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Abstract. Peatlands contain a large belowground carbon (C)1 Introduction
stock in the biosphere, and their dynamics have important
implications for the global carbon cycle. However, there are

still large uncertainties in C stock estimates and poor un-.
derstanding of C dynamics across timescales. Here | revie\j} ) . . .
different approaches and associated uncertainties of C sto rgest Car?’c’” pools in the biosphere. Their dynamics have
estimates in the literature, and on the basis of the litera ayed an important role in the global carbon_ cycle during

ture review my best estimate of C stocks and uncertainty isthe Ho!ocent_a (Gorham, 1991; \_(u, 2011), an_d it has becom_e
500+ 100 (approximate range) gigatons of C (Gt C) in north- essential to include peatlands in the modeling and analysis

ern peatlands. The greatest source of uncertainty for all th(—?'c the global carbon cycle to constrain the changes in other

approaches is the lack or insufficient representation of dataCarbon reservoirs (Brovkin et al., 2002; Kleinen et al., 2010;

including depth, bulk density and carbon accumulation data,'\llenv'eI and Joos, 2_012) and in the discussion of r_elatlve
oles of anthropogenic and natural processes (Ruddiman et

especially from the world’s large peatlands. Several ways ta

improve estimates of peat carbon stocks are also discussed fl-» 2011). However, there are very different estimates of peat
this paper, including the estimates of C stocks by regions an&arbon stocks in the .I|tera-1ture (e.g., Gorham, 1991, Turupen
further utilizations of widely available basal peat ages. ef[ al., 2002). Also, litle is known about the .sequestrann
Changes in peatland carbon stocks over time, estimatea's’tory of peatland carbon stocks. Documentmg and_undt_ar—
using Sphagnunfpeat moss) spore data and down-core peatstandmg the total carbon stocks and their accumulation his-

accumulation records, show different patterns during thelories will help project and understand possible surprise and

Holocene, and | argue that spore-based approach undeF—hanges of peatlands in the future (Moore, 2002; Frolking et

estimates the abundance of peatlands in their early histo@I" 2011; vu e_t al., 201.1)' . . .
Here | provide a brief review of published estimates of

ries. Considering long-term peat decomposition using peat

accumulation data allows estimates of net carbon Sequesc_arbon stocks, their accumulation histories, and comparison

tration rates by peatlands, or net (ecosystem) carbon bal2f contemporary z_and pal_eo carbon _fluxes from northern (po-
ance (NECB), which indicates more than half of peat Car_real and subarctic, or circum-Arctic) peatlands. Below in
bon (> 270 Gt C) was sequestrated before 7000 yr ago durin ect. 2, | pr_es.ent an assessment of approaches, estimates,
the Holocene. Contemporary carbon flux studies at 5 peat‘—"md uncertainties of carbon stocks. Although the focus of

land sites show much larger NECB during the last decadéhis review is on northern peatlands as a whole, | also com-
(32+7.8(S.E.)g Cm2yr-1) than during the last 7000 yr ment on some studies with detailed regional analysis of car-
~11gCnr2yr-1), as modeled from peat records across 2N Stocks, including Western Canada (including Mackenzie

g yre) P BIVGI‘ Basin), Finland and West Siberia. Section 3 discusses

need for carbon accumulation data and process understan catland changes over tlme,.vx'/here I review studies using
ing, especially at decadal and centennial timescales, th asal peat ages for peatland initiation histories, synthesis of
carbon accumulation rates, and histories of carbon stocks and

would bridge current knowledge gaps and facilitate compar-
isons of ngCB across all timegcrﬂeg P modeled net (ecosystem) carbon balance (NECB). In Sect. 4,
' I discuss and compare the peat-core derived Holocene carbon

Northern peatlands developed mostly after the last deglacia-
on in the circum-Arctic region and represent one of the
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sequestration rates with contemporary NECB from severahorthern peatlands. Yu et al. (2010) only presented a single
peatland carbon flux sites and emphasize the lack of data angistimate of carbon stocks and history using average accumu-
understanding of peatland carbon dynamics at decadal anlktion rates and peatland area change at every 1000-yr inter-
centennial timescales. In the last Sect. 5, | highlight some fuval over the Holocene for the entire northern peatlands. Ta-

ture research directions and activities that will facilitate the ble 1 shows the equations used in different approaches, the
understanding of peatland carbon dynamics. required data, and examples from the literature.

2.2 Carbon stock estimates and uncertainties
2 Total carbon stocks in northern peatlands

Several peatland carbon stock estimates have been published
2.1 Approaches using the peat volume approachoj (1980) provided one

