
 http://hol.sagepub.com/
The Holocene

 http://hol.sagepub.com/content/early/2014/07/23/0959683614540727
The online version of this article can be found at:

 
DOI: 10.1177/0959683614540727

 published online 23 July 2014The Holocene
Gabriel Magnan and Michelle Garneau

maritime Quebec, eastern Canada
Climatic and autogenic control on Holocene carbon sequestration in ombrotrophic peatlands of

 
 

Published by:

 http://www.sagepublications.com

 can be found at:The HoloceneAdditional services and information for 
 
 
 

 
 http://hol.sagepub.com/cgi/alertsEmail Alerts: 

 

 http://hol.sagepub.com/subscriptionsSubscriptions:  

 http://www.sagepub.com/journalsReprints.navReprints: 
 

 http://www.sagepub.com/journalsPermissions.navPermissions: 
 

 http://hol.sagepub.com/content/early/2014/07/23/0959683614540727.refs.htmlCitations: 
 

 What is This?
 

- Jul 23, 2014OnlineFirst Version of Record >> 

 at Universite du Quebec a Montreal - UQAM on August 5, 2014hol.sagepub.comDownloaded from  at Universite du Quebec a Montreal - UQAM on August 5, 2014hol.sagepub.comDownloaded from 

http://hol.sagepub.com/
http://hol.sagepub.com/content/early/2014/07/23/0959683614540727
http://www.sagepublications.com
http://hol.sagepub.com/cgi/alerts
http://hol.sagepub.com/subscriptions
http://www.sagepub.com/journalsReprints.nav
http://www.sagepub.com/journalsPermissions.nav
http://hol.sagepub.com/content/early/2014/07/23/0959683614540727.refs.html
http://hol.sagepub.com/content/early/2014/07/23/0959683614540727.full.pdf
http://online.sagepub.com/site/sphelp/vorhelp.xhtml
http://hol.sagepub.com/
http://hol.sagepub.com/


The Holocene
﻿1–9
© The Author(s) 2014
Reprints and permissions:
sagepub.co.uk/journalsPermissions.nav
DOI: 10.1177/0959683614540727
hol.sagepub.com

Introduction
Peatlands are widespread in boreal and subarctic regions of the 
Northern Hemisphere. Over the Holocene, these ecosystems have 
accumulated large amounts of organic carbon (C) because of a 
positive balance between production and decomposition of 
organic matter (OM) under waterlogged and nutrient-poor condi-
tions. Globally, northern peatlands store ~436 Gt C (Loisel et al., 
2014), which corresponds to about one-third of present-day global 
soil C (Gorham, 1991). In Canada, peatlands cover about 12% of 
the land area (~1.1 million km2) and store ~147 Gt C (Tarnocai, 
2006). Peatlands are abundant in the Hudson Bay Lowlands and 
James Bay Lowlands and the eastern Atlantic regions, but there 
are large uncertainties in regional estimates of peat-C stocks in 
these regions (Yu, 2012).

At the continental scale, climate is a major factor controlling 
long-term C accumulation in northern peatlands (Loisel et  al., 
2014; Yu et al., 2009). Net C sequestration in peatlands is influ-
enced by precipitation and temperature regime (Malmer et  al., 
2005), which affects both net primary production (NPP) and aero-
bic decay in upper peat layers (acrotelm). This climatic influence 
is reflected in a south–north trend of decreasing long-term C 
accumulation rates (CARs) correlated with decreasing mean 
annual temperature (Beilman et al., 2009), mean growing degree-
days (Clymo et al., 1998) and mean summer temperature (Gar-
neau et al., 2014). In northern peatlands, highest long-term rates 
of C accumulation occur in regions with intermediate mean 
annual temperature (0−2.5°C) and mean annual precipitation 

(450−550 mm) (Yu et al., 2009). However, at the regional scale, 
long-term peatland C sequestration is also influenced by site-
specific geomorphic factors such as basin topography (Korhola 
et al., 1996; Van Bellen et al., 2011a) and by differences in the age 
of peat deposits (Turunen et al., 2002).

