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America: Evidence for a climatic shift from
fire-prone to peat-prone conditions
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Abstract

Soil paludification is the main ecosystem process initiating the formation and development of most peatlands in the Northern Hemisphere. Sandy podzolic
soils developed on coarse deposits are among a large variety of substrates overgrown by thick peat layers, particularly along the amphi-atlantic coasts
of North America and Europe. Whether the podzolic soils beneath peat layers are remnants of former dry environments allowing the morphogenetic
development of forest soils or the progressive outcome of natural succession towards full peatland growth is still debated. We have explored a part of
this dual facet in documenting the interface between buried podzol profiles and basal peat. Two paludified sites located at the center and at the edge of
an extensive plateau bog along the Gulf of St Lawrence were documented based on radiocarbon-dated tree and charcoal macrofossils. Paleosols beneath
thick and relatively old (> 4000 cal. yr BP) peat were composed of slightly cemented, placic B horizons whereas those under thinner and younger (< 2500
cal. yr BP) peat were made of heavily cemented, ortstein B horizons. Forest soil paludification and peat growth at both sites commenced with the cessation
of fire occurrence as evidenced by charcoal fragments in the paleosol matrix beneath Sphagnum peat layers devoid of charcoal fragments. Botanically
identified charcoal fragments include several tree species, in particular jack pine (Pinus banksiana) presently absent from this part of the continent. The
retreat of the species likely occurred after 5500 cal. BP with the cessation of fire occurrence, an indication of a shift in maritime Québec from dry to
wetter conditions initiating peat growth and peatland expansion. It is concluded that the genesis and development of podzols with different degrees of
soil cementation (placic and ortstein horizons) preceded the inception and development of the plateau bog which have been facilitated by wetter climatic
conditions inimical to fire activity. The progressive lateral growth of large ombrotrophic peatlands during the Holocene is also an additional, possible

factor influencing the natural occurrence and spread of fire.
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Introduction

Paludification is the main ecological mode of peat accumula-
tion across a diversity of substrates including well-drained soils
(Charman, 2002; Crawford, 2008; Crawford et al., 2003; Hein-
selman 1963, 1970; Payette and Rochefort, 2001). Fens
(minerotrophic peatlands) and bogs (ombrotrophic peatlands)
are the two principal peatland types in most peat basins of the
Northern Hemisphere (Gore, 1983; Vitt, 2006). Fens are peat-
lands fed by water and nutrients from both atmospheric and
mineral substrate sources whereas bogs are nutrient-poor peat
systems only fed by water and nutrients coming from the atmo-
sphere (precipitation and dry deposits). Fen sediments are made
of superposed, mixed layers of relatively decomposed remains
of sedges, brown mosses and woody plants. Bog deposits often
derive from a two-step process of peat accumulation with the
lowermost peat sequence corresponding to the initial peatland
stage associated with fen conditions followed by the uppermost
peat sequence composed of ombrotrophic peat largely domi-
nated by Sphagnum mosses.

Large expanses of ombrotrophic peatlands are distributed on flat
and rolling terrain along the amphi-atlantic coasts of North America
and Europe. Several types of ombrotrophic peatlands are occurring
in this maritime area, in particular raised bogs, plateau bogs and

blanket bogs (Damman, 1964, 1979; Damman and Dowhan, 1981;
Davis, 1984; Glaser and Janssens, 1986; Lapen and Wang, 1999;
Payette and Rochefort, 2001; Zoltai and Pollett, 1983). A central
feature of coastal raised bogs, plateau bogs and blanket bogs distrib-
uted along the St Lawrence estuary, the Gulf of St Lawrence and
Newfoundland is their development on coarse substrates, in particu-
lar gravelly and sandy fluvio-glacial and deltaic deposits. Most peat
sequences 1-5 m thick are underlain by well-drained podzolic soils
with typical eluvial and illuvial horizons often composed of sesqui-
oxide-humus-rich pans (Dubois et al., 1990; Lapen and Wang, 1999;
Pagé and Berrier, 1983; Pagé et al., 1980).

