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Abstract

Peatlands constitute major sinks of organic carbon (C) and play a key role in the global C cycle. Here, we present a synthesis of peat records from six
ecoclimatic regions in Québec, Canada, in order to quantify Holocene patterns of C accumulation and relationships with contemporary climate data.
Average long-term apparent rates of C accumulation (LORCA) were calculated for 21 peat cores and range from 10 to 70 g C/m?/yr with a mean of
26.1 (standard error of mean (SEM) = 3.6) g C/m?/yr, which is slightly higher than the mean value for northern peatlands as a whole (Loisel et al., 2014).
We found that regional climate has been a major factor controlling long-term peatland C accumulation and that site-specific factors may explain some
variability between sites. Our data show that LORCA tend to decrease with latitude. The lowest LORCA are found in the northernmost peatlands located
at the boreal forest/forest-tundra ecotone, whereas the highest values are recorded in the peatlands along the St. Lawrence Estuary, characterized by
the highest mean summer temperature, number of growing degree-days above 0°C and mean annual precipitation. Temporal variations in Holocene C
accumulations rates were synthesized for 16 peat cores, which show high values during the mid-Holocene (6000—4000 cal. yr BP) followed by a decline
during the Neoglacial cooling, especially between 2000 and 1200 cal. yr BP. Our study contributes to a better understanding of sensitivity of peatland C

balance to climate change in a poorly documented part of the circumboreal region.
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Introduction

Peatland ecosystems cover ~3% of the Earth’s surface and are
mostly concentrated in the boreal and subarctic regions (50—70°N)
of the Northern Hemisphere (Charman, 2002). Peatlands develop
as a result of production exceeding decomposition favoured by a
positive atmospheric moisture balance. Northern peatlands con-
tain approximately 500 GtC (Yu, 2012), which represents about
75% of the amount of carbon (C) in the atmosphere (Loisel et al.,
2014). They constitute one of the most important terrestrial sink of
carbon dioxide (CO,; Yu et al., 2010) and atmospheric sources of
methane (CH,) through decomposition and oxidation (Blodau,
2002; Mikaloff Fletcher et al., 2004; Yu, 2011). Peatlands contain
about one-third of the global organic soil C (Yu, 2012) and play a
key role in the global C cycle (Frolking and Roulet, 2007). How-
ever, their contribution to the climate-C cycle feedback remains
poorly understood (Rydin and Jeglum, 2006). Comprehension of
C sequestration processes in peatland ecosystems is important for
the understanding of the global C cycle and climatic change, but
peatlands have received far less attention than other terrestrial eco-
systems (Houghton, 2007).

Peatlands cover approximately 12% of the landmass in Can-
ada and contain ~150 GtC, which represents ~56% of the total
organic C stored in forest soils of the country (Tarnocai et al.,
2005). After the last glaciation, peat inception was asynchro-
nous in North America as it followed regional patterns of ice
sheet retreat, isostatic uplift, topography and vegetation migra-
tion on suitable land (Gorham et al., 2007). In Canada, most
studies on Holocene peatland development and C accumulation

have been performed in the continental western regions (Bauer
et al., 2003; Campbell et al., 2000; Halsey et al., 1998;
Kuhry et al., 1992, 1993; Sannel and Kuhry, 2009; Vitt et al.,
2000; Yu et al., 2003), northern Ontario (Bunbury et al.,
2012; Glaser et al., 2004; Klinger and Short, 1996; McLaugh-
lin, 2004), ecastern Ontario (Roulet et al., 2007) and in the
Mackenzie River Basin (Beilman et al., 2008). Although peat-
lands cover ~12% of the land area in the Québec Province (Pay-
ette and Rochefort, 2001), until recently little attention had been
given to the long-term dynamics of these ecosystems. Over the
last decade, research on Holocene peatland C dynamics has
expanded to the boreal and subarctic regions of Québec (Beau-
lieu-Audy, 2006; Lamarre et al., 2012; Loisel and Garneau,
2010; Magnan and Garneau, 2014; van Bellen et al., 2011a,
2011b). These studies provided original data on long-term peat-
land development and C accumulation in various bioclimatic
regions. In northeastern Canada, following ice sheet retreat,
long-term peatland development has been influenced by
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relatively warm conditions during the mid-Holocene until the
general cooling trend of the Neoglacial and the ‘Little Ice Age’
(LIA) periods (Viau et al., 2006). Low rates of peat C accumula-
tion between ~850 and 200 cal. yr BP have been attributed to the
LIA cooling (Lamarre et al., 2012; Loisel and Garneau, 2010;
van Bellen et al., 2011a), which coincided with a decrease in
radiative forcing (Mann et al., 2009). Besides climate, peatland
C sequestration is also influenced by site-specific factors such
as basin topography (Belyea, 2009; Belyea and Malmer, 2004;
Kuhry and Turunen, 2006; van Bellen et al., 2011b). However,
the moisture balance of ombrotrophic peatlands (bogs), which
influences C sequestration, is strongly related to seasonal pat-
terns of temperature and precipitation (Charman, 2007; Char-
man et al., 2009; Yu et al., 2009).

