus, Alnus crispa type,
Ulmus and Fraxinus nigra, and by the occurrence of Thuja
occidentalis/Juniperus pollen (likely Thuja). Abies balsamea
pollen, which was absent in zone C1, was continuously
recorded since ca. 7500 cal. a BP. Amongst the shrubs, Acer
spicatum, A. crispa type and Salix pollen percentages
increased, with Alnus incana type relatively abundant. Around
6100 cal. a BP (onset of zone C3), P. strobus pollen percentages
gradually started to decrease, and those of Betula and A. incana
type increased. Picea percentages were at their lower values in
this zone, while the discontinuous presence of T. occidentalis/
Juniperus pollen (<1% of pollen sum) suggests a minor
population expansion of Cupressaceae between 5000 and
2500 cal. a BP. Throughout zone C4 (4100-900 cal. a BP),
Picea frequencies increased and P. strobus pollen continued to

Copyright © 2012 John Wiley & Sons, Ltd.

decline. Between 2500 and 1000 cal. a BP, Tsuga canadensis
pollen was regularly recorded, perhaps due to long-distance
pollen transport. Finally, zone C5 (900-0 cal. a BP) was marked
by a slight increase in shrubs (mainly A. incana type) and Pinus
banksiana pollen.

Fire-vegetation relationships

To summarize the vegetation changes within the past 8000 a,
an ordinary PCA was used (Fig. 5). The first two PCA axes
explain 50% and 34% of the total variance of the Huard and
Christelle datasets (Fig. 5a, c), respectively. In both cases, the
first axis clearly separated the assemblages according to their
age. The main long-term vegetation trajectories, as summarized
by the first axes (Fig. 5b, d), are characterized by a change from
P. strobus-dominated assemblages to mixed assemblages with
increasing abundances of Picea, Alnus incana type, Abies and
Pinus banksiana. The second PCA axes are mainly related to
changes in Betula abundance and, to a lesser degree, that of
P. banksiana. FRI are strongly correlated with the first PCA axes
when added passively in the ordination space. The three
environmental variables tested in RDA (CHAR, CHARp .k and
FRI), were highly significant (Table 4). The percentage of
variance explained by these variables was higher for Christelle
Lake than for Huard Lake. The percentage of variance
explained by fire-related variables strongly decreased when
time was partialled out in the RDAs and in several cases was not
statistically significant.

The PCA of the combined Huard and Christelle pollen
datasets (Fig. 5e-f) highlighted two temporal diverging
vegetation trajectories. The first two PCA axes explained
51% and 15% of the total variance, respectively. Similarly to
the ordination plots of the individual sites, the species mainly
related to the first PCA axis were Pinus strobus and Pinus
banksiana. However, in contrast to the PCA of individual
datasets, the second PCA axis of the combined dataset was
mainly related to Picea and Alnus incanatype. The PCA scatter-
plot of the combined dataset (Fig. 5e) indicated parallel
vegetation trajectories without overlap. When tested in RDA,
CHARpack, FRI and CHAR were all statistically significant,
CHARpack and FRI explaining 6.6% and 9.7% of the variance in
the species data, respectively (Table 4). CHARp,ck and FRI had a
strong loading on the first PCA axis with higher biomass burning
rates when P. banksiana and A. crispa type were more
abundant and longer FRI when forest cover was dominated by
P. strobus (Fig. 5e, f). When time was partialled out in the RDAs,
CHARpack and FRI showed stronger relationships (P<0.001)
with the pollen data than CHAR (P<0.005).
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Figure 4.

Summary diagrams of pollen percentages (selected taxa with maximum abundance > 1% in at least one sample) at (a) Huard Lake and (b)

Christelle Lake. Horizontal dashed lines indicate statistically significant pollen assemblage zone boundaries. Grey fillings: x 10 exaggeration factor of

pollen percentages.