In northern peatlands, centennial to millennial changes in C 
sequestration occurred during the Neoglacial cooling, the ‘Medi-
eval Climate Anomaly’ (MCA) and the ‘Little Ice Age’ (LIA) and 
most likely reflect changes in primary productivity during the 
growing season (Charman et al., 2013; Garneau et al., 2014; Loisel 
et al., 2014). The temporal variations in peatland C sequestration 
may result from shifts in vegetation and surface wetness which are 
driven by a combination of internal (autogenic) processes and cli-
mate changes (Belyea and Malmer, 2004; Loisel and Garneau, 
2010; Van Bellen et al., 2011b). Further data on long-term C accu-
mulation are needed from various peatland types under a wider 
range of climatic and geomorphic contexts to improve understand-
ing of the factors controlling peat-C sequestration.
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In eastern Canada, previous studies on Holocene C dynamics 
mainly focussed on continental ombrotrophic peatlands from 
temperate regions within the St. Lawrence Lowlands (Muller 
et al., 2003; Roulet et al., 2007) and boreal and subarctic regions 
in northwestern Québec (Lamarre et  al., 2012; Loisel and Gar-
neau, 2010; Van Bellen et  al., 2011a, 2011b) and northeastern 
Ontario (Bunbury et al., 2012; Charman et al., 1994). Ombrotro-
phic peatlands (bogs) are widespread on the postglacial deltaic 
formations along the St. Lawrence North Shore in eastern Can-
ada. The long-term C dynamics of these bogs are unknown in 
spite of their significance in terms of biodiversity and water stor-
age (Glaser and Janssens, 1986). It is important to understand the 
factors that controlled long-term C accumulation in these ecosys-
tems in order to predict their response to ongoing and future cli-
mate change.

In the present study, we evaluate Holocene C dynamics in the 
maritime bogs along the St. Lawrence North Shore. The main 
objectives are to (1) compare long-term rates of C accumulation 
between peatlands of two maritime ecoclimatic regions from the 
boreal (Baie-Comeau) and the subarctic (Havre-St-Pierre) and (2) 
to evaluate the role of internal dynamics and external climatic 
influences on the temporal variations of C sequestration in these 
peatlands. We hypothesise that the bogs of Havre-St-Pierre have 

been less efficient long-term C sinks because of their biogeo-
graphic position at the climatic limit of peat bogs distribution in 
eastern North America (Glaser and Janssens, 1986).

Study area and sites
Our sites are located on two postglacial deltas along the St Law-
rence Estuary and the Gulf of St Lawrence (Figure 1). Three peat-
lands were selected from the Manicouagan delta near 
Baie-Comeau (Lebel, Baie, Manic). Because of the larger area of 
the La Romaine delta peatland complex near Havre-St-Pierre, 
five sites were studied in this sector (Plaine, Romaine, Romaine-
C, Morts, Morts-Sud) to improve the representativeness of long-
term C sequestration data. In each region, we selected peatlands 
of different ages within two edaphic conditions, based on pub-
lished data from these sites (Magnan et  al., 2014), in order to 
evaluate the influence of these factors on long-term C sequestra-
tion. At the higher elevation sites (>14 m.a.s.l.), peatlands cover 
sandy deltaic terraces that emerged after the withdrawal of the 
Goldthwait Sea from ~8  kyr  BP. Peatlands at lower elevations 
(<14  m.a.s.l.) developed over silt–clay deposits associated to a 
mid-Holocene marine transgression that ended around 4.3 kyr BP 
(Bernatchez, 2003; Magnan et al., 2014).

Figure 1.  (a) Location of the two study regions in eastern Canada and position of the coring sites in the bogs of, (b) the Manicouagan delta 
near Baie-Comeau and (c) the La Romaine delta near Havre-St-Pierre. The peatlands over deltaic sands are shown by yellow squares and sites 
over silt–clay deposits are indicated with blue squares. Satellite images from Google Earth.
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The two study regions are characterised by different ecologi-
cal and climatic conditions associated with two dominant peat-
land types. The peatland morphology changes gradually across a 
southwest-to-northeast climatic gradient from the Estuary to the 
Gulf of St. Lawrence (Glaser and Janssens, 1986). In the Baie-
Comeau area, the bogs have a slightly domed surface colonised 
by dense krummholz of black spruce (Picea mariana (Mill.) 
B.S.P.). Their morphology is similar to those of temperate peat-
lands within the St Lawrence Lowlands. In the Havre-St-Pierre 
region, peatlands are predominantly treeless plateau bogs similar 
to those of oceanic coastal regions in Newfoundland (Payette and 
Rochefort, 2001).