of the first estimates of peatland carbon stocks using highly
Three approaches have been used to estimate carbon stodkainded and approximate values for peatland area, depth
in peatlands: peat volume, carbon density and time historyand bulk density. $jrs (1980) estimated carbon stocks of
approaches (Table 1). All these approaches require informa300 Gt C (gigatons of carbon) in northern peatlands (Table 2).
tion on present peatland area. The peat volume approach fasorham’s (1991) estimate of 455 GtC is the most widely
cuses on estimates of mean peat depth in order to derive thated figure for carbon stocks in northern peatlands. This es-
total peat volume (along with peatland area), and then usemate is more than double the estimate made a year ear-
bulk density and carbon proportion (carbon concentration)lier by the same author (Gorham, 1990), mostly owing to
data to convert volume to mass and carbon (e.g., Gorhanthe use of the revised and higher values for mean depth of
1991). The carbon density approach requires similar data2.3m and bulk density of 0.112 g crhin Gorham (1991).
but focuses on estimating total carbon content of unit areaOn the basis of the detailed peatland inventory data from Fin-
(that is, soil carbon density) and then derives total carborland (Makila, 1994), Turunen et al. (2002) indicated that the
stocks by multiplying peatland area and soil carbon den-mean depth and bulk density values used by Gorham (1991)
sity (Armentano and Menges, 1986). This is a commonlywere too high, and they estimated a total carbon stock of
used approach, also called “paint-by-number” approach, t®70-370 Gt C in northern peatlands by extrapolating Finnish
empirically estimate carbon stocks of other ecosystem typeslata. However, peatlands in Finland only represent a car-
(biomes) and of terrestrial biosphere as a whole (Schlesingehon stock of 2.3 Gt C — it is much too small a peatland re-
1977). Bulk density and carbon concentration data are degion to be representative of the entire northern peatlands.
rived from peat/soil profiles (pedons) to certain depth (often-Bulk density values from other large peatland regions are
times the top 1 m) to calculate carbon density. The time his-higher than the mean bulk density of 0.078-0.091 g¥m
tory approach relies on data from carbon accumulation ratefrom Finland (Makila, 1994; Turunen et al., 2002). For ex-
(carbon accumulated in unit area per year as derived fromample, in continental western Canada a large database of
individual peat cores) and peatland areas over time to firsR167 peat samples from 120 peatland sites suggests a mean
calculate carbon stocks at each time interval and then surbulk density of 0.093 g ¢ (Zoltai et al., 2000; Beilman et
up all time intervals for total carbon stocks. The time history al., 2008), while Vitt et al. (2000) reported bulk density val-
approach is the only approach explicitly using multiple agesues of 0.094 gcm?® for open fens and of 0.105 g crh for
from individual peatlands (Yu et al., 2010), though Turunen wooded and shrubby fens. A summary of detailed peat-core
etal. (2002) used mean peat ages for extrapolation of Finnislanalysis data from 14 cores at 12 sites in continental western
data to northern peatlands (see below). Canada shows a mean bulk density value of 0.122¢fcm

All these approaches can be first applied to a peatlandranges from 0.068 to 0.176 g c¥) (Yu, 2006). Also, re-

region or a type of peatland region, and then sum up dataent estimates of mean peat depths in some large peatland
from different peatland types and regions for the total carborregions seem to be similar to the mean depth of 2.3 m used
stocks. However, oftentimes due to lack of detailed regionalby Gorham (1991). For example, Riley (2011) reported mean
data many studies lumped all regions together for a single espeat depths from 1.88 to 2.55m for bogs and from 1.37 to
timate of carbon stocks in northern peatlands. For example2.15 m for fens from the south to north in the Ontario Hudson
Gorham (1991) used area-weighted depth and bulk densitday Lowlands, similar to his earlier estimate of overall mean
data from different major peatland regions to estimate a sindepth of 2.2 m (Riley, 1994). The Mackenzie River Basin of
gle mean peat depth and average bulk density for estimatingorthern Canada (overlapping with part of continental west-
total carbon stocks of northern peatlands using the peat volern Canada), the second largest peatland complex in North
ume approach. In the applications of the carbon density apAmerica representing a total carbon stock of 13-18 Gt C, has
proach, most studies used a single value for carbon densitgn overall mean depth of 2.22 m (Vitt et al., 2005). In a de-
(e.g., Schlesinger, 1977; Lappalainen, 1996), while Armen-tailed spatial analysis of peatlands in the southern Macken-
tano and Menges (1986) estimated carbon density values farie River Basin, Beilman et al. (2008) reported a mean peat
peatlands in different regions and then summed up for alldepth of 2.5m (ranging from 0.5 to 6 m). Also, mean peat
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Table 1. General equations of different approaches for estimating peatland carbon stocks.
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Approach Equation

Example

Note

Peat volume approach  Cpeat=_ (4; x D; x BD; x CC;)

i

Carbon density approach Cpeat= ) (A; x CD;)

1

Time history approach ~ Cpeat= ) (Aj xCRj)

J

Vitt et al. (2000); Turunen

et al. (2002); and Sheng et
al. (2004) for regional C stock
estimates

Sjor (1980) and Gorham (1990,
1991) used one set of values for
all northern peatlands (that is,

a special case when= 1)

Armentano and Menges (1986) Schlesinger (1977) and
(for different peatland regions); Lappalainen (1996) for all

Bridgham et al. (2006) (for
different types of wetlands,
including peatlands, in North
America)

Yu et al. (2010)

peatlands wheh=1

Yu et al. (2010) used

1000-yr bins for calculating
C rates (CR) and C stocks

Notes:Cpeat peat carbon stocks; peatland region, or peatland typeitime period;A; or A ;: peatland area in regian for peatland type, or during time period; D;: mean

peat depth for peatland region or type D, : mean peat bulk density for peatland region or typ€C;: mean carbon content for peatland region or typ€D; : carbon density
for peatland region or type CR;: mean carbon (accumulation) rates during the time pefiod

Table 2. Estimates of northern peatland carbon stocks by different authors.