In the present study, a synthesis from different bioclimatic
regions spanning from the closed boreal forest to the subarctic
forest-tundra is used to evaluate the potential climatic factors
influencing peatland C sequestration. This article presents the
first synthesis of temporal patterns of Holocene C accumulation
from six regions of the Québec Province characterized by distinct
seasonal climatic patterns. We specifically aim to (1) evaluate the
influence of regional climate on long-term peatland C accumula-
tion using instrumental climate data and (2) evaluate whether the
temporal variations in C accumulation rates (CARs) during the
Holocene are linked with documented climate changes in north-
eastern North America.

Study regions

Québec is the largest province of Canada with a total area of ~1.7
million km?, covering various bioclimatic regions from the
deciduous forest to the arctic tundra that are associated with
important latitudinal and continental-oceanic climatic gradients
(Figure 1). The peatland distribution mainly spans from the
boreal forest to the forest-tundra. In these biomes, peatlands are
abundant and concentrated between 48°N and S8°N, correspond-
ing with mean annual temperatures (MATs) between 2°C and
—7°C and mean annual precipitation (MAP) between 570 and
1400 mm (Gérardin and McKenney, 2001). Over the last decade,
peatlands from different bioclimatic regions of the Québec prov-
ince have been studied in terms of surface vegetation, CO, and
CH, fluxes, recent and long-term C accumulation and paleoeco-
logical and paleohydrological reconstructions (e.g. Ali et al.,
2008; Cliche Trudeau et al., 2013, 2014; Lamarre et al., 2012;
Loisel and Garneau, 2010; Magnan and Garneau, 2014; Pelletier
etal., 2011; van Bellen et al., 2011a, 2011b).

In this regional synthesis, 21 peat cores from 17 individual
peatlands have been studied in their respective bioclimatic and
geomorphological context to document long-term C dynamics.
These regions are Kuujjuarapik, Laforge, La Grande, Eastmain,
Baie-Comeau and Havre-Saint-Pierre (Figure 1). The general
characteristics of these regions are presented in Table 1.

Kuujjuarapik

The Kuujjuarapik region is located along the east coast of the
Hudson Bay at an elevation of 110 m a.s.l. within the discontinu-
ous permafrost zone (Allard and Seguin, 1987) and belongs to
the forest-tundra. The regional climate is subarctic with a mari-
time influence from the Hudson Bay. Peatlands in this region are
confined in topographic depressions filled with fine sediments
(silty-clay), which were deposited by the postglacial Tyrrell Sea,
and this region constitutes the southern limit of permafrost peat-
lands (Payette and Rochefort, 2001). The peatlands are charac-
terized by the presence of palsas that initiated around 1500 cal. yr
BP and that are degrading due to recent permafrost thawing at
this latitude (Lamarre et al., 2012). They are characterized by an

alternation between Sphagnum-dominated ombrotrophic and
sedge-dominated minerotrophic portions.