Spearman correlation analyses between FRI and pollen
percentages of tree taxa (Table 5) provide another insight into
fire—vegetation relationships, with Pinus strobus being clearly
positively correlated at both sites. Salix was positively
correlated with FRI only at Huard Lake, whereas Larix laricina

Copyright © 2012 John Wiley & Sons, Ltd.

was only correlated with FRI at Christelle Lake. Conversely,
correlation analysis indicated that Pinus banksiana, Alnus
incana type and Corylus cornuta were negatively correlated
with FRI at both sites, Betula and Abies balsamea were
negatively correlated only at Huard Lake and Picea was
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Figure 5. Ordination diagrams of PCA for pollen assemblages from Huard Lake (a, b), Christelle Lake (c, d) and the combined Huard and Christelle
dataset (e, f). Left: sample—environment biplots with environmental variables (dashed arrows) plotted passively into the ordination space; right: species
plots (only taxa with the highest weights are shown). This figure is available in colour online at wileyonlinelibrary.com.

negatively correlated only at Christelle Lake. Alnus crispa type
showed contrasting responses to FRI at both sites, with negative
correlations at Huard Lake and positive ones at Christelle Lake.
Thuja occidentalis/Juniperus, Tsuga canadensis, Ulmus, Frax-
inus nigra type, Quercus, Acer saccharum, Fagus grandifolia
and Acer spicatum presented no significant correlations with
FRI at any of the sites.

Copyright © 2012 John Wiley & Sons, Ltd.

Discussion

The reconstruction of local fire events based on charcoal
analysis from Huard and Christelle Lakes underlined compar-
able fire histories during the 8000-4000 cal. a BP period
(resolution of 40 a per sample; Table 3). During the period
extending between 4000 and O cal. a BP, the two sites were

J. Quaternary Sci. (2012)



LOCAL VS REGIONAL CONTROLS ON VEGETATION TRAJECTORIES

Table 4. Percentage of variance of the pollen assemblages explained
by different components of the charcoal records in redundancy analysis
(RDA) for Huard Lake, Christelle Lake and for the combined dataset for
the 8000-0 cal. a BP period.

CHAR CHARpack FRI
Huard Lake 1.2 (1.2) 2.0 (3.2™) 6.2 (1.8)
Christelle Lake 1.6 (1.7) 3.3(2.7) 8.5 (2.5)
Combined dataset 2.2 (3.3™) 6.6 (8.5"") 9.7 (5.2"")

In parentheses: values when time was partialled out from the RDA.
Significance levels of the first RDA axis, which was solely constrained
by one variable at a time and tested with 999 unrestricted Monte Carlo
permutations, are noted as follows: **P < 0.01; P < 0.001.

subject to the same fire frequency but with independent fire
regimes (resolution of 15 a per sample; Table 3). Pollen records
and ordination analyses indicate a gradual vegetation shift
characterized by a decrease in Pinus strobus populations, with
a simultaneous extension of forest stands dominated by Picea
and Pinus banksiana.

Afforestation and ice sheet retreat dynamics

The pollen records and '*C dates from Christelle and Huard
Lakes give new insights into both the retreat of the Laurentide
Ice Sheet and rapidity of postglacial afforestation in eastern
Ontario. Several '*C dates obtained from the lakes were
measured on bulk sediments, implying the possibility of an
ageing of 500-2000 years as compared to ages measured on
terrestrial plant materials (Grimm et al., 2009). However, the
13C/"2C ratios for most of the bulk '*C dates obtained from both
lakes range between —25%o and —30%o (Table 1), indicating
that the isotopic fractionation is in agreement with plants
absorbing carbon in equilibrium with the atmospheric carbon
dioxide content (O’Leary, 1981). The oldest 14C dates at Huard
and Christelle Lakes were taken at the transition between sandy
(proglacial) and gyttja (postglacial) deposits and gave an age
range of 10 230-9910 and 8645-8425 cal. a BP, respectively.
Based on Dyke (2005), Huard Lake would be nearer to the ice
sheet margin than Christelle Lake at 10 245-9925 cal. a BP

Table 5. Correlation analyses (r) between the FRI and pollen percen-
tages for Huard Lake and Christelle Lake.