Climatic data indicate that growing seasons are on average 
longer in Baie-Comeau than in Havre-St-Pierre with number of 
growing degree-days above 0°C of ~1924 and ~1779, respec-
tively (climate normals 1971–2003; Hutchinson et  al., 2009). 
Mean annual precipitation is similar in both regions (~1000 mm), 
and mean annual temperature is slightly higher in Baie-Comeau 
(1.5°C) than in the Havre-St-Pierre region (1.1°C) (climate nor-
mals 1971–2000; Environment Canada, 2013). However, the 
available climate data are not reflecting accurately the past 
regional difference in temperature given that recent warming has 
been more important in Havre-St-Pierre than in Baie-Comeau 
(Hutchinson et al., 2009).

The coastal ecosystems along the Gulf of St Lawrence are 
affected by the cold Labrador Current combined with the effect of 
high wind exposure. In the landscape, this oceanic influence is 
reflected by an opening of the regional forest cover between the 
Estuary and the Gulf of St. Lawrence. The Baie-Comeau region 
belongs to the closed boreal forest dominated by balsam fir (Abies 
balsamea (L.) Mill.) and white birch (Betula papyrifera Marsh.). 
Havre-St-Pierre is located at the ecotonal limit of boreal and sub-
arctic forests where black spruce is the dominant tree species 
(Payette and Rochefort, 2001).

Methods
Field sampling
The sites were selected from aerial photographs according to their 
representativeness of regional peat-forming systems. In order to 
limit potential topographic influences on long-term peat-C accu-
mulation (Belyea and Baird, 2006; Van Bellen et al., 2011a), we 
selected sites with relatively homogenous mineral basins, where 
lateral peatland development is not strongly confined. At each site, 
peat thickness was measured along a series of transects evenly dis-
tributed throughout the peatland. Peat cores were taken from 
Sphagnum-dominated lawns in the central and deepest section of 
each bog. Peat cores were retrieved using a Russian corer (diame-
ter: 7.5 cm; Jowsey, 1966). The uppermost 100 cm of the peat 
sequences was sampled with a Box corer (110 cm × 8 cm× 8 cm; 
Jeglum et  al., 1992). Sediments were wrapped with cellophane, 
placed in PVC tubes and stored at 4°C until analysis.

Radiocarbon dating and chronology
A total of 53 samples of Sphagnum mosses and vascular plant 
remains were submitted to Keck Carbon Cycle Laboratory (Uni-
versity of California, Irvine) for AMS radiocarbon (14C) dating 
(Table 1). Basal dates were obtained for the eight peat cores, and 
further dating was conducted on the main stratigraphic transi-
tions in a subset of six peat cores (three from each region). For 
these peat cores, age–depth models were developed using 
CLAM version 1.0.2 (Blaauw, 2010) by applying linear interpo-
lation between each 14C date and attributing an age of 
−60 cal. yr BP (i.e. year of coring: ad 2010) to the peatland sur-
face (Supplementary Figure S1, available online). Linear inter-
polation allows the inclusion of all 14C dates without producing 

age reversals. This model assumes that changes in peat CARs 
occur at the dated peat horizon which is realistic when dates are 
conducted at the level of stratigraphic change. All dates are 
expressed in calendar years before present (BP: before ad 1950) 
and rounded to the nearest decade.

OM and C content
Peat lithological properties were analysed on contiguous sam-
ples (interval: 1 cm; volume: 3 cm3). Dry bulk densities (g/cm3) 
were determined after overnight drying and the OM contents 
(ash-free bulk densities) were evaluated with loss-on-ignition 
(LOI) at 550°C for 3 h (Dean, 1974). C concentration was esti-
mated at 50% of the OM content, which is consistent with pre-
vious estimates for peat (e.g. Charman et  al., 2013; Turunen 
et al., 2002).