The whole peat sequence of maritime ombrotrophic peatlands
is often composed of mixed Sphagnum moss and woody layers,
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resting directly on coarse podzolized substrates bearing iron-
humus-enriched, indurated illuvial horizons. The cemented B
horizons correspond to the ortstein-placic type, a common and
major soil feature beneath and around maritime ombrotrophic
peatlands. The ortstein horizon corresponds to a strongly
cemented reddish brown B horizon at least 3 cm thick and the
placic horizon is a thinner layer (about 5 mm or less) or a series of
thin layers made of hard, dark reddish brown or black material
(CSSC, 1998). Several reports suggest the retrogressive impact of
indurated podzolic soils causing the paludification of well-drained
sites because of rising water-tables. According to Glentworth
(1979) almost all peat deposits in the Outer Hebrides (UK) have
formed over iron-cemented podzols. Ugolini and Mann (1979)
have attributed the development of peatlands in southeast Alaska
(USA) to soil paludification caused by the formation of iron-rich,
indurated illuvial horizons. In Newfoundland, Damman (1964),
Davis (1984) and Lapen and Wang (1999) reported several peat
deposits underlaid by podzolic soils, in particular Placic Humo-
Ferric Podzols dominated by sesquioxide coatings. Podzolic soils
also buried by thick Sphagnum peat were documented in ombro-
trophic peatlands of northern Québec, particularly on islands of
large subarctic lakes (Filion and Bégin, 1998; Payette, 1988).
Whether paludification is caused by perched water-tables above
cemented and impermeable illuvial horizons formed during the
natural process of pedogenesis of podzol soils or by natural glei-
zation due to the rising of local water-tables (Cruickshank and
Cruickshank, 1981; Lapen and Wang, 1999; Richard, 1975; San-
born et al., 2011; Ugolini and Mann, 1979) is still debated and
remains open for further analysis.

The role of soil-forming processes of cemented sesquioxide-
rich podzols on paludification is unclear because of lack of data
on the nature of the paludification zone at the contact between the
buried podzol compartment and the organic (Hb horizon)-peaty
(Sphagnum) compartment. A closer look of the contact between
the two compartments may be useful to gain insights into the fac-
tors responsible for the paludification of well-drained podzolic
soils in areas occupied by ombrotrophic peatlands. In particular,
podzols buried by peat may sequester the evidence of the past
ecological life of the site, as shown for example by various mac-
rofossils such as charcoal fragments. Because fire is a major dis-
turbance in well-drained podzol sites of the boreal forest, a closer
look at the buried soil profiles for fire evidence using detailed
charcoal analysis (Payette et al., 2012) may be appropriate to
identify periods of fire recurrence and their associated fire-prone
tree species. Given the above statements, the main objectives of
this study are (1) to document the nature of the buried mineral and
organic horizons forming the paludification zone, (2) to date mac-
rofossil pieces (charcoal fragments and other plant macrofossils)
extracted from the buried mineral and organic compartments
forming the paludification zone, and (3) to identify the ecological
factors at the origin of the paludification process.

Methods
Study sites

Two peatland sites were selected for this study from a large pla-
teau bog developed on the deltaic sands of the riviere Romaine
near Havre-St-Pierre, a small settlement located along the north-
ern coast of the Gulf of St Lawrence (Figure 1a). The first site
(hereafter HSP-12, and including two nearby sample plots) cor-
responds to the peatland border (50°15'N, 63°34'W) at an eleva-
tion of 25-30 m a.s.1., where a gravel pit is presently exploited for
road building and maintenance (Figure 1b). The second peatland
site (hereafter HSP-34, and also including two sample plots) is
situated at the center of the plateau bog (50°16'72"N, 63°31'W),
also at an elevation of 25-30 m a.s.1. (Figure 1b).

The peatland surface forms an extended flat plateau disrupted
by several ponds of various sizes and small lakes (Figures 1b and
2a). Well-drained conditions prevail on the plateau bog, and the
uppermost peat sequence is dominated by superposed Sphagnum
and woody layers covered by a thin, dry lichen-dwarf shrub
carpet that is broken by small Sphagnum cushions. Cladonia stel-
laris (Opiz) Pouzar & Vézda, Cladonia stygia (Fr.) Ahti, and sev-
eral other lichen species, sedges, and ericaceous species are
dominant over the surface of the bog. Scattered conifer islands,
mostly of black spruce (Picea mariana [Mill.] B.S.P.) and tama-
rack (Larix laricina [DuRoi] K. Koch), are distributed on the
exposed, snow-drifted bog surface. The peat sequence at HSP-12
and HSP-34 is 100 cm and 250 cm thick, respectively. HSP-12
and HSP-34 are natural peat sections several tens of meters long,
in particular HSP-34 which is exposed to wave action in front of
a large lake fetch. The Sphagnum peat material (Of horizon) at
both sites accumulated over well-drained podzolized soils of the
deltaic sands of the riviére Romaine (soil nomenclature according
to CSSC, 1998). At HSP-12, the paleopodzol solum comprised
4-9 cm of Hb horizon, 1 cm of Aeb horizon, 17 cm of Bfb horizon
and 53 cm of heavily indurated (ortstein) Bhfccb horizon (Figure
2b). The paleopodzol solum at HSP-34 was composed of 1 cm of
Hb horizon, 0.2—1 cm of Aeb horizon, 17 cm of Bfb horizon, 5 cm
of lightly indurated (placic) Bhfcb horizon and 10 cm of Bmb
horizon (Figure 2¢). The solum of all the paleopodzols is clear of
gleization marks (generally characterized by gray colors, or
prominent mottling, or both, indicating permanent or periodic
reduction because of a lack of oxygen), an indication that signs of
well-drained conditions at the origin of the podzolization process
are preserved even under thick peat. Physical and chemical prop-
erties of the paleopodzols are given in Table 1.