#  Authors Year

Area Depth Bulk Carbon Carbon Basal Carbon Carbon Note
used (m) density  proportion density ages accumulation stock
(x10° (gcm3) (kgCn?)  (cal years rates (GtC)
km?) BP) (gCnm2yr1)  (range)

Peat volume approach

1 Sjors 1980 4 >1 >0.1 0.5 300 The estimate is not
different from Sprs
(1981)

2 Gorham 1990 3.84 1.13-1.74 0.0784 0.528 180-227

3 Gorham 1991 3.42 2.3 0.112 0.517 455 Based on data from
former USSR, Canada,
USA
and Fennoscandia

4 Turunenetal. 2002 3.46 1.1 0.081-0.091 0.5 4200 18.5 270-370 Estimates for northern
peatlands were extrapo-
lated from Finnish data
shown here

Carbon density approach

5 Schlesinger 1977 2 68.8 137 Top 1m peat

6 Post et al. 1982 2.8 72.3 202 Top 1m peat; data
were from Schlesinger
(1984)

7  Armentano and Menges 1986 3.49 1 0.147(0.12-0.29) 0.5 73.4 256 Top 1 m peat; area-
weighted bulk density,
C density and total C
pools are calculated
from their Table 1;
carbon proportion is
assumed

8 Oechel 1989 11 113.6 125 Only for boreal
peatlands

9 Lappalainen 1996 3.985 58.7-63 234-252  Global peatlands for C
stocks, but area for
northern peatlands

10 Adams and Faure 1998 243 2 for biomass 466 Assuming 46 GtC
increase per kyr in
the Holocene

Time history approach

11 VYuetal. 2010 4 7300 18.6 473-621 Age was for the mean

basal age (as in Yu,
2011), not necessarily
the mean age of peat
deposits
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depth in West Siberia (the largest peatland basin in the world)
is more than 2m (Sheng et al., 2004). All these recent depth
estimates from these large peatland regions are much deepe
than Finnish peatlands of 1.1 m used in Turunen et al. (2002).
These regions also contain much larger carbon stocks (Ta-
ble 3), 16 GtC in the Mackenzie River Basin (Vitt et al.,
2005), 48 GtC in continental western Canada (Vitt et al.,
2000), and 70.2GtC in West Siberian Lowlands (Sheng et
al., 2004). Thus, very likely the estimate of 270-370GtC in
carbon stocks of northern peatlands by Turunen et al. (2002)
is an underestimate.

As indicated above, the carbon density approach is one of+
the common approaches used for scaling up carbon stock: : :
for different biomes based on the average or representative S opc Z‘g;g;”" peatands
carbon density value. Carbon stock estimates for wetlands 012 25 -
peatlands were often done as part of global soils or ecosys:
tem carbon stock estimates (Schlesinger, 1977; Post et al.
1982; Adams and Faure, 1998). Also, most of the available
global soil survey data are for the top 1 m of soil carbon den-
sity (e.g., GSDTG, 2000), so this often results in significant
underestimates of carbon density and total carbon stocks (Ta
ble 2). The estimation of carbon stocks of 234-252 Gt C es-
timated by Lappalainen (1996) is one of the most recent esti-
mates using the carbon density approach in a study focusing
only on peatlands, but it is surprisingly low, likely due to the
very low soil carbon density value (58.7-63 kg Cthused
by Lappalainen (1996), which is even lower than the ones
only for the top 1 m soils/peat in other studies using the car-
bon density approach (Table 2). Another factor for very low
estimates in most studies using the carbon density approacl
is the small peatland area used (e.g., Schlesinger, 1977; Pos
et al.,, 1982; Oechel, 1989). The estimate of 466 GtC by
Adams and Faure (1998) is not really an estimate using the
carbon density approach (they only indicated a vegetation ©

A ——— MacDonald (n=1516) .
—— MGK database (n=2577)

60

40 t

20

Peat basal age frequency

Peatland area (xlO6 kmz)

20

15

10

b ®  Net C pool (NCP) 1100
® Net C balance (NCB) ﬁ{,
| |

Accumulation rate

Peat carbon per kyr (GtC)

—a&— Cumulative NCP (observed) 1
500 F —e— Cumulative NCB (modeled)
A —— Gajewski et al. (2001)

umulative carbon stocks (GtC)

biomass carbon density of 2 kg CH), but they used an as- ol .
sumed rate of peat carbon stock buildup at 46 Gt Ckyr 0 2000 4000 6000 8OO0 10000 12000
since the beginning of the Holocene. Another estimate for Age (cal year BP)

only part of the peatland domain is from soil survey (pe-

gon/SOII prqflle) ldata for Clrﬁgrﬁ_Arqtlc p%rmafk;ost reglins fages and peatland initiation histories (dashed line ((516): Mac-

y TarnO(?al et al. (2009), whic estlma_te carbon stocks OHonald et al. 2006; solid line (2577): combined datasets from Mac-
280 Gt(_: In pgatlands of permafrost regions. Donald et al., 2006; Gorham et al., 2007; and Korhola et al., 2010
The time history approach relies on peatland developmengs in vy et al., 2012b)B) peatland area change at 1000-yr inter-
histories to estimate total carbon stocks during the Holocengals over time estimated from cumulative basal age histogram as
and beyond. Yu et al. (2010) provided a first estimate of peatin (A) (MacDonald et al., 2006) and the present peatland area of

land carbon stocks using dated carbon accumulation recordéx 10°km? (Yu, 2011);(C) carbon accumulation rates based on
and the peatland area change over time as derived from basa8 sites across northern peatlands with error bars from standard er-
ages. They calculated mean carbon accumulation rates fgers of the means (Yu et al., 2009)9) observed net carbon pool
each 1000-yr bin during the Holocene from 33 dated peal(NCP) and modgled net carpon balance (NCB) for northern peat-
profiles across northern peatlands (Fig. 1c; Yu et al., 2009)!ands at 1000-yr intervals, with s_tandard errors as error bars (Yu et
Also. thev derived a first imati f tland al., 2010; Yu, 2011)(E) cumulative peatland carbon stocks from

, y derived a first approximation of peatland area ) i .