Taxon Huard Lake Christelle Lake
Abies balsamea -0.35 ™ —-0.10
Picea sp. 0.02 -0.28 **
Pinus strobus 0.50 ™ 0.25 ™
Pinus cf. banksiana —0.49 ™ -0.34 ™
Larix laricina —-0.01 0.29 ™
Thuja occidentalis/Juniperus 0.19% -0.12
Tsuga canadensis 0.01 0.015
Betula sp. -0.32 0.04
Quercus sp. —0.02 0.05
Ulmus sp. 0.07 0.20
Acer saccharum 0.02 0.14
Fraxinus type nigra —0.05 0.12
Fagus grandifolia -0.13 0.04
Alnus type crispa -0.23 " 0.30 **
Alnus type incana —0.44 ™ -037 ™"
Salix sp. 021~ 0.10
Acer spicatum —0.12 0.06
Corylus cornuta -0.29 ™" —0.26"

*P<0.05; " P<0.01.

Copyright © 2012 John Wiley & Sons, Ltd.

(9000 *C a BP) (Fig. 1). Although we have to carefully interpret
the small-scale map and take into account dating uncertainties
of Dyke (2005), if we assume that the ice sheet margin retreated
simply towards the northeast, Huard Lake would have been ice
free before Christelle Lake, explaining the 1500-year time lag of
afforestation and gyttja sediment deposition between the two
lakes.

Based on the estimated ages of the lowermost '“C in the two
lakes, it seems that gyttja formation started rapidly once the ice
sheet retreated. The landscape was covered by forests that
potentially burned as early as ca. 10 070 cal. a BP at Huard Lake
and 8535 cal. a BP at Christelle Lake, as inferred from high
arboreal pollen percentage values in the lowermost '*C-dated
sediment samples and the first occurrence of fire events (Table 1
and Fig. 3). The rapid afforestation at both sites agrees well with
studies in North America (Florin and Wright, 1969; Richard,
1980; Ritchie and MacDonald, 1986) and in northern Europe
(Heikkila et al., 2009) that show that trees were present near the
front edge of the retreating ice sheets.

Past fire regimes: a regional control

The two sites recorded similar fire histories between 4000 and
0 cal. a BP. These data support the idea of regional control
factors, such as climate fluctuations, in the long-term fire
frequency dynamics, even if non-climatic factors likely
controlled the ignition of fires inducing different FRI distri-
butions (Table 3). Moreover, in the boreal mixed-wood region
(600-400 km east of our study area), a gradual shortening of FRI
was recorded after 4000 cal. a BP (Carcaillet et al., 2010),
indicating that the fire regime change towards lower FRI
influenced a large range of the Canadian mixed-wood boreal
forests.

According to a number of palaeoclimate reconstructions, the
period centred around 4000-3000 cal. a BP is a transitional
period when climate became wetter and colder in northeastern
North America (Kerwin et al., 2004; Viau et al., 2006; Viau and
Gajewski, 2009). The influence of that climate change on fire
regimes varied between regions. It has been suggested that
whereas in northern dense coniferous boreal forests FRI
gradually became longer (Ali et al., 2009a) due to a shortening
of the fire season length (Hély et al., 2010), FRI became shorter
in the boreal mixed-wood region further to the east (Carcaillet
et al., 2010). Two explanations could be involved in this
difference in fire history between the mixed-wood and the
coniferous boreal forests in response to the Neoglacial climate
change. First, the Neoglacial impacted primarily the summer
fire season and wildfires in the mixed-wood boreal zones are
controlled by climate conditions operating during the spring
fire season (April-June). Second, in boreal mixed-wood forests,
flammable conifers such as Picea and Pinus banksiana
expanded during the Neoglacial (Fig. 4; Carcaillet et al.,
2001, 2010), with likely positive feedbacks on fire frequency.
The feedback maintained a high fire frequency in the mixed-
wood boreal zones between 7000 and 5000 cal. a BP (Fig. 3),
when climate was warmer and mostly drier than today,
corresponding to the Holocene climatic optimum in eastern
Canada (Carcaillet and Richard, 2000; Viau and Gajewski,
2009).