Sampling and dating

Mineral soil samples (1500 cc) from the buried eluvial (Aeb) and
illuvial (Bb) horizons and organic (Hb) and peaty horizons (200
cc) at the contact between the mineral substrates and basal Sphag-
num peat layers at both sites were collected for macrocharcoal
analysis. The advantage of analysing mineral soil profiles is that
the solum is a depositary of plant remains buried by stand-scale
processes, in particular in forest environments where soil over-
turning is produced repeatedly because of local blowdown and
uprooting (Bormann et al., 1995; Brown and Martel, 1981; Pay-
ette et al., 2012; Talon et al., 2005). For example, charcoal pro-
duced by a given fire may be buried by tree blowdown or
uprooting (Talon et al., 2005) during or immediately after a fire
event, several years after the passage of another fire or after any
other soil disturbance event. In forest environments, charcoal bur-
ied in mineral soil is not stratified because of uprooting processes
producing mixed soil horizons (Bormann et al., 1995; Brown and
Martel, 1981; Payette et al., 2012), except in dune environments
where it is distributed in superposed organic layers (Filion, 1984).

In the laboratory, samples were immersed for 12 hina 1%
sodium hydroxide (NaOH) solution to disperse soil aggregates,
then wet-sieved (2, 4 mm) to enable separation of charcoal frag-
ments for botanical identification and radiocarbon dating. Also
several tree stumps in living position at the base of the peat
cover at both HSP sites were recovered for identification (Figure
2d), '*C dating and tree-ring measurements following routine
laboratory protocols in Payette and Filion (2010). Only charcoal
fragments >2 mm were considered in sampling, botanical iden-
tification and dating, given the evidence that they were formed
and deposited in situ, and not transported from another location.
Charcoal fragments >0.5 mm are local in origin (Ohlson and
Tryterud, 2000).

No charcoal was found in the Sphagnum peat layers at both
sites, whereas several charcoal pieces were extracted from the
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Figure 1. (a) Location of the study sites (black square) within the continental range distribution of jack pine (in red, map from Asselin
et al., 2003) and the North-American boreal forest (in grey). (b) Aerial view of the plateau bog, location of HSP-12 and HSP-34 (colour

figures available online).
Source: Google Earth.
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Figure 2. (a) Surface of the plateau bog. (b) Paleopodzol at HSP-12 with thick ortstein horizon. (c) Paleopodzol at HSP-34 with thin placic
horizon. (d) Tree macrofossils in growth position at the base of the peat column at HSP-34.
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Table I. Physical and chemical properties of the paleopodzols beneath the plateau bog.

Horizon pH OM  Extraction C/ Fe-pyro  Exchangeable bases Base Cationic Exchange  Texture (%)

pyrophosphate (mEq/100 g) saturation  Capacity
%) %) (mEq/100 g)
CaCl2 % Fe Al Ca Na Mg K Sand Silt  Clay
HSP-1-Aeb  Aeb - - - - - - - - - - - - - -
HSP-1-Bfb Bfb 3.92 1.07 0.03 0.07 5.51 0.03 023 0.01 0.02 36 0.80 91 3 6
HSP-1-Bfccb  Bfccb 4.02 0.54 0.04 0.10 3.80 0.07 032 0.02 0.02 50 0.86 92 2 6
HSP-1-Cb Cb 4.47 0.07 0.05 0.07 0.61 0.05 041 0.0l 0.02 83 0.59 95 2 3
HSP-2-Aeb  Aeb 3.66 - - - - 0.09 031 001 002 27 1.60 - - -
HSP-2-Bhfcb  Bhfcb 3.86 5.53 0.07 0.82 6.17 0.05 035 001 0.02 32 1.33 90 5 5
HSP-2-Bfb Bfb 373 1.96 0.0l 0.26 7.34 0.04 037 001 0.02 25 1.77 88 5 7
HSP-2-Cccb  Cecb 4.77 0.35 0.07 0.18 1.43 0.04 036 0.0l 0.01 78 0.54 93 0o 7
HSP-2-Cgb  Cgb 4.67 0.15 0.03 0.10 1.21 0.06 036 0.0 0.02 94 0.48 95 | 4
HSP-3-Aeb  Aeb 3.67 2 0.01 0.10 19.69 - - - - - - - - -
HSP-3-Bhfb  Bhfb 3.86 2.58 0.0l 0.31 7.95 0.04 041 002 0.0 23 2.09 86 6 8
HSP-3-Bfb Bfb 4.1 .71 0.0l 0.53 3.16 0.02 036 001 0.0 43 0.94 91 27
HSP-3-Cgb  Cgb 4.5 0.57 0.0l 0.25 2.20 0.02 043 001 o001 77 0.6l 89 6 5
HSP4-Bhfcb  Bhfcb 4.03 342 0.03 .12 2.99 0.02 027 0.01 o0.01 37 0.84 89 5 6
HSP-4-Bmb  Bmb 4.29 0.55 0.04 0.17 2.67 0.02 056 0.01 0.02 79 0.77 92 2 6
HSP-4-Cb Cb 4.46 0.42 0.02 0.16 2.33 0.02 057 0.01 0.02 53 1.17 93 2 5
mineral (fossil Aeb and Bb horizons) and organic (Hb horizon) Results