Calculation of the rates of C accumulation
First, average long-term apparent rates of C accumulation (LORCA; 
g C/m2/yr) were calculated for the eight peat cores by dividing the 
total mass of C accumulated by the basal peat age (Turunen et al., 
2002). Second, the temporal variations in CAR were calculated for 
the subset of six peat cores for which age–depth models were 
developed. CAR were calculated by dividing the C mass in every 
1-cm-thick peat layer by the deposition time (yr/cm) and are 
reported on an area basis (1  m2). To minimise the confounding 
influence of peat age on C sequestration (Beilman et  al., 2009; 
Clymo et al., 1998), the mass of C accumulated was also calculated 
for the same defined periods since 2000 and 1000 cal. yr BP for the 
six main peat cores. These dates were estimated by linear interpola-
tion between two adjacent 14C-dated levels.

Peat humification, peat composition and water table 
depth records
The internal processes controlling the temporal variations in C 
sequestration were evaluated for two peat cores (Plaine, HSP and 
Lebel, BC) selected for their longest record of Sphagnum ombro-
trophic peat. These cores had additional data on past water table 
depths (WTDs) based on testate amoebae analyses (Magnan and 
Garneau, 2014) and peat composition from plant macrofossil 
analyses (Magnan et al., 2014). Peat humification analyses were 
also conducted to investigate the temporal variations in the pro-
duction/decay balance. Analyses were conducted at 1-cm interval 
using the colorimetric method (Chambers et al., 2010). Samples 
(0.2 mg) were boiled in a solution of sodium hydroxide (NaOH 
8%) for 1 h, filtered through Whatman Qualitative 1 filter paper 
and diluted. Readings on the extracted alkali were performed with 
a Thermo Spectronic Unicam spectrophotometer using a wave-
length of 540 nm and recorded as percentage of light-transmis-
sion (%LT). Values were averaged from two or three replicates of 
each sample. Humification data were corrected to take into 
account the mineral content based on the LOI values (Chambers 
et  al., 2010; Payne and Blackford, 2008) using the formula 
LTc = LTr/(1/LOI), where LTc is the corrected LT, LTr is the raw 
LT value (%) and LOI is expressed as a proportion. The LT record 
was linearly detrended to remove the effect of continuing anoxic 
decay, and data were smoothed with a LOWESS (2% smoothing 
factor) using Kaleidagraph 3.6.

Results
LORCA
LORCA vary considerably between the eight peatlands, ranging 
from 16.0 g C/m2/yr at Romaine in Havre-St-Pierre to 67.8 g C/m2/
yr at Manic in Baie-Comeau (Figure 2; Table 2). LORCA are 
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considerably higher in the three peatlands of Baie-Comeau. The 
total mass of C accumulated in these bogs is roughly twice that of 
the Havre-St-Pierre sites. Data show a negative relationship 
between LORCA and basal peat age with highest values in the 
youngest peat deposits over marine silt–clay and lowest values in 
the oldest peatlands over deltaic sands (Figure 2).

Long-term pattern of peatland C sequestration
In the six main peat cores, the C mass versus basal age relation-
ships are either close to linear or convex (Figure 3). The patterns 
of C sequestration over time differ clearly between the two study 
regions. The C sequestration was particularly rapid following peat 
inception in Baie-Comeau, especially in the two peatlands that 

Table 1.  Radiocarbon dates and chronological data.

Site Sample depth (cm) Lab. no. (UCIAMS) Material dated 14C age (yr BP) 2σ range (cal. BP) Cal. yr BPa