Vegetation history: from regional to local
prevailing factors

The vegetation dynamics at both lakes have followed parallel
trajectories since 8000 cal. a BP, which is consistent with
vegetation dynamics at other sites in eastern Canada located
several hundred kilometres eastward (Richard, 1980; Liu, 1990;
Carcaillet et al., 2001, 2010). The main long-term vegetation
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trajectories (Fig. 5e, f) pinpoint changes from Pinus strobus-
dominated woodlands to boreal mixed-wood woodlands,
where Picea, Pinus banksiana, Abies, Thuja occidentalis/
Juniperus and Alnus incana type became predominant.
However, the combined PCA showed that the timing and
modalities of the main changes triggering the establishment of
present-day vegetations were different at each site.

Pinus strobus and Betula were co-dominant between 9400
and 6300 cal. a BP and between 8600 and 6200 cal. a BP at
Huard and Christelle lakes, respectively. Pinus strobus reached
its maximum abundance at both sites between 8500 and
6500 cal. a BP. The decrease in P. strobus pollen percentages
following this temporal period highlighted the range contrac-
tion and southward retreat of its populations (Liu, 1990). This
event was time transgressive, with P. strobus populations
decreasing earlier at Huard Lake (8500 cal. a BP) than at
Christelle Lake (6500 cal. a BP; Fig. 3). The earlier decline of
P. strobus populations at Huard Lake, associated with the
expansion of Pinus banksiana, could partly result from an
earlier decrease of FRI (Fig. 3). Indeed, P. strobus appears
clearly positively correlated to FRI, while P. banksiana is
negatively correlated (Table 5). The increase in boreal species
induced by the progressive establishment of colder and moister
conditions during the Neoglacial likely contributed to the
decline of P. strobus populations, as suggested by Liu (1990).

Despite its low pollen abundance (Fig. 4), Abies balsamea
can be considered to have been locally present because of its
low pollen production and dispersal distance (Richard, 1976).
From ca. 6000 cal. a BP, A. balsamea has been continuously
present around the lakes, with its abundance increasing during
periods characterized by shorter FRI (Figs and 5 and Table 5),
which is similar to other sites situated in the boreal mixed-wood
(Carcaillet et al., 2001, 2010). This suggests that the fire regime
did not control the size of A. balsamea populations in the
mixed-wood boreal forests, contrary to what was suggested by
Ali et al. (2008) for the coniferous boreal forest region located
east of our study site. The role of climate (cooling) appears to be
a better argument for the expansion of conifers (including
A. balsamea) in the boreal mixed-wood, with the possible
occurrence of low-severity fires.

The slightly higher abundances of Cupressaceae pollen (i.e.
Thuja occidentalis/Juniperus) during the mid Holocene (Fig. 4)
is a common feature in pollen records from the Clay Belt
(Richard, 1980, Liu, 1982, 1990; Carcaillet et al., 2001).
Evidence from macrofossil records (Liu, 1982) strongly suggests
that the mid Holocene Cupressaceae pollen abundance may
indicate the expansion of Thuja occidentalis. Juniperus
communis remains a rare species in the eastern boreal forest
of Canada. The decrease of Thuja occidentalis populations at
Christelle Lake coincided with the decrease in FRI but the
correlation analysis did not indicate any significant relationship
(Table 5).