Laforge

The Laforge region is located in the northeastern part of the La
Grande Riviere watershed, ~500 km east of the James Bay at an
elevation of 440 m a.s.l. (van Bellen et al., 2013), at the ecotone
of the open boreal forest and the forest-tundra and near the north-
ern limit of ombrotrophic peatland distribution (Payette and
Rochefort, 2001). This region is under the influence of a humid
subarctic climate (Hutchinson et al., 2009). Peatlands cover
approximately 15% of the region (Tarnocai et al., 2005) and are
mainly confined in topographic depressions of the Precambrian
Shield and Quaternary deposits. Peatlands are characterized by
poor minerotrophic conditions with patterned pools covering up
to 40% of the area of some peatlands (Cliche Trudeau et al.,
2014). These peatlands are affected by a general water table rise
with degradation of strings and expansion and coalescence of
pools, as described by Glaser and Janssens (1986) in Labrador.
This phenomenon, defined as ‘aqualysis’, refers to a hydrologic
disequilibrium where aquatic components (pools) expand to the
detriment of terrestrial compartments (Arlen-Pouliot, 2009; Cli-
che Trudeau et al., 2013; van Bellen et al., 2013).

La Grande

The La Grande region is part of the open boreal forest (lichen-
spruce woodlands). Its western sector, close to the James Bay
coast (elevation <170 m a.s.1.), was submerged by the Tyrrell Sea,
which explains the abundance of marine silt and clay deposits in
the area (Vincent and Hardy, 1977). In this sector, peatlands form
vast complexes covering up to 50% of the land area. They are
mainly ombrotrophic (>85%) and dominated by ribbed or con-
centric landforms with pools. Residual patches of permafrost
inherited from the LIA cooling occur sporadically in some ombro-
trophic peatlands of the region (Thibault and Payette, 2009). The
easternmost sector of the La Grande region (~200 km inland from
the James Bay) corresponds to the maximum extent of the Tyrrell
Sea (~227 m a.s.l.; Beaulieu-Audy et al., 2009; Dyke et al., 2003).
In this sector, peatlands cover about 25% of the land surface, and
they are dominated by ribbed patterns.

Eastmain

The Eastmain region (elevation 200-300 m a.s.l.) is located at the
southern limit of the open boreal forest. Following ice sheet
retreat, this region was also inundated by the Tyrrell Sea, which
reached an elevation of 230 m a.s.l. (Brosseau, 2008) and depos-
ited deltaic sands, marine silt-clay in the western part of the
region. Peatlands developed in the lowlands surrounded by the
Precambrian Shield, glacial and postglacial landforms, where
they cover ~18% of the territory. Ombrotrophic bogs are domi-
nant and cover ~98% of the total peatland area (Grenier et al.,
2008). Their surfaces show a well-developed hummock-hollow
pattern with wet hollows and large pools in the central parts and
ribbed sections along the margins.

Baie-Comeau

The peatlands of Baie-Comeau developed over the Manicouagan
delta along the St. Lawrence Estuary, in the coastal plain between
the Precambrian Shield and the coastline (elevation <40 m a.s.l.).
In this region, peatlands are predominantly ombrotrophic and
non-forested (Couillard and Grondin, 1986; Payette and Roche-
fort, 2001). They have developed over deltaic sediments depos-
ited by the tributaries of the Goldthwait Sea, which emerged by
postglacial isostatic uplift. Baie-Comeau is located within the
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[] Mixed deciduous forest
MF1 :Hickory/maple forest

MF2 :Linden/maple forest

MF3 : Yellow birch/maple forest

[ ] Boreal/Subarctic forest

CF1 : Closed forest (balsam fir/yellow birch)
CF2:Closed forest (balsam fir/white birch)
CF3 : Closed forest (spruce-moss)

[ ] Arctictundra

ST :Shrub tundra
HT :Herbaceous tundra

OF : Open forest (lichen-spruce woodlands)

FT: Forest tundra

Figure |. Locations of the six studied regions (red circles) within the various bioclimatic regions of Québec, Canada. Map modified from

Payette and Rochefort (2001).

closed boreal forest. In this region, peatlands show a slightly con-
vex surface with a pool pattern similar to temperate peatlands
within the St. Lawrence lowlands (Payette and Rochefort, 2001).