fractions by flotation and manual sorting under a binocular micro-
scope. Charcoal particles were dried at room temperature,
weighed, and fragments >2 mm long and > 3 mg dry weight were
identified to the genus level (and occasionally to the species level)
based on wood anatomy under an optical microscope and selected
for radiocarbon dating. Botanical identification of charcoal was
based on a charred wood reference collection at the Centre
d’Etudes Nordiques (Université Laval, Québec) and botanical
keys (Marguerie et al., 2000; Panshin and de Zeeuw, 1980)
(Figure 3). All samples extracted from the mineral soil, the
organic (Hb) horizons (bulk samples) and wood pieces (single
charcoal fragments) were radiocarbon dated by the AMS (Accel-
erator Mass Spectrometry) technique. Radiocarbon dating was
performed at the Centre d’Etudes Nordiques (Université Laval,
Québec, Canada), Keck Carbon Cycle AMS Facility (University
of California, Irvine CA, USA) laboratories and Beta Analytic
(Miami FL, USA). The radiocarbon dates were calibrated (Stuiver
and Reimer, 1993) using calibration data set IntCal09.14¢ (Reimer
et al., 2009) implemented in the CALIB (version 6.0.1) software.

The date of each charcoal fragment is older than the date of the
fire event, given that the age of the fire is generally a few tens of
years older than the age of the wood that produced the charcoal.
The fire event date was determined by a comparative analysis of
all calibrated charcoal dates. The determination of the calibrated
age of each radiocarbon date was based on the weighted average
of the highest probability distribution within the 2-sigma ranges
of the starting and ending calendar dates (Payette et al., 2012).
Given that a '“C age refers to radiocarbon years before present
(BP), i.e. ap 1950, 60 years were added to each calibrated date in
order to reflect present time, i.e., 2010. Based on all the fire events
identified, all the calibrated radiocarbon charcoal dates (n = 25)
were pooled in a cumulative probability analysis using the sum-
probabilities option in CALIB 6.0.1 to plot the probability that a
given event occurred at a particular time in order to visualize the
fire chronology on the Holocene timescale. This method sums the
probabilities of all dates and therefore takes into account the
uncertainties inherent to radiocarbon dating (Lafortune et al.,
2006). Because macrofossil sampling was restricted to the paludi-
fication zone, it was not the goal of this study to reconstruct the
long-term fire history of both HSP sites.

Charcoal and wood data

A total of 58 charcoal fragments >2 mm were recovered in both
HSP sites (Table 2). Most charcoal fragments were light (< 5 mg).
Thirteen fragments (22%) were identified to the genus and spe-
cies levels (Picea and Pinus), whereas five fragments were
unidentified deciduous species. Pine charcoal (2.44 + 0.75 mg)
was lighter than spruce charcoal (4.20 + 4.3 mg).

Ten wood sections were recovered from tree stumps still in
growth position at the base of the peat deposit in both HSP sites
(two stumps at HSP-12 and eight stumps at HSP-34, Table 2).
Another sampled tree stem was lying at the soil surface near the
two podzol-peat sequences of HSP-34. Eight out of the 11 wood
sections were spruce whereas the others were tamarack. The max-
imum number of tree rings was 123 and 118 years in the spruce
and tamarack wood sections, respectively. Mean tree-ring width
was similar in both species, i.e. 0.31 and 0.36 mm for spruce and
tamarack, respectively. Several spruce stumps were developing
adventitious roots indicating active growth in a soil with impeded
drainage likely associated with vertical Sphagnum peat growth
(Figure 2d).