. . . . NCP (squares; Yu et al., 2010), NCB (circles), and from scaling
change over time at 1000-yr intervals (Fig. 1b) using thethe carbon stocks of Gorham (1991) usi8ghagnurspore data
1516 basal peat ages across the northern peatlanq domaﬂ@ajewski etal., 2001).

(Fig. 1a; MacDonald et al., 2006), under the assumption that
the expansion rates of individual peatlands were constant,
or peatland area has increased linearly, since their peatland

Fig. 1. Peatland change over time during the HolocgA¢.Basal

Biogeosciences, 9, 4074685 2012 www.biogeosciences.net/9/4071/2012/
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Table 3. Estimates of carbon stocks in peatlands of different re-

4075

In all these studies of carbon stocks in northern peatlands

gions. (Table 2), there appears to be a convergence in the total
peatland area. Most authors used an area between 3.5 and
# Region Cstockin  Reference 4 millionkm?, so an average of about 3.7 million kror a
peatlands rounded value of 4 million kfy would be a reasonable value
(Gte) to use for Holocene peat carbon stock estimates, especially
1 North America 178 Bridghametal. (2006)  considering the loss of peatlands through drainage or other
2 Canada 150  Tarnocaietal. (2005 gistyrbances during historical times that have not been con-
i éfrftli(:emal western 15'58 B\r/'i(tjtgehtaarr (ezt(%b()m%) sidered in some area estimates. This area estimate is sim-
Canada (Provinces of ilar to the recent estimate of 3.7 million Knirom detailed
Alberta, Saskatchewan, tabulation of peatland areas in each country of the world
and Manitoba) (Joosten and Clarke, 2002). These include peatland areas of
5 Mackenzie River Basin 16 Vit et al. (2005) 0.617 millionkn? in Europe, of 1.18 millionkrf in Asian
6 Finland 2.3 Turunen etal. (2002) part of Russia, and of 1.86 millionkin North America
; \ITVLéss?giberia Lowlands 2515"11 B\?:f:rzr?‘tof‘/l' (1995) (1.235 millionkn? in Canada, and 0.625 million Kirin the

US) (Joosten and Clarke, 2002; their appendix 1). Maltby
and Immirzi (1993) estimated the area of northern peat-
lands at 4 millionkmd, and Bridgham et al. (2006) used
4 millionkm? of global peatland area for their carbon flux

initiation and formation (Yu et al., 2010; Yu, 2011). Yu et calculations. To put the estimates of peatland area in con-
al. (2010) estimated a carbon stock of 547 GtC in northernt€Xt, estimates for _gl_obal wetland (including peatlands) area
peatlands, with a range of 473-621 Gt C based on the starf2nge from 5.26 million krh (Matthews and Fung, 1987) to
dard errors of mean carbon accumulation rates. 9.167 million kn? (Lehner and DI, 2004). .

The major uncertainties for all approaches discussed above FOr peat carbon stock estimates, it is worth noting that
are related to the data coverage gaps and representation By very different approaches produced surprisingly simi-
available data. Turunen et al. (2002) indicated that the largdar estimates of 455GtC using the peat volume approach
differences between various estimates using the peat volum@y Gorham (1991) and of 547 GtC using the time history
approach (Table 2) were caused by uncertainties in mea@PProach by Yu et al. (2010). Both converge at a rounded
peat depth and bulk density values used. Similar uncertainfigure of 500 GtC. Bridgham et al. (2006) estimated that
ties apply to carbon density values, as they are ultimatelyd!obal peatlands contain from 234 to 679 GtC by summing
based on the values of peat/soil depth, organic matter/carbofgional data, which includes 178 GtC in North America,
concentration, and bulk density used. Also, large errors mayVith about 150 GtC in Canada (Roulet, 2000; Tarnocai et
be introduced when the data from one peatland region ar&l-» 2005). Botch et al. (1995) estimated a carbon pool of
extrapolated to the entire northern peatlands, as Turunen &14 GtC in peatlands of the Russian Federation. Based on
al. (2002) did with detailed peatland data from Finland. Un- these estimates, peatlands in North America and R'uss!a alone
derrepresentation of the world's large peatlands (Yu, 2011)vould amount to about 400 GtC. Therefore, considering all
and of shallow peats in peatland margins in existing dataset{1® uncertainties in estimating these values (see above), it
(Kuhry and Turunen, 2006) may be another problem. To in-IS Probably only justifiable and desirable to state the car-
crease the representation of mean peat depth and bulk densilﬂg” stocks in northern peatlands with one significant figure
values, data from other large peatland regions, such as WeéPavidson and Janssens, 2006; Yu, 2011). As such, | argue
Siberia (Sheng et al., 2004), continental western Canada (Vitihat as a best guess, northern peatlands most likely contain
et al., 2000), and the Mackenzie River Basin (Vitt et al., @00ut 50Gt 100 GtC (or 20 % uncertainty range) on the ba-
2005) should be integrated and synthesized with detailed datgiS Of the review of the literature. A more precise statement
available from Finland (Clymo et al., 1998; Turunen et al., gnd a comprehensive error an_aIyS|s of car_bon stock estimates
2002). For the time history approach, the major uncertaintied" northern peatlands are desirable but still out of reach.
are the history of peatland area change over time as well as
the representativity of the carbon accumulation records used.