Havre-Saint-Pierre

The Havre-Saint-Pierre region is located at the transition
between the closed boreal forest and the forest-tundra, where the
dominant peatland types are treeless plateau bogs with a dry
surface dominated by abundant lichens. The studied peatlands
cover the deltaic sands of the La Romaine River (elevation <40
m a.s.l.). These bogs are morphologically similar to the peat-
lands of subarctic and sub-oceanic regions of northeastern Can-
ada (Dionne and Gérardin, 1988; Payette and Rochefort, 2001)

with a dominance of large non-structured pools that occupy up
to 50% of the surfaces.

Methods
Field methods

In this study, we have synthesized data on peatland C dynamics
published over the last decade (Lamarre et al., 2012; Magnan and
Garneau, 2014; van Bellen et al., 2011a) along with some unpub-
lished data. In each region, peatlands were selected from aerial
photographs and after field survey validations. Peatland classifi-
cation, vegetation description and peat thickness measurements
were performed to confirm the regional representativeness of the
sites in terms of (1) distribution and area, (2) variety of landforms

Downloaded from hol.sagepub.com at Universite du Quebec a Montreal - UQAM on July 11, 2014


http://hol.sagepub.com/

The Holocene

Table |I. Location and characteristics of the studied regions and sites.

Region Coordinates Region area (km2)  Peatland types (number of sites)  Bioclimatic regions

Kuujjuarapik 55°20'N/77°45'W 50 Degraded palsa bog (1); bog (1) Forest tundra

Laforge 54°20'N/72°03'W 150 Poor fens (4) Open boreal forest/Forest tundra
La Grande 53°04'N/77°05'W 350 Concentric/ribbed bogs (3) Open boreal forest

Eastmain 51°50'-52°20'N/75°00-76°00'W 600 Raised bogs with pools (6) Open boreal forest
Havre-Saint-Pierre ~ 50°15'/63°30'W 300 Plateau bogs (3) Closed boreal forest/Forest tundra
Baie-Comeau 49°00'N/68°22'W 120 Raised bogs with pools (3) Closed boreal forest

and vegetation cover, (3) geomorphological settings and (4)
hydrological status.

At least one peatland was selected in each region, and one or
two cores were sampled where peat thickness was at its maxi-
mum, as revealed by manual depth probing measurements (aver-
age 150-250 per peatland). Peat cores were collected using a Box
corer (10 cm diameter) for the top 1 m and a Russian peat sampler
(Jowsey, 1966; 4.5 or 7.5 cm diameter) for deeper and more com-
pacted peat. A CRREL corer (Veillette and Nixon, 1980) was used
to sample the degraded palsa bog of Kuujjuarapik (Table 1). All
peat cores were extracted from Sphagnum-dominated lawns
(except for the palsa) because these microforms are likely to be
more sensitive to environmental changes than hummocks (Nord-
bakken, 1996; Rydin, 1993). Peat cores were stored in a refrigera-
tor at 4°C until analyses, except the palsa core which was kept in
a freezer.

Laboratory methods

In the laboratory, cores were cut into 1-cm slices and subsampled
for further analyses. Peat stratigraphy was described either using
the Troels-Smith (1955) classification or plant macrofossil analy-
ses (Garneau, 1998; Mauquoy and Van Geel, 2007). The timing of
the fen-bog transitions was determined from plant macrofossil
analyses.

The organic C contents were measured from contiguous sub-
samples (1-3 cm?). Dry bulk densities were obtained after over-
night drying at 105°C. The organic matter contents were
determined by loss-on-ignition analysis after combustion at
550°C for 3.5 h (Heiri et al., 2001) and converted to C mass per
volume assuming a constant mean peat C content of 0.5 g C/g
OM. This value lies within the range of previous estimates (Beil-
man et al., 2009; Charman et al., 2013; Loisel et al., 2014),
although it may slightly underestimate the actual C density for
ligneous peat (Beilman et al., 2009).