Plaine 16–17 67838 Sph. Modern 0 0
  24–25 79504 Sph. 150 ± 15 6–281 150
  39–40 73854 Sph. 935 ± 25 793–919 850
  55–56 98873 Sph. 1480 ± 15 1328–1399 1360
  77–78 73855 Sph. 1800 ± 25 1629–1818 1740
  101–102 73856 Sph. 2245 ± 25 2157–2338 2240
  136–137 98874 Sph. 2765 ± 15 2793–2921 2850
  172–173 80191 Sph. 3875 ± 15 4244–4407 4320
  202–203 73857 Sph., Eric. sds 4100 ± 25 4523–4808 4630
  248–249 79505 Sph., Eric. sds 4715 ± 15 5327–5577 5430
  300–301 67839 Sph. 5755 ± 15 6495–6632 6560
  356–357 67840 Carex ach. 6540 ± 15 7426–7475 7450
Morts 23–24 98870 Sph. 290 ± 15 300–428 370
  36–37 79502 Sph. 480 ± 15 506–531 520
  48–49 98871 Sph. 955 ± 15 797–926 860
  62–63 73858 Sph. 1145 ± 25 976–1168 1030
  87–88 73859 Sph. 1190 ± 25 1014–1178 1120
  120–121 80188 Sph., Eric. lvs. 1580 ± 15 1415–1521 1470
  168–169 79503 Sph., Eric. sds 2150 ± 15 2066–2299 2150
  191–192 98872 Sph., Eric. lvs.; Picea need. 2250 ± 15 2162–2338 2260
  244–245 67844 Sph., Eric. lvs.; Larix need. 2585 ± 20 2625–2754 2730
  284–286 67843 Carex ach. 3025 ± 15 3166–3327 3240
Morts-sud 255–258 80189 Carex ach. 3170 ± 15 3363–3443 3400
Romaine 32–33 79506 Sph. 1595 ± 15 1416–1529 1470
  64–65 73860 Sph. 1975 ± 25 1878–1988 1920
  110–111 79507 Sph. 3350 ± 15 3490–3639 3590
  185–187 67845 Carex ach. 6200 ± 15 7016–7168 7080
Romaine-C 259–262 80197 Sph. 4665 ± 15 5319–5465 5390
Lebel 66–67 73861 Sph. 210 ± 25 (−4)–303 180
  79–80 80190 Sph., Eric. lvs.; Carex ach. 430 ± 15 484–514 500
  98–99 79499 Sph., Eric. lvs./sds 965 ± 15 798–929 870
  120–121 98875 Sph. 1125 ± 15 979–1061 1020
  143–144 73862 Eric. lvs. 1475 ± 25 1311–1400 1360
  168–169 73863 Sph., Eric. lvs. 1775 ± 25 1613–1810 1680
  202–204 98876 Sph. 2145 ± 15 2063–2297 2150
  270–271 79500 Sph.; Eric. sds 2905 ± 15 2966–3139 3040
  331–332 79501 Sph. 3570 ± 15 3832–3910 3870
  400–401 73864 Sph.; Eric. lvs. 4090 ± 25 4452–4805 4620
  471–472 98877 Sph. 4465 ± 15 4978–5277 5160
  574–575 67837 Sph. 5090 ± 15 5753–5908 5820
Baie 32–33 98867 Sph. 105 ± 15 28–259 130
  58–59 73865 Sph. Eric. lvs. 300 ± 25 300–455 380
  100–101 98868 Eric. lvs. 1000 ± 15 840–958 920
  150–151 79496 Sph. 1755 ± 15 1614–1712 1660
  200–202 98869 Sph. Eric. lvs. 2495 ± 15 2491–2715 2590
  250–251 79497 Sph. 2950 ± 15 3065–3209 3130
  304–305 80196 Sph. Eric. sds./lvs. 3060 ± 15 3219–3344 3290
  398–399 73866 Sph. 3670 ± 25 3915–4086 4010
  455–456 79498 Sph., Carex ach.; Larix need. 3830 ± 15 4153–4288 4210
Manic 50–51 80192 Sph. 110 ± 15 24–261 130
  220–221 80193 Sph. 1700 ± 15 1548–1691 1610
  365–366 80194 Sph. 3265 ± 15 3447–3556 3490
  588–590 80195 Sph.; Carex ach. 3745 ± 15 4000–4153 4100

Sph.: Sphagnum ; Eric.: Ericaceae; lvs.: leaves; ach.: achenes; need.: needles; sds.: seeds.
aCalibrated ages inferred from CLAM (Blaauw, 2010).
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developed over silt–clay deposits. In Baie and Manic, about 40–
50% of the total C mass was accumulated during the first 
1000 years following peat inception.