For example, likely peatland expansion is highly nonlinear3 Peatland changes over time

after initiation, as documented at site-scale studies (Korhola, o . )
1994: Korhola et al., 1996: van Bellen et al., 2011: Loisel et Knowledge about historical trajectories of peatland carbon

al., 2012). Therefore, the assumption of linear peatland exS€duestration is needed to evaluate peatlands contribution
pansion used in Yu et al. (2010) might have greatly underesto the global carbon cycle during the Holocene. The most

timated the peatland area in their early development historyVidely available datasets are basal peat ages that have been
and. as a result. the overall carbon stocks. used as a proxy of peatland initiation histories. MacDonald

et al. (2006) provided the first comprehensive compilation

and Yefremova (2001)
70.2 Sheng et al. (2004)

www.biogeosciences.net/9/4071/2012/ Biogeosciences, 9, M1785-2012
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of basal ages from northern peatlands (Fig. 1a), showindands. However, it may be possible to make more meaningful
peak peatland initiation in the early Holocene, and Yu etuse of these large and valuable basal age datasets, if a new ap-
al. (2010) presented the similar first datasets for tropical peatproach and methodology can be developed in analyzing the
lands and southern (mostly Patagonian) peatlands. Severdata. For example, if we assume that all the basal ages for a
regional compilations of basal peat ages also have been pulvegion or for the entire northern peatlands were from a Super
lished, including for southern Finland (Korhola, 1995), West- Peatland (see Yu, 2011), then we might be able to derive C
ern Canada (Halsey et al., 1998; Campbell et al., 2000), Wesaccumulation history by binning these basal ages and deriv-
Siberia (Smith et al., 2004), North America (Gorham et al., ing C accumulation rates for individual bins. Of course, this
2007), and Alaska (Jones and Yu, 2011). The basal ages ipossible approach would require C measurements (bulk den-
MacDonald et al. (2006) have been used to derive a first apsity, and C content) from these peat profiles with basal ages;
proximation of peatland area changes over time and is showhowever, likely most of these profiles lack such data.
in Fig. 1b (Yu et al., 2010). The results show that the area An alternative way to derive carbon accumulation rates
of northern peatlands increased monotonically, but with re-is based on peat profiles with multiple age determinations
duced rate over time during the Holocene (Fig. 1b). and carbon amount measurements. Using this approach we
Another aspect of peatland dynamics is carbon accumuavoid the problems associated with unidentified disturbance-
lation intensity, that is, accumulation rates per unit peatlandrelated peat removal or slowdown and subsequent underesti-
area. One way to do that is to calculate average C accumulamate of overall average peat accumulation rates, as we briefly
tion rate for a peat profile using a single basal age and totatliscussed in Yu et al. (2012a). We recently compiled data
C amount of the profile. The accumulation rates calculatedrom a total of 33 peatland sites with multiple ages per site
this way are termed long-term apparent rates of carbon accuand detailed carbon measurements across the circum-Arctic
mulation (LORCA) by Tolonen and Turunen (1996). Tolo- region (see Fig. 2 for site locations in climate space). We used
nen and Turunen (1996) compiled a large dataset of basdhe dataset to derive a synthesis history of average carbon
ages and total amount of carbon from each of 1028 peataccumulation rates for northern peatlands, which shows the
land columns in Finland and found a monotonic increas-highest carbon accumulation in the early Holocene (Fig. 1c;
ing trend in apparent carbon accumulation rates during theru et al., 2009). These records would more precisely show
Holocene, from~15gCnt2yr—1 in the early Holocene to  any disturbance-related and climate-related loss of carbon at
~45gCnt2yr~lin the late Holocene. They also found that 1000-yr intervals as reflected in a decrease in carbon accu-
bogs overall have higher accumulation rates than fens, andchulation rates.
there are larger data scatter and variability during the late The product of peatland area and mean carbon accumu-
Holocene than in the early Holocene. Tolonen and Turuneration rates for every 1000-yr interval during the Holocene
(1996) also plotted and compared similar data from 113 bowas used to estimate the net carbon pool (NCP) that is cur-
real and subarctic peatlands in Western Canada, mostly fromently stored in peatlands (Fig. 1d; Yu, 2011). By taking into
Zoltai (1991), and found higher accumulation rates in the re-account the loss of peat carbon through decomposition af-
cent millennia, with the lowest rates around 4000 yr ago, ester the production and deposition of peat, Yu (2011) used
pecially from subarctic peatland sites. In both regions, the rea decay model to back-calculate the amount of carbon lost
cent high accumulation rates were caused by autogenic preand provided an estimate of net carbon balance (NCB) for
cess due to limited decomposition of recent peat (Clymo,every 1000-yr interval during the Holocene (Fig. 1d). Mod-
1984; Belyea and Baird, 2006). However, the depressed carling analysis following different decay rules in Clymo et
bon accumulation around 4000yr ago might be caused bl. (1998) showed no significant differences or improvement
the initiation (aggradation) of permafrost during neoglacial in results (Yu, 2011). In any case, even if different decay rules
climate cooling in this region (Zoltai, 1993). LORCA as cal- affect the magnitude of NCB estimates, the pattern of NCB
culated using a single basal ages provide unreliable estimates/er time will likely remain the same. NCB represents the
for carbon accumulation, owing to influences of fires, ero-carbon sequestration by peatlands at different times in the
sion or other disturbance (e.g., Tarnocai et al., 2012). | alsgast (including abrupt losses through fire, for example), af-
argue that the fundamental problem inherent in LORCA datater taking into account partial subsequent losses through de-
is their inability to identify and locate the time intervals when composition. So we argue that NCB is the carbon flux term
these disturbances and the reduced carbon accumulation otfxat should be used to discuss contributions of peatlands to
curred in the past. Some later studies expanded the initialhe global carbon cycle (Yu, 2011; Yu et al., 2011). Both
definition of LORCA, unknowingly in some cases, by also NCP and NCB represent the same amount of net carbon ac-
including accumulation rates calculated from multiple agecumulated in peatlands (so the same area under these two
determinations along peat profiles, which is discussed belowcurves in Fig. 1d), but the main difference is their respec-
It has become confusing as both types of accumulation datéive histories of carbon sequestration at any time in the past.
have different meaning and limitations. So proliferation of For example, the observed NCP showed a general increasing
these terms and acronyms may not help the understandingend over the Holocene, while the highest NCB occurred
and communication of long-term carbon dynamics in peat-in the early Holocene, as the decomposition loss of old peat
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3000 ottt stock increase over the Holocene at 46 Gt C per 1000 yr for
1= ;TSa’I\‘/'I?;i;ZG(’:\I‘i;ILTea;ifn(;Tqam " _-.,' a total peat carbon stock of 466 GtC (Table 2). Halsey et
] East Siberia and Far East Russia " L2 [ al. (2000) used the abundance $phagnum(peat moss)