Peat core chronologies

A total of 135 samples (21 from basal peat) were submitted to
Keck-CCAMS laboratory (University of California, Irvine, USA),
Beta Analytic Inc. (Miami, USA) or IsoTrace Laboratory (Univer-
sity of Toronto, Canada) for radiocarbon ('#C) dating by accelera-
tor mass spectrometry (AMS; Table S1, available online). Five
samples from the La Grande region (LG2_C2 2 core) were dated
by conventional radiocarbon dating. Sphagnum stems were pre-
ferred for dating (Nilsson et al., 2001), but other terrestrial plant
remains were used when Sphagnum was unavailable (e.g. seeds,
leaves and conifer needles). A thorough inspection to remove pos-
sible contamination was performed to minimize the possibility of
erroneous dating. Radiocarbon dates were calibrated using the
IntCal09 calibration curve (Reimer et al., 2011). Age—depth mod-
els were created for a subset of 16 peat cores, comprising at least
four “C dates, within the CLAM 2.1 package in R 3.0.1 (Blaauw,
2010; R Development Core Team, 2009). The age of the peat sur-
face corresponds to the year of sampling (ap 2005-2010, depend-
ing on the core). Piece-wise linear interpolation was applied

between each calibrated “C dated horizon (Figure S1, available
online). All dates are expressed in calendar years before present
(BP: before ap 1950).

Calculation of CAR and LORCA

Two types of analysis were performed on the collected material.
For the complete dataset, comprising 21 peat cores, we calcu-
lated average long-term apparent rates of C accumulation
(LORCA; Turunen et al., 2002). LORCA, expressed as g C/m?/
yr, were calculated by dividing the total mass of C accumulated
above the mineral contact by the basal peat age. In a second step,
the temporal variations in CAR were reconstructed for the subset
of 16 peat cores for which age—depth models were developed.
CAR were calculated by dividing the C density (g C/cm?) by the
deposition time (yr/cm) for each subsample. CAR were first
pooled in 500-year bins, then standardized to z-scores for each
core and averaged to obtain a single reconstruction for all sites.
This standardization procedure aims to eliminate within-core
variability in CAR values and allows to synthesize Holocene C
accumulation records from multiple sites. The standardization
was initially performed for the entire peat core, including both
fen and bog sections. A second standardization was performed
after eliminating the initial fen sections, assuming that bog
records are more sensitive to changes in climate and thus reflect
more accurately climate-driven changes in C accumulation
(Charman et al., 2009).

Analysis of potential variables influencing long-term
C accumulation

In order to estimate the sensitivity of peatland C balance to
regional climate, four principal instrumental climatic variables
were calculated: mean summer temperature (MST) and mean
summer precipitation (MSP), MAP and number of growing
degree-days above 0°C (GDDO) for each of the six regions. These
variables were chosen considering the importance of growing
season conditions on peatland water table levels (Charman, 2007)
and C accumulation (Beilman et al., 2009). Climate data (1971—
2003) were generated from the National Land and Water Informa-
tion Service (Hutchinson et al., 2009). The four climate variables
were combined with LORCA, C mass, peat thickness, basal age
and latitude. The relationships between all variables were
explored using simple regression analyses. In a second step, the
variables influencing the LORCA were evaluated using a multiple
regression analysis.

Results
Present-day climate in the six regions

The seasonal patterns of temperature and precipitation (climate
normals: 1970-2003) for the different regions are shown in
Table 2. Climate data show a trend of decreasing seasonal tem-
peratures and number of GDDO with latitude, except for Kuujj-
uarapik (55°N), where autumn and winter temperature is higher
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Table 2. Regional climate summary for the six study regions (data from Climate Normals 1971-2003). Climate data are from National Land
and Water Information Service (NLWIS; Hutchinson et al., 2009), extracted and analysed by the Climate Scenarios and Services Group at

Quranos consortium, Montréal, Canada.

