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Abstract. Boreal peatlands are a major global C sink, thus1 Introduction

having important feedbacks to climate. A decreased con-

centration in atmospheric GO’000-10 000 yr ago has been

linked to variations in peatland C accumulation rates at-Boreal and Arctic peatlands constitute a major global C reser-
tributed to a warm climate and increased productivity. Yet, Voir of 400-500 Gt (Roulet, 2000), but also release,Gél

this period also corresponds to early stages of peatland déh€ atmosphere — thus can have important feedbacks to cli-
velopment (as peatland was expanding) following retreat offnate (e.g., Yuetal., 2011). Post-glacial development of these
ice sheets and increases in C storage could be associaté@real wetlands has played a key role in shifts of atmospheric
with wetland evolution via lake filling or following marine ~concentrations of C9and Chy. Carbon sequestration his-
shoreline emergence. Unravelling past links amongst peattories in peat deposits have shown variations in peatland C
land dynamics, C storage, and climate will help us assesdccumulation rates over the Holocene that have been linked
potential feedbacks from future changes in these systemdVith a decreased concentration in atmospheric; @000

but most studies are hampered by low temporal resolution10000yr ago. This increased C storage has been attributed
Here we provide a decadal scale C accumulation record for 4 climate change and increased productivity (MacDonald
fen that has begun transformation from salt marsh within the€t al., 2006; Yu et al., 2011). However, this period also
last 70 yr on the isostatically rebounding coast of James Bayould have corresponded to early stages of peatland devel-
Québec. We determined time frames for wetland stages usingPment following retreat of ice sheets and substantial in-
palynological analyses to reconstruct ecological change an§reases in storage could be associated with wetland evolution
210pp andt37Cs to date the deposit. The average short-term ¢Via lake filling (e.g., Kubiw et al., 1989) or following ma-
accumulation rates during the low and high tidal marsh andfine shoreline emergence (e.g., Shennan et al., 1999, 2000;
incipient fen stage (42, 87 and 182gCtyr—1, respec- Pendea et al., 2010). Some northern peatlands originated
tively) were as much as six times higher than the global long-2S marine shorelines emerged from the sea, isostatically re-
term (millennial) average for northern peatlands. We Sug_covering from crustal depression caused by ice sheets (e.g.,
gest that the atmospheric GBux during the early Holocene Shennan et al., 2000; Pendea et al., 2010). Immediately af-
could be attributed, in part, to wetland evolution associated€” emergence, tidal marsh deposits formed and, with contin-
with isostatic rebound, which makes land for new wetland Y€d crustal uplift, marshes were isolated from tidal influence
formation. Future climate warming will increase eustatic sea@nd transformed into freshwater minerotrophic fens. Contin-
level, decrease rates of land emergence and formation of ne#ed accumulation of peat eventually isolates the ecosystem

coastal wetlands, ultimately decreasing rates of C storage dfom groundwater, making possible a shift from a fen to om-
wetlands on rebounding coastlines. brotrophic bog. As wetland transition occurs, the rates of C

storage in soils and greenhouse gas flux could change sig-
nificantly. This change could be related to significant dif-
ferences between moss-dominated fresh water peatlands and
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tidal wetlands, not just in plant species but in plant mor- location of a fen that has transformed from salt marsh during
phology and physiology. The carbon in freshwater peatlanda period within the limitation of1%Pb-dating, the last 100—
substrates is fixed primarily by moss&phagnunspp. and  200yr, a condition not readily visible on the landscape. Bo-
brown mosses), which add plant mass to the surface (Clymareal coastal regions presently undergoing isostatic rebound
1984). When plants die, they begin to decay, mainly in aer-can provide such analogues and we located a site in early
obic conditions. In contrast, the primary source of carbon instages of peatland formation on the coast of James Bay,
tidal wetland soils is from vascular plants (e.g., grasses an@Québec. We used palynological analyses to reconstruct eco-
sedges) which fix atmospheric carbon dioxide and translodogical changes, measured sediment C density, dated the de-
cate much of the fixed carbon to their roots and rhizomesposits with?1%Pb and!3’Cs, and thus were able to document
Most of the vascular plants found in tidal wetlands have C accumulation rates at a sub-decadal scale.
aerenchymous tissue that serves as a gas conduit, transport-
ing oxygen to their rhizomes (e.g., Burdick, 1989; Colmer .
and Flowers, 2008), which enable plant tissue to survive? Materials and methods
even within flooded soils. This living belowground biomass . .