Net C sequestration since 2000 and 1000 cal. BP
The regional differences in C sequestration are important towards 
the late Holocene (Figure 3). Since 2000 cal. BP, the mass of C 
accumulated in the bogs over deltaic sands is substantially lower 
at Plaine and Romaine (~35 kg C/m2) in Havre-St-Pierre than at 
Lebel (113.5 kg C/m2) in Baie-Comeau (Figure 4). However, the 
net C sequestration at Morts (HSP) after 2000 cal. BP (75.5 kg C/
m2) is relatively close to the lowest value recorded in Baie-
Comeau (89.5 kg C/m2; Baie). Since 1000 cal. BP, the C seques-
tration is much lower in the three sites of Havre-St-Pierre 
(27.4–60.6  kg C/m2) compared with those of Baie-Comeau 
(108.8–133 kg C/m2).

Temporal variations in CAR
Data show high variations in CAR in the bogs of Havre-St-Pierre 
which contrast with the more gradual changes in the Baie-Comeau 
sites (Figure 5). During the early peatland stages, CAR range from 
82 to 188 g C/m2/yr in Baie-Comeau and from 15 to 48 g C/m2/yr in 
Havre-St-Pierre. The temporal variations in C accumulation 
diverge noticeably from site to site even within each region 

(Figure 5). The particularly high CAR in the recent peat layers of 
some cores correspond to the acrotelm in which peat has been less 
affected by decomposition.

Interaction between C accumulation, peat 
humification and WTDs
The comparison of C accumulation with variations in WTD and 
peat humification within the bog stage at Plaine (HSP) and Lebel 
(BC) is presented in Figure 5. The ombrotrophic sections of these 
two peat cores are largely dominated by Sphagnum mosses. At 
Plaine, CAR were highly variable and relatively low (mean 
CAR  =  26.8 g C/m2/yr). The main changes in C sequestration 
coincide with shifts in both WTD and peat humification (Figure 
6). The highest CAR (mean  =  40.8 g C/m2/yr) around 4650–
4300 cal.  BP coincide with relatively low WTDs (~15–30 cm). 
This is followed by a period of particularly low C accumulation 
(12.5 g C/m2/yr) from 4300 to 2900 cal. BP under wet conditions 
(near-surface WTD). A water table drawdown and high peat 
humification between 2800 and 2200 cal. BP correspond to faster 
C accumulation (mean CAR = 28.6 g C/m2/yr). After 1200 cal. BP, 
the low CAR (<15 g C/m2/yr) coincide with low peat humification 
and a gradual rise in WTD.

At Lebel, relatively stable and high CAR (mean = 65.9 g C/m2/
yr) were associated with a persistence of relatively wet surface con-
ditions over the bog development. Prior to 5250 cal. BP, high CAR 
(mean = 83.6 g C/m2/yr) and minimal peat humification are related 
with a gradual rise in WTD from ~25 to ~7 cm during the early bog 
development. Over the last 4600 years, C accumulation was par-
ticularly stable, although some noticeable changes in peat humifi-
cation are recorded. The particularly high CAR (>150 g C/m2/yr) 
and low humification in recent peat layers (<200 cal.  BP) corre-
spond to the acrotelm.

Discussion
Our study shows important differences in long-term C accumula-
tion between the eight studied peatlands (Figure 3). The LORCA 
recorded from the three peatlands over deltaic sands in Havre-St-
Pierre (16−29.3 g C/m2/yr) are similar to mean values published 
from temperate and boreal regions of eastern Canada (19 g C/m2/
yr; Turunen et al., 2004), continental North America (29 g C/m2/
yr; Gorham, 1991) and global estimates from northern peatlands 
(23 g C/m2/yr; Loisel et al., 2014). The LORCA recorded in the 
peatlands of Baie-Comeau (52.8−67.8 g C/m2/yr) are among the 
highest reported from northern boreal regions (Loisel et al., 2014; 
Yu et al., 2009).