Climate variable Kuujjuarapik Laforge La Grande Eastmain Havre-Saint- Baie-Comeau
(55°N) (54°N) (53°N) (51-52°N) Pierre (50°N) (49°N)
Temperature (°C) Summer (JJA) 10.6 1.3 12.3 133 12.9 14.0
Winter (DJF) -20.9 -21.6 -20.2 -19.5 -133 -14.0
Spring (MAM) -7.1 -6.6 -5.1 -39 -12 -0.7
Autumn (SON) 0.9 -0.5 1.3 1.3 2.9 2.8
Mean annual (MAT) 4.1 -4.4 -29 -2.2 0.4 0.5
GDDO0 1387 1400 1630 1766 1779 1925
Precipitation (mm) Summer (JJA) 223 263 226 246 286 288
Winter (DJF) 100 15 104 19 220 228
Spring (MAM) 9l 121 99 120 227 233
Autumn (SON) 240 238 245 247 299 286
Mean annual (MAP) 653 738 675 732 1031 1034
than in Laforge (54°N) because of a maritime influence. Although n=4 2 3 6 3 3
MAT is slightly lower in Laforge (—4.1 °C) than in Kuujjuarapik 70 T
(—4.4°C), there is no evidence of residual permafrost in the peat-
lands of this region. The La Grande region (53°N) has lower sum- 60 - . - 60
mer and spring temperatures than the Eastmain sector (51-52°N). ] EE
The highest MAT and GDDO are recorded in Baie-Comeau, i 50+ ~ 50
which is the southernmost region (49°N). “
Precipitation generally decreases with latitude, except for the g 40 40
Laforge region, which receives precipitation amounts similar to o
the Eastmain region, in spite of its more northern location. The 8 30 T l 30
highest MAP (~1030 mm) are recorded along the St. Lawrence % o ____
North Shore in Baie-Comeau (49°N) and Havre-Saint-Pierre - 20 ° . - 20
(50°N). The annual thermal amplitude (summer minus winter 1 - r
temperature) is higher in Baie-Comeau than in Havre-Saint-Pierre 10 — ~ 10
where climate is more oceanic and influenced by the cold Labra- 1 F
dor Current. 0 T ‘ I 0
[ X o) c o >
g § § E &8 ¢
Holocene LORCA of the six regions S S &6 @ f':é 8
LORCA range from 10 to 70 g C/m?/yr with an overall mean of é g g -%
26.1 (standard error of the mean (SEM) = 3.6) g C/m?¥yr for the ¢ o
21 cores (Figure 2). The lowest C sequestration values are found %

in the peatlands of Laforge area, which are located at the ecotone
of the boreal forest and the forest-tundra where the lowest MAT is
recorded. The highest C sequestration rates are recorded in Baie-
Comeau, which is the region with the highest GDDO and precipi-
tation, favouring an optimal positive balance between primary
production and decomposition.

Holocene variations in the rates of C accumulation

In order to evaluate the temporal patterns of C accumulation,
Holocene CAR of the 16 peat cores with age—depth models
were pooled into box plots with 500-year bins (Figure 3a).
Overall, CAR were higher during the mid-Holocene, more spe-
cifically from 6000 to 4000 cal. yr BP, and decreased gradually
towards the Neoglacial cooling period (Figure 3). Median CAR
value vary between 14.0 and 28.1 g C/m?%/yr with few particu-
larly high values, exceeding 80 g C/m?/yr, that may result from
site-specific conditions or uncertainties in the age—depth mod-
els that caused improbable peaks between “C dated levels. The
high variability in CAR in some periods, especially between
4000 and 3000 cal. yr BP, are likely related with regional or
site-specific conditions. Some peatlands that formed during
this period (e.g. Baie and Manic) showed particularly high
CARs during their early development (Magnan and Garneau,
2014). Moreover, different regional patterns of C accumulation
may be explained by distinct sensitivity of peatlands to past

Figure 2. Spatial pattern of LORCA (long-term apparent rates of
C accumulation) from six bioclimatic regions in Québec, Canada.
Each box plot shows upper and lower quartiles, median and
maximum and minimum (whiskers). Dots represent two single
values for the peat cores from Kuujjuarapik. Box plots of different
colours have significantly different LORCA at p < 0.05.