: : 2.1 Study area and sediment sampling
can penetrate as far as 40cm into the soil (e.g., Connor

and Chmura, 2000); therefore, carbon accumulation occurgy r site is located in the high boreal zone of eastern James
throughogt this zone. In tidal weftland_s, the.re is more live Bay, northwestern Gebec at 52.78N, 78.76 W. The region
biomass in the soil than above it, with ratios of live be- a5 covered by the last remnants of the Laurentide Ice Sheet
lowground (roots and rhizomes) biomass to abovegrounq,j the early Holocene when marine waters invaded the
biomass as high as 11 to 1 (e.g., Connor and Chmura, 200Qie\y1y deglaciated surface (Dyke et al., 2003). The marine
Darby and Turner, 2008; Chmura, 2009). transgression was brief and followed by shoreline regression
Modern 2t|dall marshes globally store an average of nqer the influence of glacio-isostatic rebound. Over the last
210gCnreyr== (Chmura etal., 2003); thus, wetland evolu- _ 7000 yr, landscape emergence has been underway at a rate
tion associated with marine emergence could explain, at Ieasrranging from 6.5 iy 100 yr between 7000 and 6500 cal yr BP
in part, high C accumulation rates in the early Holocene. Sedyy 1 4_» my 100 yr during the late Holocene (Pendea et al.,
imentary analysis of a tidal marsh we discovered in transition2010)_
to a peatland suggests the need to broaden our considerationsypo sampled wetland is bordered by steep slope2Q-
of carbon dynamics in the early history of boreal and sub—3oo) vegetated with spruce treeBi¢ea marianaand Picea
Arctic peatlands. glaucd. The basin holding the wetland is a former marine

Unravelling past links amongst peatland dynamics, C stor-.hannel 150 m-wide and 800 m-long. A 1971 topographic

age and climate yviII help us assess potential feedpacks frorﬂ1ap published by the Department of Energy, Mines, and Re-
future changes in these ecosystems. Although immensely,, ces confirms that the site was then a tidal channel. Dur-
useful, most paleoecological studies have been limited 10, a4 oy field work in 2006, the channel was filled with emer-
best, a centennial resolution in dating of eco.system.changﬁent tidal wetland vegetation dominated ®grex paleacea,
(€., Yu et al.,, 2003). Dgposns are dated Mgg which  juncus balticusand Schoenoplectus maritimugiowever,
commonly has an analytical error of 20 t0 8€yr, and  gaytingolerant brown mosses were evident in small areas of
uncertainties in calendar years ranging from 100 t0 300 Yl wetland. In one such area, we collected a 33 cm-long sed-
(Guilderson et al., 2005). In addition, peat deposits in tidaljyent glap, retrieving all peat without compaction, by cutting
wetlands and peatlands are subject to autocompaction, dggrom the side of a pit. We worked during low tide when the
plant structure is lost with partial decay and loss of water, ater table was approximately 3 cm below the soil surface.
held in tissue (Kaye and Barghoorn, 1964; Aaby and Tauber, g gl slab was carefully packed to avoid compaction
1975; Barber, 1981; Clymo, 1984; Cahoon et al., 1995) thalyn |oss of water and transported back to the lab where it was

increases with time, further decreasing potential temporakectigned into 1-cm-thick layers. A subsample was cut from
resolution of a sample of buried peat. Yet, decadal to ceny,ch gjice for pollen analysis with 1.5cm diameter metal

tennial changes in C balance are the most relevant o clizyjinder, and the remaining sediment in each layer was dried,

mate change impact assessments and mitigation policies; gejghed to determine dry bulk density, then grounded for ra-
research theme that Yu et al. (2011) noted requires urgentiqnuclide and carbon analysis.