2500 7 °  European Russia Lawa, Estonia = 5. 1 - spores as recorded in the North America Pollen Database

to map the extent of peatlands in North America. Similarly,
Gajewski et al. (2001) scaled up the total carbon stocks of
455 Gt C as estimated by Gorham (1991) throughout the last
I 21000yr on the basis of abundance $fhagnumspores
L from the Global Pollen Database. Gajewski et al. (2001)
[ found that most peat carbon was accumulated in the late
[ half of the Holocene, with about 350 Gt C accumulated in
C the last 5000 yr, about 78 % of 455 Gt C total (Fig. 1e). We
- argue thaSphagnunspores approach likely underestimates
the extent of peatlands in the early Holocene, at which time
peatlands (mostly rich fens) were often dominated by non-
] . I Sphagnunplants (Gajewski et al., 2001; MacDonald et al.,
0 F— S e E | 2006; Yu, 2011; Yu et al., 2012b). Gorham (1991) also indi-

Central North Ameria g .H
Eastern North America r
Finland, Norway, Sweden ]
1 Great Britain, Iceland
2000 4 o Alaska, Britsh Columbia .
1 © Mackenzie River Basin
Hudson Bay Lowland
i West Siberia Lowland
1500 4 £ C accumulation sites
1 @® NECB sites

1000 1

Mean Annual Precipitation (mm)

500 1

20 -15  -10 5 0 5 10 15 cated that northern peatlands accumulate their carbon mostly
Mean Annual Temperature (°C) in the late half of the Holocene. These Holocene histories