At Huard Lake, the mid Holocene (zone H4; Fig. 4)
corresponded to a period of decreasing FRI (Fig. 3). The
continuous record of Picea pollen indicates its presence around
the lake, as well as Larix. This decreasing FRI coincided with an
increase in the abundance of Alnus incana type, Pinus
banksiana and Betula. The correlation analysis indicates that
these taxa were the most negatively linked to FRI (Table 5).
Moreover, CHARp,ck, representing regional fire activity, was a
significant explanatory variable for vegetation trajectory at
Huard Lake during this period, with Alnus crispa type and
P. banksiana being the most representative taxa (Fig. 5 e, f).

Since at least 4000 cal. a BP, Betula, Picea and Pinus
banksiana gradually replaced Pinus strobus and became the
dominant tree species in the local and regional forests.
However, the timing of these changes, as inferred from the

Copyright © 2012 John Wiley & Sons, Ltd.

pollen assemblages, differed at the two sites, indicating that
local factors were more important than climate changes in
explaining the differences in vegetation composition. Indeed,
the two study sites are located on different substrates (Table 1):
Christelle Lake is located in the Clay Belt, with more humid
soils where Picea developed well and P. strobus populations
did not disappear. In contrast, Huard Lake is located on well-
drained sandy soils offering nutrient-poor habitats that were
populated with more adapted species like P. banksiana
(Gauthier et al., 1993). This point is supported by observations
indicating that species abundance is very different between
populations situated on clay deposits or on better-drained
substrate (Bergeron, 1998). Similarly, the slight mid Holocene
Thuja occidentalis stand expansion at Christelle Lake may have
been favoured by the abundance of lowland habitats and
calcareous clay (Liu, 1990).

Recent observations indicate that the drainage can deeply
influence the compositional trajectories of vegetation (Gobet
et al., 2000; Ewing, 2002; Gauthier et al., 2010), with positive
or negative feedbacks on ignition and fire spread depending on
the flammability of the species. In North America, Briles et al.
(2008) found similar results, with asynchronous vegetation
changes between study sites due to differences in moisture
availability. Conversely, Heyerdahl et al. (2001) and Gavin
et al. (2003) indicated that both top-down and bottom-up
controls influenced fire regimes in the past, while Mansuy et al.
(2010) found that the composition of surficial deposits can be a
main controlling factor on the fire cycle when climate seems
less conducive to fire, i.e. with FRI > 300 years.

It has to be said that the influence of soil characteristics on
vegetation structure has only been observed towards the end
of the Holocene. This may be because differences in soil
characteristics might only become a critical factor under
certain climatic conditions such as when the level of moisture
becomes limiting to plants on one substrate but not on another
(Brubaker, 1975). Given the expected changes in precipitation
distribution in eastern Canada, the role of soil nature on forest
structure and composition may become major during the next
decades, particularly when considering how local factors can
override the influence of climate on such variables as landscape
connectivity, fire ignition, local weather and topography
(Gavin et al., 2006; Long et al., 2007).

Conclusion

Our results show that both regional and local controls were
factors contributing to changes in fire regimes and vegetation
composition during the Holocene. From 8000 to 6000 cal. a
BP, FRI were high in both our study sites and the boreal mixed-
wood forests of northern Ontario were dominated by Pinus
strobus. From 4000 to O cal. a BP, FRI decreased. This decrease
was likely in response to climate changes, characterized by a
wetter and cooler climate, with the regional spread of more
flammable conifers such as Picea sp. and Pinus banksiana.
Pinus strobus declined and was replaced primarily by Picea on
mesic soils and Pinus banksiana on sandy soils. This suggests
that local soil and substrates acted on the vegetation
composition.

The consequences of a potential increase in fire frequency in
the boreal mixed-wood forests in response to ongoing climate
change during the 20th-21st centuries (Bergeron et al., 2010)
could be modified by local environmental factors such as soil
properties. In such a case, Pinus banksiana populations are
expected to expand on sandy soils and Picea populations on
mesic soils. However, we stress the need for more studies
investigating the role that local factors play in controlling the
composition of boreal vegetation.
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