attention. Decadal-scale C accumulation rates can be deter-

mined by dating surface deposits with the short-lived ra-2.2  paleo-wetland analysis

dioisotopes?%Ph and3’Cs which have been used to de-

termine rates in wetlands, such as freshwater fens (Craft ePollen samples were processed as detailed by Pendea and

al., 2008) and tidal salt marshes (Chmura and Hung, 2004)Chmura (2012), and resulting assemblages were used to

which are easily located on the landscape. assess shifts in wetland environments over time by com-
However, determination of high-resolution C accumula- paring them to a suite of modern analogues Pendea and

tion rates associated with early wetland evolution requiresChmura (2012) developed for this region. The advantage of
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using pollen to reconstruct ecosystems is that it reflects a »
broader area than the small section of peat sampled and vege-,
tation contemporaneous to the level sampled. Using discrim- 2
inant analysis, we identified the highest similarity between a
fossil sample and one of the a priori sample groups within
the suite of modern analogues: low marsh, high marsh, fen,
and bog. All discriminant analysis calculations and regres- &

sion analyses were performed using IBM SPSS 19.0 (IBM /(\ “ b ’
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2.3 Rates of sediment and carbon accumulation Fig. 1. Profiles of210pb,137Cs, and?*1Am, concentrations versus
depth in a young fen from James Bay, Quebec.

The radionuclided!Pb,241Am, and3’Cs were analysed by
direct gamma assay in the Liverpool University Environmen-
tal Radioactivity Laboratory using Ortec HPGe GWL series
well-type coaxial low background intrinsic germanium de-
tectors (Appleby et al., 1986). Enough slices (19 within the
31cm) were analysed for radionuclides to isolat®®®s- 3 Results and discussion
peak and apply the CRS model (Appleby and Oldfield, 1978;
Appleby et al., 1992) to calculaté%b dates. 3.1 Rate of paleo-wetland evolution

The dating model was chosen following an assessment of
the 21%Pb and3’Cs records determined for this core. Use Our age model is derived by interpretation?dfPb, 241Am,
of the CF: CS (constant flux: constant sedimentation rate)and13’Cs profiles together (Fig. 1). Cesium-137 concentra-
model was precluded by the presence of several significantions have a well- resolved peak at 13.5cm depth which we
deviations from a simple exponential decline in unsupporteddate at 1963, the year that coincides with maximum atmo-
21%pPp concentrations. Use of the CIC (constant initial con-spheric fallout due to production of this artificial radionuclide
centration) model was precluded by the presence of two sigduring the peak in above-ground testing of nuclear weapons
nificant non-monotonic features (one at the top of the core(Pennington et al., 1973; Patrick and DeLaune, 1990). This
between 0-5 cm and the other much deeper, between 18 arndterpretation is supported by the presence of significant con-
25 cm). Mixing as a cause of the surficial non-monotonic fea-centrations of?*!Am at the same depth (Appleby et al.,
ture was precluded by the presence of a well-resoléds 1991). Lead-210 concentrations show a subsurface maxi-
peak. Calculations using the CRS model alone placed 1968um at 2.5 to 4.5cm depth. Below this depth, concentra-
at a depth of 16.5cm, in relatively good agreement with thetions continuously decrease to 22.5 cm where they again in-
depth of 13.5 cm suggested by t#éCs record. The discrep- crease within the tidal marsh phase (see below). The shallow
ancy is most probably due to changes in4H#b supply rate  subsurface increase is likely due to influx of Pb in runoff
associated with the transition from highly compacted clayfrom adjacent slopes following a local fire in 1989. Paly-
sediments below 16 cm to low density peaty deposits abovenological analyses reveal shifts from sub-tidal marine sedi-
Corrections to the CRS model were however made using thenents to low-elevation tidal marsh, then high-elevation tidal
well-defined 196337Cs date as a reference point (Appleby, marsh and eventually freshwater fen within the upper 25cm
2001). (Fig. 2). Samples from 28 to 23 cm were classified as low