of carbon sequestration were very different from our recent
Fig. 2. Distribution of contemporary NECB sites in the climate analysis using the time history approach (Yu et al., 2010)
space of mean annual temperature and precipitation of the northand NCB approach (Yu, 2011), as discussed above. At re-
ern peatland domain. The locations of NECB (net ecosystem cargional scales, Vitt et al. (2000) showed that about half of to-
bon balance) (red circles;=5) and Holocene carbon accumula- ta| carbon stock (48 Gt C) in peatlands of continental western
tion iites (ye”o"",m?“gl'esg :,t333 a'\r/le Sg(l""’”- NzEgs;g;ithur:nberS Canada was observed in the last 3000—2000 yr, but after con-
are the same as in Table 3: site 1: Mer Bleue; 2: rAUchen- : : e
corth; 4: Glencar; and 5: Stordalen. The 33 carbon accumulationSIderIng Ion_g-term pea_t d_ecomposmon the temporal patterr_l
sites were used to derive the synthesis carbon accumulation curv%hanged slightly — a similar general pattern as in Gajewski
in Fig. 1c (see Yu et al., 2009 for detail and site information). Mod- e-t aI.. _(200%) fo!’ nqrthern peatlands. T-hese differences hz:;tve
ified from Yu et al. (2009). significant implications for understanding peatlands’ role in
the global carbon cycle (Yu, 2011; Yu et al., 2011; Ruddi-
man et al., 2011; Menviel and Joos, 2012). | argue that meth-
ods other than the NCB method tend to overestimate late
was calculated and added to earlier NCB. Consequently, cuHolocene C sequestration in peatlands since they do not ac-
mulative histories of NCP and NCB are also different, with count for peat decomposition during the period from their
cumulative NCB showing sharper increase in carbon stockgleposition until the present.
earlier in their accumulation histories than cumulative NCP
(Fig. 1e). The cumulative NCB results indicate that north-
ern peatlands sequestered close to 400 Gt C before 5000y Carbon fluxes across timescales
ago, about 70 % of the current total of 547 Gt C. The greater
C sequestration in the early Holocene is likely induced byHolocene carbon sequestration histories provide opportuni-
warmer climates in many high-latitude regions dominated byties to assess and understand peatland carbon fluxes over dif-
peatlands (Yu et al., 2009, 2010; Jones and Yu, 2010), corferent time scales. “True” instantaneous carbon accumula-
responding to the Holocene thermal maximum (HTM; Kauf- tion rates as derived from NCB (Fig. 1d) and peatland ar-
man et al., 2004). The subsequent decline in C sequestratiogas over time (Fig. 1b) were plotted on a log scale of ages
is caused by climate cooling in the late Holocene (Neoglacialto emphasize the different time scales (Fig. 3b; Yu et al.,
cooling) after the HTM and the widespread initiation and for- 2011). The accumulation rates (NCB) ranged from the high-
mation of permafrost (e.g., Zoltai, 1993). est value of 38 g C m? yr—1 at 80009000 yr ago to the low-
How does the peatland C sequestration history from theest of 5.6 g C m2yr—1 at 2000-3000 yr ago. The Holocene
NCB approach compare with other studies? In their analysisaverage rate is 19 g CTAyr—1, but the rates were about half
of soil chronosequence data, Harden et al. (1992) indicatedf that during the later half of the Holocene. For example,
that peak peatland expansion occurred 8000-4000 yr ago ithe last millennium had a rate of 10.4g Cfyr—1, and the
glaciated North America. Based on global land ecosystermmean rate for the last seven millenniawas 11.1 gCyr—1
reconstructions, Adams and Faure (1998) provided an esti(Fig. 3b). As the calculations of carbon accumulation rates
mate of carbon storage on land since the last glacial maxeonsider all carbon gains (photosynthetic uptake) and losses
imum. They assumed a constant linear rate of peat carbofrespiratory, leaching and disturbance-related release) from
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Fig. 3. Net ecosystem carbon balance across time scales in northern pegifgndst ecosystem carbon balance (NECB) from 5 peatland

sites with a total of 18 yr of measurements over the last decade (see Table 4 for details; Mer Bleue: Roulet et al., 2@ NiBsgaret al.,

2008; Auchencorth: Dinsmore et al., 2010; Glencar: Koehler et al., 2011; Stordalen: Olefeldt et al.(B)p2gt-core derived net carbon
balance (NCB) during the Holocene plotted on log scale to emphasize the different time scales (millennial, centennial and decadal), on the
basis of 33 accumulation records (Fig. 1c; Yu et al., 2009) and 1516 basal ages (Fig. 1a; MacDonald et al., 2006).

peatlands during their histories, we argue that these rate®lefeldt et al., 2012). There are large interannual varia-
are conceptually equivalent to the net ecosystem carbon bations at most of these sites with long records. Also, a large
ance (NECB) as from contemporary carbon flux studies inrange of NECB was observed among these sites, including
peatlands and other ecosystem types (Chapin et al., 2008he largest carbon sink of 101 g Cryr—1 at Auchencorth
Olefeldt et al., 2012). However, the time periods used forMoss, Scotland, in 2007 (Dinsmore et al., 2010) and the
the NECB measurements or calculations need to be speareat carbon source to the atmosphere 8.8 g C nr2yr—1
ified when describing NECB as a functioning property of at Mer Bleue, Ontario (Roulet et al., 2007). Most variabil-
peatland ecosystems, as long-term carbon accumulation ratéy at interannual timescale was caused by weather and re-
and contemporary NECB measurements integrate over vergultant changes in temperature and peatland hydrology, in-
different lengths of time. In other words, we do not know cluding water-table influence on species composition of dif-
how many years would be needed for contemporary NECBferent types of peatlands and on gross ecosystem photo-
to approach a stabilized mean value, or what is the likelysynthesis and ecosystem respiration (Sulman et al., 2010).
variability at centennial, decadal and interannual timescale®©bviously, due to the large interannual variability, NECB
for each 1000-yr interval of integrated carbon accumulationmeasurements from any particular year or multiple years
rates (NCB). Furthermore, other C losses from peatlandsmay not represent the carbon sequestration capacity for a
including volatile organic carbon (VOC) (e.g., Holst et al., particular peatland over long timescales. The overall mean
2010) and dissolved inorganic carbon (DIC) (e.g., Nilssonof a total of 18yr of measurements from these five peat-
et al., 2008; Dinsmore et al., 2010), are implicitly included land sites is 32.3gCnfyr—1 (with a standard error of
in historical NCB calculations, but are often not included in the mean at 7.8gCnfyr—1), shown as a solid circle in
NECB estimates. While these C fluxes are small (for exam-ig. 3a. This averaged value is different from the average
ple,~0.4-9gCnr2yr-1: Dinsmore et al., 2010; Nilsson et of site means as shown in Table 4, as different weight-
al., 2008), they represent continuous C losses from peatlandégs (years vs. sites) were used for both calculations. The
How do these long-term Holocene carbon sequestratiortarbon accumulation rate as estimated by NECB studies is
rates derived from peat-core records compare with contemabout three-fold higher than the rates in the last millen-
porary C flux measurements? To my knowledge, there araium (10.4 g C m?yr—1) or the mean rate over the last seven
five peatland sites that have measurements for most impomillennia (11.1gCm?yr—1) (Fig. 3b). Also, when com-
tant carbon flux terms over multiple years, including £O paring the contemporary NECB at individual sites with the
uptake by photosynthesis and release by ecosystem respiraarbon accumulation rates at the nearest long-term sites in
tion, CHy emissions, and dissolved organic carbon (DOC)temperature—precipitation space (Fig. 2), | found that NECB
discharges from peatlands (Table 4; Roulet et al., 2007; Nilsis about 2 to 7 times higher than Holocene average carbon
son et al., 2008; Dinsmore et al., 2010; Koehler et al., 2011;accumulation rates (Yu et al., 2009; their Table 1). However,
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Table 4. Contemporary net ecosystem carbon balance (NECB) from northern peétlands