climatic changes or site-specific influences (Figure S2, avail-
able online). The standardized CAR values of all the records
(Figure 3b) show a clear trend towards decreasing CAR from
~4000 cal. yr BP with minimum values between 2000 and 1200
cal. yr BP. The elimination of the initial fen phases (Figure 3c;
data shown in Table S2, available online) results in a reduction
of the width of the confidence intervals, which may imply a
more accurate representation of climate-related trends in C
sequestration. CAR increased briefly around 1000 cal. yr BP as
shown in the circumboreal reconstruction of Charman et al.
(2013) for the warmer Medieval Climate Anomaly. Relatively
low CAR are recorded between 800 and 200 cal. yr BP, proba-
bly associated with the cooler climate conditions of the LIA,
followed by an apparent increase towards present-day. Never-
theless, reconstructed CAR in the recent layers (<400 years) are
likely to be affected by the presence of peat still subjected to
decomposition, and therefore, these values cannot be directly
compared with older peat sections.
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Figure 3. Temporal trend of synthesized CAR (C accumulation rates) during the Holocene in Québec, Canada. (a) values shown as 500-year
bin box plots representing quartiles, median, minimum and maximum (whiskers) and outliers (individual points); (b) values expressed as z-
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Figure 4. Correlations based on simple regressions between the studied variables related to C accumulation and climate. Diagrams with
brackets and correlation coefficients represent significant linear relationships between variables (p < 0.05).

LORCA: long-term apparent rates of C accumulation.

Identification of variables influencing long-term C
accumulation

Regression analyses show that the four climate variables are sig-
nificantly correlated with LORCA (Figure 4). GDDO0O, MST,
MSP and MAP are all significantly correlated with each other
and with latitude (0.46 <7 <0.98; p <0.0341). LORCA are posi-
tively correlated with all temperature and precipitation variables
and accordingly with latitude. MST is strongly correlated with
GDDO but, although significant, correlation is poor with MSP
and MAP (Figure 4). Because of the correlations between the
climate variables, most of these could potentially be used in a
multiple regression analysis to explain a significant proportion
of the variance in the LORCA values. However, GDD0, MAP
and MSP are not normally distributed and therefore could not be
used properly in the regression analyses. Hence, MST was used
as an explanatory variable in the multiple regression and is sig-
nificantly correlated with LORCA (R? = 0.38; p < 0.0001).
Besides being statistically significant, this relationship is very

plausible considering the reported effects of MST on plant bio-
mass productivity from contemporaneous surface measurements
in boreal and subarctic peatlands (Cliche Trudeau et al., 2014;
Pelletier et al., 2011). Basal peat age was an additional highly
significant explanatory variable in a multiple regression on
LORCA (p = 0.0002). Basal peat age is negatively correlated
with LORCA, that is, peat deposits with younger basal ages
have significantly higher LORCA (whole model R? = 0.71; both
regressors p < 0.0001; Figure 5¢):

LORCA = -65.3860 + 10.8675*MST — 0.0077 * Basal age

In the final model, each variable explains a significant fraction
of the variability in LORCA (Figure 5). The explanatory variables
MST and basal age are not significantly correlated, and hence,
multicollinearity was not an issue (variance inflation factor of
1.038).
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LORCA: long-term apparent rates of C accumulation; MST: mean sum-
mer temperature.

Discussion
Regional patterns of long-term C sequestration

The mean LORCA of 26.1 (SEM = 3.6) g C/m?/yr for boreal and
subarctic Québec is slightly higher than the mean value of 22.9
(SEM = 2.0) g C/m?/yr in the northern peatlands synthesis of
Loisel et al. (2014) which includes most of the records presented
here. Our regional synthesis of peat core data shows that climate
has been a major factor controlling long-term peatland C accumu-
lation at the regional scale and that some variability may be linked
with internal peatland processes (Figure S2, available online),
such as changes in peat-forming vegetation, surface wetness and
permafrost growth (Lamarre et al., 2012; Loisel and Garneau,
2010; Magnan and Garneau, 2014; van Bellen et al., 2011a,
2011b). Our data suggest that summer temperature has been a

major factor explaining the variability in long-term C accumula-
tion. However, other climate variables related to growing season
conditions (e.g. GDDO) may also be used to explain the observed
trends in LORCA (Figure 4).

The lowest LORCA (median value = ~10 g C/m/yr) in the
peatlands of the Laforge region can be attributed to their biogeo-
graphic position at the northern limit of the open boreal forest and
at the wet and cold limit of ombrotrophic peatland development
(van Bellen et al., 2013; Yu et al., 2009). Contrastingly, the par-
ticularly high LORCA values (60 g C/m?/yr) in the peatlands of
Baie-Comeau have probably been stimulated by a combination of
optimal summer temperatures and positive moisture balance (i.e.
near-surface water tables) as suggested by Magnan and Garneau
(2014). These data are consistent with contemporaneous surface
flux measurements that showed a positive relationship between
warmer and wetter summers and vegetation productivity in the
Laforge and Eastmain regions (Cliche Trudeau et al., 2014; Pel-
letier et al., 2011).