The differences in LORCA within each region are mainly 
related to the age of the peat deposits (Figure 2) and most likely 
reflect a constant C loss through anoxic decay (Clymo et  al., 
1998). The influence of basal sediment type on long-term C 

Figure 2.  Relationship between basal peat age and LORCA for the 
peatlands of Havre-St-Pierre (circles) and Baie-Comeau (squares) 
over deltaic sands (open symbols) and above silt–clay deposits (filled 
symbols).
LORCA: long-term apparent rates of C accumulation

Table 2.  Description of the eight peat cores and long-term C accumulation data.

Study region Peatland name Basal sediment 

type

Latitude north Longitude west Peat depth (cm) Basal age 

(cal. yr BP)

Total C content 

(kg/m2)

LORCA 

(g C/m2/yr)

Baie-Comeau Lebel Sands 49°5.9′ 68°13.3′ 575 5820 307 52.8
  Baie Silt–clay 49°5.8′ 68°15′ 461 4210 268 63.5
  Manic Silt–clay 49°7.1′ 68°18.3′ 590 4100 278 67.8
Havre-St-Pierre Plaine Sands 50°16.5′ 63°32.3′ 356 7450 165 22.1
  Romaine Sands 50°17.7′ 63°42.9′ 187 7080 113 16.0
  Romaine-C Sands 50°17.3′ 63°43.3′ 262 5390 158 29.3
  Morts Silt–clay 50°15.8′ 63°40.1′ 285 3240 153 45.7
  Morts-Sud Silt–clay 50°15.6′ 63°39.7′ 258 3400 152 44.7

LORCA: long-term apparent rates of C accumulation.
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sequestration is difficult to establish because the peat deposits 
over silt–clay are much younger and thus considerably less 
affected by anoxic decay (Figure 2). These results show that it can 
be misleading to compare LORCA between peatlands with sub-
stantially different basal ages. Further research would be needed 
to evaluate how the underlying sediment and basin topography 
have influenced the long-term C dynamics at the scale of the peat-
land ecosystems.

The temporal inconsistencies in C sequestration dynamics 
between the peatlands of each region (Figure 5) suggest an influ-
ence of site-specific internal processes. Our data show complex 
interactions and potential feedbacks between peat-C accumula-
tion and surface hydrology (Figure 6) in line with conceptual 
models (Belyea and Clymo, 2001; Belyea and Malmer, 2004). 
The high C accumulation under dry conditions observed in some 
sections of Plaine and Lebel bogs seems contradictory and sug-
gests that the rise of the bog surface outpaced the rise of the 
water table as suggested by the study of Swindles et al. (2012). 
Conversely, some slowdown in peat-C accumulation in both 

records seems responsible for an apparent rise in water table rela-
tive to the surface. In Plaine bog, the combination of high peat 
humification and rapid C sequestration under drier conditions 
from 2800 to 2200 cal.  BP suggests that decomposition have 
been offset by high primary production. Overall, the changes in 
peat composition were not linked with important changes in C 
sequestration rates as both peat cores were largely dominated by 
Sphagnum mosses.

Although our results show that the temporal variations in C 
sequestration were influenced by internal peatland dynamics, the 
regional contrast in C sequestration (Figures 2–4) suggests that 
climate has exerted a pervasive influence on the net C balance of 
these bogs. Overall, the higher LORCA in Baie-Comeau likely 
resulted from high primary production associated with longer and 
milder summers and positive atmospheric moisture balance (Gar-
neau et al., 2014). In contrast, the plant productivity in the bogs of 
Havre-St-Pierre has likely been restricted by shorter and possibly 
colder growing seasons. Along the Gulf of St Lawrence, the tree-
less bog surfaces are affected by high wind exposure and cold 
winter conditions that certainly impacted on surface wetness, 
plant productivity and peat decomposition.

The stable and high CAR in Lebel bog (BC) was promoted by 
a persistence of stable near-surface water tables. In contrast, 
Plaine bog (HSP) has experienced important fluctuations of WTD 
and CAR (Figure 6). These results support the idea that past 
hydroclimatic conditions were more propitious to peat-C accumu-
lation in the Baie-Comeau region. Overall, our data suggest that 
the production/decay balance was more easily disrupted in the 
bogs of Havre-St-Pierre (Figure 5). The sensitivity of these eco-
systems could be explained by their position at the boreal–subarc-
tic ecotone and the geographic range limit of ombrotrophic 
peatlands (Glaser and Janssens, 1986).