The % sedimentary organic C was determined either bymarsh and above 23 to 5cm were classified as high marsh,
loss-on-ignition (LOI) or on a Carlo Erba Na-1500 CNS EI- with the uppermost deposit classified as fen in our discrim-
emental Analyzer with a precision of 0.2 ug. The latter inant analysis of the palynological assemblages. The strati-
method enabled us to determine and subtract the proportiographic context constrains the 22—23 cm sample as the tran-
of inorganic carbon from our calculations. For samples clas-sition from low to high marsh, but it was classified as fen.
sified as tidal marsh, the LOI was converted to C using theHowever, the set of modern pollen analogues upon which our
formula developed by Craft et al. (1991). We performed LOI discriminant analysis was based does not include transitional
on all samples classified as fen. Fen samples that were arcommunities; thus, there is a low probability (11 %) that an
alyzed by both methods were used to produce an equatioanalogue for the 22—23 cm depth sample was in our data set.
to estimate % C (% organic £0.512x % LOI — 1.524) for Tidal marsh formation dates te 1885 AD, and the system
the remaining fen samples. The linear regression of % LOlexisted as low-elevation tidal marsh fer45 yr when eleva-
as a predictor for % C produced an adjustefl of 0.996 tion further increased relative to local sea level, tidal flood-
with p = 0.03. Carbon density was calculated as a producting decreased, and vegetation characteristic of high marsh
of % organic C and bulk density. From these parameters anthecame dominant. After another 65yr, tidal influences

sediment accumulation rates, we calculated C accumulation
rates.
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Askuabaneskum Main Camp (AMC core), James Bay, Quebec
Analyst: I.F. Pendea
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Fig. 2. Percentages of plant pollen, spores and dinoflagellate cysts used in the discriminant analysis classifying paleo-wetland communities
determined within the AMC core from James Bay, Quebec. Percentages are based on a sum of all plant pollen and spores, excluding
SphagnumThe % Saccate b/w, representing broken conifer pollen prevalent in tidal sediments, is multiplied by 10 for clarity. Note that the
age axis, expressed in calendar years, is presented to correspond to appropriate depths, thus is not linear.

became negligible and the system shifted from high tidaldifference in hydrological regime dominated by tidal fluc-
marsh to freshwater fen ir 1997 AD. This paleoecological tuations and predominance of vascular vegetation. In tidal
interpretation fits with oral history which records the chan- wetlands, newly sequestered carbon is less prone to decom-
nel was still navigable by canoe during high tides in the earlyposition as compared to freshwater peatlands for three main
1950s (F. Asquabaneskum, personal communication, 2006)teasons. First, new carbon in freshwater peatlands is gen-
erally introduced directly to oxidized soil layers. Although
3.2 Organic C accumulation rates the rhizospheres may be oxidized in tidal wetlands, the soil

] ] surrounding the living biomass generally has a redox poten-
To appropriately address carbon dynamics of peatlands, ongy) that falls below the threshold at which anaerobic respi-

must consider both sites_of active carbon sequest_ration: th%tion, which is less efficient than aerobic respiration, pre-
acrotelm (a 10-50cm thick layer where carbon fixed dur-gominates. Thus, in tidal wetlands, carbon is directly intro-
ing photosynthesis is first stored, but where decompositiony,ced to the anaerobic soils further decreasing rates of de-
rates are high)and the lower layers where decomposition ¢omposition. Second, the soil chemistry of tidal wetlands
of accumulated organic matter is slower, the catotelm. Al-ai5o contributes to slower decomposition rates. The salinity
though the concept of acrotelm and catotelm as applied by the soil presents an osmotic stress to microbes responsi-
Clymo (1984) is relevant to bogs and nutrient poor fens (thep|e for decomposition. Thus, decomposition rates are lower

wetlands commonly referred to as “peatlands”), we cannot sajine soils (e.g., Setia et al., 2011). Third, in freshwater
directly apply this same dynamic to tidal wetlands, due to the