Long-term trends in C accumulation during the
Holocene

Despite some regional differences in the timing of peat inception
and fen-bog transitions (Table S2, available online), the Holocene
climate variations seem to have been an important driver of peat-
land C balance. In most studied regions, CAR were high during
the early stages, and the transition to ombrotrophy was likely
favoured by high net biomass productivity during the warmer
mid-Holocene. The gradual slowdown in C accumulation coin-
cides with the Neoglacial cooling forced by declining summer
insolation (Berger and Loutre, 1991) and documented by proxy
climate records from northeastern Canada (e.g. Arseneault and
Sirois, 2004; Filion, 1984; Viau et al., 2006). In accordance with
the relationship obtained from the regression analyses, this sug-
gests that short growing seasons and low summer temperatures
negatively influenced biomass productivity in all the studied
regions in a similar way at the Holocene timescale. The minimum
rates of C accumulation between 2000 and 1200 cal. yr BP coin-
cide with cooler conditions in northern Québec, documented by
permafrost growth in peatlands (Lamarre et al., 2012; Payette and
Rochefort, 2001) and minimum temperatures inferred from pol-
len data (Viau and Gajewski, 2009).

Given that long-term decay in the catotelm has not been quan-
tified in the calculations here, the actual long-term rates of C
accumulation (sensu Clymo et al., 1998) has been higher than our
reconstructed LORCA. Figure 5b suggests that long-term anoxic
decay has significantly affected the LORCA. Assuming that
younger peat has lost relatively lower C through decay than older
peat, the ‘real’ slowdown in CAR towards the late-Holocene may
have been even more pronounced than the reconstructed trend
(Figure 3). This decrease in apparent rates of C accumulation con-
trasts with the theoretical model of Clymo et al. (1998) which
assumes a constant C input over time. Our data thus suggest a
significant slowdown in biomass productivity over time associ-
ated with a trend towards cooler conditions during the
late-Holocene.

The impact of the LIA on C accumulation is not obvious in
our synthesized record (Figure 3), probably because of the pres-
ence of near-surface less-decomposed peat with higher apparent
CAR and the effect of low-resolution dating. Nevertheless, par-
ticularly low CAR are recorded after 500 cal. yr BP in Kuujj-
varapik, Laforge, La Grande and Baie-Comeau (Figure S2,
available online). Moreover, the levels corresponding to that
period of low CAR are often associated with highly decomposed
peat and high bulk densities (see our data presented in Loisel
et al., 2014). The impact of the LIA on peat C accumulation
dynamics at northern latitudes remains poorly documented.
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Very slow peat accumulation during this period may have
resulted from shorter growing seasons, longer seasonal freezing
in the subsurface peat and permafrost aggradation in the north-
ernmost regions (Dionne and Richard, 2006; Lamarre et al.,
2012; Thibault and Payette, 2009).

Conclusion

The regional synthesis following latitudinal and continental-
oceanic gradients in boreal and subarctic regions of Québec, Can-
ada, has shown that long-term peatland C dynamics are primarily
linked with regional climate conditions. In this study, mean sum-
mer temperature was the most important climate variable control-
ling long-term rates of carbon accumulation, although the number
of growing degree-days, which is strongly correlated with MST,
has likely played an important role on primary production. In the
studied peatlands, CARs have gradually decreased from the onset
of the Neoglacial to the LIA, which was the coldest period docu-
mented by multiple proxy climate records from northeastern Can-
ada. These results suggest the negative effect of cooling on
biomass productivity and C sequestration. Our approach of link-
ing synthesized Holocene CARs with contemporary climate data
improves the understanding of climate control on peatland C
dynamics in boreal and subarctic regions. These data may be used
as analogues for the projection of peatland C dynamics under
future changing climate regimes.
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