Radiocarbon-dated charcoal, wood and organic
matter

Twenty-five out of the 58 charcoal fragments were radiocarbon-
dated (43% of the charcoal population). Two spruce (cf. Picea
mariana), five jack pine (Pinus banksiana Lamb.), two deciduous
and 16 unidentified charcoal fragments were dated (Table 2). The
basal part of the Hb horizon at both HSP sites also was dated
along with the 11 wood sections (Table 3).

The two sites were paludified at two different periods, some-
time after 2275 cal. BP (basal Hb horizon near the peatland bor-
der) at HSP-12 and after 4910 and 5350-5680 cal. BP (three basal
Hb horizons sampled close to each other at the peatland center) at
HSP-34. Hb materials are bulk samples displaying apparent “C
ages of organic matter, different from charcoal samples which
yield exact ages of wood material. Apparent radiocarbon dates
generally correspond to mean age of composite materials, i.e.
minimum age of the samples. Tree stumps in growth position at

Downloaded from hol.sagepub.com at Universite du Quebec a Montreal - UQAM on May 2, 2013


http://hol.sagepub.com/

Payette et al.

499

Figure 3. Anatomical microscopic characteristics used for pine (Pinus banksiana) charcoal identification. (a) Pinoid type pits in the cross-field
(1) and ray tracheids (2) (radial section, 100x); (b) large resin canal with thin walled epithelial cells (transversal section, 40x); (c) resin canal in

ray (tangential section, 40x).

Table 2. Number and weight (mg) of botanically identified and unidentified charcoal fragments and tree-ring characteristics of pieces of wood.

Picea sp. Pinus Larix Unidentified Unidentified Total
banksiana laricina deciduous species

Charcoal fragments
N 8 5 0 5 40 58
Average weight (mg) 4.2 2.44 - 4.2 3.54 3.44
Standard deviation 4.3 0.75 - 25 6.28 5.29
Ratio (%) 14 9 - 9 68 100
Pieces of wood
N 8 - 3 I
Maximum number of rings 123 - 118 123
Average ring width (mm) 0.310 - 0.356 0.318
Standard deviation 0.222 - 0.215 0.221

HSP-12 were growing sometime before paludification began and
were progressively buried by Sphagnum growth as suggested by
development and growth of adventitious roots on the basal stems.
At HSP-34, all the trees located in growth position several tens of
meters from the sampled paleopodzol were living before the very
first signs of paludification, i.e. between 6150 and 6540 cal. BP.
The scattered wood stem dated 2180 cal. BP probably fell down
from the nearby peat deposit.

Although the peat sequence at HSP-12 is younger than at the
other site, relatively old charcoal fragments were recovered from
the buried podzolic horizons. Two major periods of fire activity
were identified from the "“C charcoal data, i.e. between 3660 and
3820 cal. BP and between 6660 and 7360 cal. BP (Table 3). At
HSP-34, paludification began after 49105680 cal. BP and several
fire events were recorded. Charcoal fragments in the upper part of
one of the Hb horizons were all jack pine samples dated between
5565 and 5745 cal. BP. '“C dates of jack pine charcoal fragments
span a period of 200 cal. yr partitioned in three different fire events

with intervening fire intervals of 87-111 years and 65-90 years.
Other charcoal fragments sampled nearby in disturbed mineral
soils (Bhfcb horizon) correspond to three different fire events, i.e.
3465, 3815 and 5590 cal. BP. All the dated charcoal fragments at
HSP-34 indicate the occurrence of several fires before 5000-5500
cal. BP and before 3465 cal. BP near HSP-34. The overall distribu-
tion of fire events spans a period of fire activity of about 4000 cal.
yr, corresponding to 14 different fire events (Figure 4). No char-
coal fragments were recorded in the peat layers above Hb horizons
at both sites.

Discussion

The nature of the paludification zone with its two soil compart-
ments shows a clear contrast between the placic-ortstein podzol-
ized horizons and the organic-peat layers. The mineral horizons of
the paleosols do not show signs of gleization which suggest con-
ditions of rapid drainage during the podzolization process. The
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Table 3. '“C dates (yr BP) and calibrated '*C dates (cal. yr BP) of macrocharcoal in the surface compartment and in the soil compartment.
Probability distribution and calibrated age of fire events (calculated from the year 1950 + 60 years).