The gradual slowdown in apparent rates of C accumulation over 
time (Figure 3) has also been observed in many northern peatlands 
(Kuhry and Vitt, 1996; Mäkilä et al., 2001; Turunen and Turunen, 
2003; Van Bellen et al., 2011a, 2011b; Yu, 2006) and contrasts with 
the theoretical model of Clymo et al. (1998). Based on the water 
table records (Figure 6), the decline in C accumulation in our study 
cannot be simply attributed to surface drying related to autogenic 
development (sensu Yu et  al., 2003). We then conclude that C 
sequestration was affected by a combination of vertical growth and 
climate cooling during the late-Holocene.

Figure 5. Temporal variations in C accumulation rates (CARs; 
mean value between each 14C date).

Figure 3.  Cumulative C mass versus age curves for the six main 
peat cores from Havre-St-Pierre (dashed line) and Baie-Comeau 
(continuous line).

Figure 4.  Mass of organic C accumulated since 2000 and 1000 
cal. yr BP within the three main peatlands of each region.
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The net C sequestration recorded since 2000 cal. BP in the two 
bogs over deltaic sands in Havre-St-Pierre is particularly low 
(Figure 4). These values are similar to those recorded for the same 
period in peatlands under much colder climate across Russia’s 
West Siberian Lowland (mean  =  34  kg C/m2; Beilman et  al., 
2009). This suggests that the primary production in the bogs of 
Havre-St-Pierre was affected by a climate cooling related with 
shorter growing seasons. The higher C sequestration after 
2000 cal. BP in Morts bog (HSP) may be because of site-specific 
conditions more propitious to peat growth as this peatland is sur-
rounded by dense forest stands and is more protected from wind 
exposure. The snow cover through its insulating effect at the bog 
surface may have been an important control over C sequestration 
in these coastal environments. However, the impact of winter 
conditions on peat production and decomposition is poorly docu-
mented and needs to be further investigated.

The significant regional difference in C sequestration after 
1000 cal. BP (Figure 4) suggests a contrasted response of peat-
land ecosystems to climate. In eastern Canada, a major cooling 
event referred to as the LIA was documented after 500 cal. BP 
by permafrost development in some bogs of the Lower North 
Shore (Dionne and Richard, 2006) and opening of the forest 
cover in the Labrador plateau (Payette, 2007). During this cold 
event, it is possible that C accumulation in the bogs of Havre-St-
Pierre was affected by decadal persistence of frozen peat layers 
as proposed by Van Bellen et al. (2011b) for some bogs in the 
James Bay lowlands. The impact of the LIA cooling on peatland 
C dynamics remains largely unknown along the St. Lawrence 
North Shore. Further high-resolution analyses are undergoing 
within upper peat layers of these bogs to document the C dynam-
ics in relation with climate change over the past millennium 
(Sanderson et al., 2013).

Conclusion
This study contributes to a better understanding of the factors 
controlling long-term C sequestration in northern maritime bogs. 
The peatlands of Baie-Comeau and Havre-St-Pierre show distinct 
C dynamics with apparently different sensitivities to climate 
change over the Holocene. The long-term trajectories of C accu-
mulation in these maritime bogs seem to have been driven by a 
pervasive climatic influence on primary production at the regional 
scale especially during the late-Holocene. However, our data sug-
gest that the climatic influence on C sequestration was mediated 
by complex interactions and potential feedbacks between water 
table levels and peat-forming processes.

Understanding the sensitivity of Holocene peatland C balance 
to climate is key to evaluate the future role of these ecosystems in 
the global C cycle. The St. Lawrence North Shore region has expe-
rienced important warming over the last decades (Hutchinson et al., 
2009). These ongoing climate changes may affect peatland hydrol-
ogy, primary production, decomposition and fluxes of greenhouse 
gases (CO2 and CH4). The plateau bogs of Havre-St-Pierre are par-
ticularly vulnerable in this context because of their position at the 
boreal–subarctic ecotone where slight climate change may consid-
erably transform the C sequestration function of these ecosystems.
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