Biogeosciences, 9, 2712417, 2012 www.biogeosciences.net/9/2711/2012/
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peatlands, the water table is dominated by seasonal fluctuz
tions, with a clear zonal differentiation between acrotelm and
catotelm, whereas in tidal wetlands the water table fluctuate:
daily, rising and falling with the tides (Nuttle, 1988). These

hydrological dynamics do not allow a clear functional differ-

entiation of an acrotelm and catatelm in tidal wetlands. Also,
daily water saturation of the wetland surface in tidal wetlands
should further reduce decomposition as compared to fresh
water peatlands, where oxidation of organic matter is en-
hanced during the seasonally low water table in the acrotelm

Carbon accumulation rates are dependent upon soil bull
density, the % C, and vertical soil accumulation rates (Fig. 3).
Bulk density is highest in the early phase of the tidal marsh
and decreases, with the exception of one fen sample, towarc
the surface. Carbon density is highest towards the middle o
the high marsh phase. In contrast, soil accumulation rate:
are highest in the fen stage. These high accumulation rate
largely drive the pattern of C accumulation, which averaged
42gm2yr~1in the low marsh, 87 gmfyr~1 in the high
marsh and 182 g nf yr~1 in the fen. The total organic C ac- ©
cumulated over the short history of the wetland is 8187 m
with 593, 5555, and 2039gm accumulated in the low
marsh, high marsh, and fen, respectively.

There are few rates of recent C accumulation in
minerotrophic fens available for comparison. Craft et
al. (2008) used3’Cs to examine peat accumulation rates
along a latitudinal gradient in the United States and reportec
C accumulation rates of 28-47 g CAyr—1 in a Minnesota
fen and 19-56 g M yr—1 in two Florida fens. Both of these
rates are roughly comparable to the global long-term aver-
age for northern freshwater peatlands, 20-30 g€yn—1
reported by Roulet (2000). The fens examined by Craft et
al. (2008) were 30 to 37-yr- old, thus subject to longer peri-
ods of decomposition.

Besides reflecting reduced periods available for decompo
sition, higher C accumulation rates also may be characteristi
of young fens, a property that merits considerably more re-
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search. Young fens are likely to have a higher nutrient statugig. 3. Profiles of soil bulk density, carbon density, rates of ver-
as they still can be affected by nutrients in ground and syrdical soil accumulation, and rates of C accumulation with depth in
faces waters, whereas bogs are hydrologically isolated fronfvetiand deposits of the AMC core from James Bay, Quebec.

these nutrient sources. Since the nutrient status of fens could

accelerate rates of peat production, future studies also should

examine decomposition rates in salt marsh-to-fen transitionsshould be considered in addition to climate or nutrient avail-
ability, as suggested by Yu et al. (2011). Naturally, the peat-
land initiation model on former marine surfaces like the one
presented here cannot have a global-scale relevance unless it
applies to large peatland areas. Using the data on the prob-
Rapid expansion of circumarctic peatlands between 12 andble extent of land submerged by ancient seas in northern
8ka has been linked to the early Holocene sustained CHNorth America during the early Holocene (Andrews, 1973)
peak and a decrease in atmospherioC&mith et al., 2004;  and the current wetland area (Commission for Environmen-
MacDonald et al., 2006). The widespread expansion of peattal Cooperation, 2005), we calculate that peatland develop-
lands has been attributed to high summer insolation and inment on rebounding marine surfaces could have occurred
creasing temperatures. However, a closer look at the earlpver~ 330 000 knf, representing- 27 % of the total Cana-
peatland initiation processes, as exemplified here, suggestiian peatland area. This figure represents the maximum area
that patterns of carbon storage in early successional stagex peatland that may have originated from tidal wetlands in

3.3 Peatland initiation and the Early Holocene CQ
anomaly
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Canada, alone. Indeed, some of these wetlands could hawalyses. We thank the people of the Wemindji Cree First Nation, in
originated in lake basins, such as kettle basins, but studparticular F. Asquabaneskum for help and guidance. We appreciate
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