Sample Laboratory Material Date Calibrated age of fire
number ("*C yr BP) (years before 2010)

Site |

HSPI1-B-2 UCIAMS-90656 Charcoal 3465 + 25 3815
HSPI-B-3 UCIAMS-90657 Charcoal (deciduous) 5800 + 25 6660
HSP-1-2 Beta-296188 Wood (Larix sp.) 2130 £+ 30 2140
HSP-1-3 Beta-296189 Wood (Picea sp.) 2360 + 30 2460
Site 2

HSP2-Aeb-| UCIAMS-90658 Charcoal 3360 £ 25 3660
HSP2-Aeb-2 UCIAMS-90659 Charcoal 3440 + 25 3740
HSP2-Aeb-3 UCIAMS-90660 Charcoal (deciduous) 3405 + 25 3700
HSP2-Aeb-5 UCIAMS-9066 | Charcoal 6090 + 25 7010
HSP2-Aeb-6 UCIAMS-90662 Charcoal (Picea sp.) 5950 + 25 6820
HSP2-Aeb-7 UCIAMS-90663 Charcoal 3440 £ 25 3745
HSP2-Aeb-8 UCIAMS-90664 Charcoal 5905 + 25 6785
HSP2-Aeb-9 UCIAMS-90665 Charcoal (Picea sp.) 6140 £ 25 7160
HSP2-Aebl | UCIAMS-90666 Charcoal 6390 + 25 7360
HSP2-Aeb-12 UCIAMS-90852 Charcoal 5880 + 20 6760
HSP2-Aeb-13 UCIAMS-90667 Charcoal 6025 + 25 6930
HSP2-Aeb- 14 UCIAMS-90853 Charcoal 6060 + 20 6980
HSP2-Aeb-15 UCIAMS-90668 Charcoal 3365+ 25 3685
HSP-2 UCIAMS-99687 Organic matter (H) 2250 £ 15 2270
Site 3

HSP3-Aeb-1 UCIAMS-90856 Charcoal 4820 + 20 5565
HSP3-Aeb-2 UCIAMS-90854 Charcoal 4835 + 20 5655
HSP3-3 UCIAMS-99184 Charcoal (Pinus banksiana) 4950 + 20 5745
HSP3-5 UCIAMS-99185 Charcoal (Pinus banksiana) 4870 £ 20 5665
HSP3-17 UCIAMS-99682 Charcoal (Pinus banksiana) 4810 £ 20 5565
HSP3-27 UCIAMS-99683 Charcoal (Pinus banksiana) 4880 + 20 5680
HSP3-28 UCIAMS-99684 Charcoal (Pinus banksiana) 4950 + 20 5745
HSP3Br UCIAMS-99688 Organic matter (Hb) 4550 + 20 5355
HSP3BI UCIAMS-99685 Organic matter (Hb) 4885 + 20 5680
HSP-3-1W Beta-296190 Wood (Picea sp.) 5350 + 40 6170
HSP-3-2W Beta-296191 Wood (Picea sp.) 5350 + 40 6170
HSP-3-3W Beta-296192 Wood (Picea sp.) 5510 + 40 6395
HSP-3-4W Beta-296193 Wood (Picea sp.) 5350 + 40 6170
HSP-3-5W Beta-296 194 Wood (Picea sp.) 2160 + 30 2180
HSP-3-6W Beta-296195 Wood (Picea sp.) 5400 + 40 6295
HSP-3-7W Beta-296196 Wood (Picea sp.) 5680 + 40 6540
HSP-3-8W Beta-296197 Wood (Larix sp.) 5380 + 40 6285
HSP-3-9W Beta-296198 Wood (Larix sp.) 5590 + 40 6430
Site 4

HSP4-Bhfcb- | UCIAMS-90855 Charcoal 4760 + 20 5585
HSP4-Bhfcb-3 UCIAMS-90669 Charcoal 3180 £ 25 3465
HSP4-Bhfcb-6 UCIAMS-90670 Charcoal 3465 £ 25 3815
HSP-4 UCIAMS-99686 Organic matter (H) 4285 + 20 4910

distinctive character of the Hb horizon (made of completely
decomposed organic matter and including charcoal fragments),
which was formed under podzolic conditions, relative to the
Sphagnum layer, is also an indication of its complete conservation
owing to the relatively rapid but progressive peat accumulation
above the podzol profiles.

Whether the sequence of podzolic soils overlain by peat
records the replacement of a dry-mesic forest by wet peatland, or
is the outcome of outward peatland expansion, can be addressed
by the macrofossil evidence obtained from the paludification
zone. All the charcoal dates span a period of 4000 cal. yr, prior to
the period of Sphagnum growth, depending on location at the cen-
ter or near the border of the plateau bog. According to position in
the peatland, soil paludification followed by periods of fire occur-
rence which terminated 5000-5500 cal. yr ago at HSP-34 and

2500-3000 cal. yr ago at HSP-12. Paludification probably
occurred several hundred years after the recorded fire events
3600-3700 cal. yr ago at HSP-12, given that the date of the basal
Hb horizon corresponds to the apparent “C age of the composite
organic matter forming this horizon. Other *C dates of basal
organic material or basal peat (from Dionne, 2008, but type of
sampled material not specified) of the plateau bog are in line with
present data with 2530 cal. BP (75 cm peat) at 50°13'45"N,
62°22'40"W), 3110 cal. BP (150 cm peat) at 50°16'35"N,
63°38'20"W), and 5475 cal. BP and 6490 cal. BP (200-300 cm
peat) at 50°17'40"N, 63°38'10"W, respectively. The oldest basal
date yet recorded in the plateau bog is near HSP-34, where the
basal organic material beneath 357 cm of peat was dated 7450 cal.
BP (G. Magnan, personal communication, 2012). Two other basal
samples were dated 7070 cal. BP (262 cm peat) and 5400 cal. BP
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Figure 4. Distribution of the cumulated probability of calibrated '*C dates of macrocharcoal in the soil and organic compartments (in red:
Pinus banksiana). + indicates the occurrence of fire events (colour figure available online).

(187 cm peat). Among the charcoal data pointing to the existence
of completely different ecological conditions before the plateau
bog begins to grow and expand, the occurrence of jack pine at the
site is direct evidence of a fire-prone climate that prevailed at that
time and before 5600 and 5750 cal. BP (Table 3). Jack pine is a
fully adapted species to post-fire regeneration because of its
serotinous cones enclosing a large quantity of seeds that are
released after fire (Cayford and McRae, 1983). It is generally
agreed that jack pine cannot reproduce in the absence of fire, and
a high frequency of fires is necessary for self-perpetuation (Car-
roll and Bliss, 1982; Desponts and Payette, 1992; Heinselman,
1973). The fire record at HSP-34 shows a period of 200 years
when three different fires occurred with fire intervals of 65-90
years and 87-111 years in line with documented fire intervals
across the geographical range of jack pine (Arseneault, 2001;
Carroll and Bliss, 1982; Desponts and Payette, 1992; Heinsel-
man, 1973; Parisien and Sirois, 2003; Rowe et al., 1974; Zhang
etal., 1999).

The species probably retreated after 5500 cal. BP when fire
activity ceased at this site. The known range limit of jack pine is
80 km south of Labrador City (King, 1993), at the Red Fir Lake-
Kapitagus Channel Ecological Reserve, in Labrador, and Lac
Magpie about 300 km and 120 km northwest and west of Havre
St-Pierre, respectively (King, 1986, 1993; Lavoie, 1984).
According to pollen data, jack pine (based on 5-10% pollen)
probably reached the Sept-iles area (Mott, 1976) about 4900—
5000 cal. BP (4300-3800 BP), and arrived in the area north of
Sept-iles (King, 1986) at Pine Lake (51°08'N, 69°16'W) and
Gras Lake (52°15'N, 67°04'W) 4300 (3900 yr BP) and 2200 cal.
yr ago (2200 yr BP), respectively. Pine pollen remained rela-
tively low in the region, and jack pine populations were probably
small at these sites (King, 1986). Maximum pine pollen influx
was recorded at 5000-5500 cal. BP (4500-4800 BP) at Blanc
Sablon (Lamb, 1980), about 450 km east of Havre St-Pierre. The
same pine pollen pattern was recorded further north in eastern
Labrador at Moraine Lake and Lake Hope Simpson sites (Eng-
strom and Hansen, 1985) and in southwestern Newfoundland
(MacPherson, 1995). Recent work in the James Bay area shows
that jack pine was present at 6300 cal. BP based on macrofossil
evidence despite a 1% pine pollen recorded in the Holocene sedi-
ments (Lacroix et al., 2011). Further north, jack pine arrived at its
northernmost limit in the Grande riviere de la Baleine area at
3200-3300 cal. BP according to radiocarbon-dated macrore-
mains buried in eolian sediments, which confirm the presence of

the species at that time (Desponts and Payette, 1993; Payette,
1993) and at 3200-3500 cal. BP based on pine pollen percentage
of 3-5% (Gajewski et al., 1993). Given the discrepancies
between pollen and macrofossil data, it is possible that the spe-
cies expanded several tens if not hundreds of kilometers along
the Gulf of St Lawrence coast towards Blanc-Sablon during its
early-Holocene dispersal phase. The retreat of the species at
Havre St-Pierre strongly suggests a major change of the mid-
Holocene climate toward wetter conditions propitious to peat-
land development. The Québec North Shore region became ice
free about 10,600 cal. years ago (9400 yr BP) (Dubois, 1977;
Dubois and Dionne, 1985; Dyke, 2004). Open and dry sites
favourable for the germination of jack pine seeds are few in the
area today because of extensive peatlands and reduced fire activ-
ity. However, the coastal habitats along the Québec North Shore
were probably drier before peatlands began to expand. The sandy
delta of the riviere Romaine was a large and extensive sandy
coastal plain during the first half of the Holocene, i.e. a favour-
able place for the dispersal, landing and germination of jack pine
seeds and fire activity in a time of warmer and drier climate. Jack
pine migration, maintenance and survival during the Holocene
were realized with low density populations (Desponts and Pay-
ette, 1993; Lacroix et al., 2011; Payette, 1993), and present
patchy distribution of the species at its range limit in remote,
scattered spots reinforces the pattern and process of global retreat
of the species west and northwest of Havre St-Pierre.

Conclusion

The origin of the paludification process of the podzolized soils of
the Havre St-Pierre plateau bog is closely tuned to termination of
the fire-mediated climate that prevailed for several thousand
years before and shortly after the mid Holocene. The record of
4000 years of fire activity reconstructed from fossil tree charcoal
beneath the extended and thick peat deposit of the plateau bog is
neat evidence for a forest life before peatlands began to expand
over the sandy coastal plain of the riviere Romaine. Fossil pod-
zols buried by peat before 4000-4500 cal. BP were slightly
cemented only, whereas fossilized podzols buried by peat well
after the mid Holocene were heavily cemented, an indication of
soil-forming processes causing differentially indurated B hori-
zons according to duration of pedogenesis. Indurated horizons
are most developed in water-enriched, but well-drained soils
(Dubois et al., 1990; Sanborn et al., 2011) at the border or close
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to Sphagnum bogs, but always under humid climatic conditions,
particularly in maritime areas.

Although a long-enduring process of peatland inception and
expansion started early during the Holocene along the Gulf of St
Lawrence, large-scale paludification of well-drained pozolic soils
was initiated primarily by climate, in particular during the mid
Holocene when temperature-mediated precipitation changes
towards wetter conditions affected local and regional fire regimes.
The plateau bog of Havre St-Pierre and probably other similar
large bogs distributed along the north coast of the Gulf of St Law-
rence and Newfoundland (Damman, 1979; Davis, 1984; Lapen
and Wang, 1999) originated from this combination of climatic
factors where the changing precipitation pattern was the turning
point in the long-term development of dominant ecosystems at
the landscape scale. Furthermore, it is probable that the natural
spatial expansion of ombrotrophic peatlands with time also
reduced progressively the site conditions propitious to fire spread.

The mid Holocene has been a time of change not only in Havre
St-Pierre but at many places in boreal and subarctic North Amer-
ica. A major reversal of forest to tundra communities has been
documented in the Yukon at that time (Cwynar and Spear, 1991).
Also forest community changes affected progressive soil weath-
ering after 4000-4550 cal. BP in southeastern Labrador (Eng-
strom and Hansen, 1985). Basal peat of southern Labrador bogs
started to accumulate well after 5000-6500 cal. BP, and the
warmer climate before 4000 cal. BP deteriorated after 2500-3000
cal. BP (Lamb, 1980). Podzolic soils in boreal and subarctic dune
environments were more developed before 4000-5000 cal. BP
than after the mid Holocene (Payette and Filion, 1993a) and lake
levels were lower because of drier climatic conditions (Payette and
Filion, 1993b). Sphagnum bogs expanded over podzols and bruni-
sols on islands of a large subarctic lake at about the same time in
northern Québec (Payette, 1988). Jack pine arrived at Havre St-
Pierre sometime during the first part of the Holocene, and it is
possible that the species remained for several hundred years if not
thousands of years before its precocious retreat after 5500 cal. BP
. The establishment of jack pine at Havre St-Pierre along the coast
of the Gulf of St Lawrence before the mid Holocene, and the other
migrating tree species of the boreal biome in southeastern Labra-
dor (Engstrom and Hansen, 1985; Lamb, 1980) in the early Holo-
cene are outstanding examples of the efficacy of the Labradorean
pathway of species dispersal early in the Holocene (Payette, 1993;
Ritchie, 1987) in comparison with northern Quebec—Labrador
where final deglaciation occurred just before the mid Holocene. It
is concluded that podzols beneath thick Sphagnum peat at Havre
St-Pierre were responding to drier climate and were succeeded by
peatland ecosystems in phase with a more humid climate at least
since the mid Holocene. Forest soil paludification in this part of
the Gulf of St Lawrence—Newfoundland area has been a long pro-
cess of ecosystem transformation where climate was the main
driving force, in particular through the mediation of regional and
local fire activity. Also, continuous lateral growth of large ombro-
trophic peatlands during the Holocene is possibly an additional
factor not fully documented to account, at least in part, for reduced
fire activity across the sandy deltaic plains on the northern coast
of the Gulf of St Lawrence.
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