# Site Latitude Longitude Altitude MAT MAP Peatland Measurement NECB NEE 4CH DOC Reference
°N) (CE) (masl) fC) (mm) type period (gCmPyr1 (9C-CO,  (gC-CHy (gCm2
+1SD  nr2yrl) m2yr Y yr1

1 MerBleue 45.41 —75.48 69 6 943 Ombotrophic ~ 1998-2004 2£389.0 40.2+40.5 3.74+0.5 14.9+3.1 Roulet
(Canada) bog etal. (2007)

2 Degebd 64.18 19.55 270 1.2 523 Minerogenic 2004-2005 +249 51.5+4.9 11.5+35 17.7+£3.7 Nilsson
Stormyr fen et al. (2008)
(Sweden)

3 Auchencorth 55.79 —-3.24 265 4.4 1165 Ombrotrophic 2007-2008 6044.4 1144 30.1 0.32£0.04 25.4+9.6 Dinsmore
Moss** bog etal. (2010)
(Scotland)

4 Glencar 51.92 -9.92 150 10 2674 Blanket 2003-2008 29.30.6 47.8+ 30 4.1+ 0.5 14.0+1.6 Koehler
(Ireland) bog etal. (2011)

5 Stordalen 68.37 19.05 351 0 336 Permafrost 2008-2009 143653 50+17.0 2.0 3.2:0.6 Olefeldt
(Sweden) palsa mire etal. (2012)

Average of 5 sites (g C 14 yr~1) (% of NEE) 37.8 (62 %) 60.8 4.3(7.1%) 15.0(24.7%)

* NECB: net ecosystem carbon balance; NEE: net ecosystem exchange; DOC: dissolved organic carbon; MAT: mean annual temperature; and MAP: mean annual precipitation.
** Auchencorth Moss has flux measurements from other processes, including stream evasigranti @By, so the figures listed do not balance, that is,
NEE > NECB + CH, + DOC.

it is interesting to note that a first direct comparative study atall these NECB sites represent peatlands under the warmest
Mer Bleue showed no statistical difference between contemelimates with similar precipitation, while the sites used for
porary NECB and carbon accumulation rates estimated fopeat-core derived estimates of Holocene NCB were more
the last 3000 yr from peat-core analysis (Roulet et al., 2007)widely distributed in the northern peatland climate domain
If derived Holocene NCB represents true carbon accumu<{Fig. 2). If the NECB is indeed higher at the warm fringe
lation robustly and accurately, and if the measured contemthan under a cold climate, then this observation suggests that
porary NECB are representative of these ecosystems, thetemperature is a dominant control on peatland carbon balance
what could have contributed to the much higher NECB atat this spatial scale. This suggestion appears to be supported
these flux sites over the recent decade? We speculated thhy peatland C@flux studies. In a synthesis of eddy covari-
the environmental conditions at the present may no longeance flux studies from 12 wetland sites (peatlands and wet
be “natural” owing to recent anthropogenic global changestundra) from temperate to Arctic climates, Lund et al. (2010)
including climate warming, elevated G@oncentration and found that the length of growing seasons is the most impor-
subsequent CPfertilization effect, and increased nitrogen tant variable explaining the spatial variation in summertime
deposition (Yu et al.,, 2011). The updated mean value ofgross primary production and ecosystem respiration, both to-
32.3gCnr2yr1 from 5 sites presented here is higher than gether determining the net ecosystem exchange (that is, CO
the mean of 25gCmPyr—! from three sites (Yu et al., flux component of NECB). Also, Lund et al. (2010) con-
2011), suggesting again the high interannual and betweercluded from their synthesis results that gross primary produc-
site variability of contemporary NECB measurements. Al- tion would increase more with a prolonged growing season
ternatively, these contemporary study sites are not represeras compared with ecosystem respiration. This suggests that
tative of most peatlands in these regions, as researchers terdwarm climate would stimulate more carbon uptake. There-
to select more productive and less-disturbed sites for eddyore, if there is no major difference in GHand DOC fluxes
covariance tower and other flux measurements. Fires andmong these sites, it is possible that these high contemporary
possibly flooding have been frequent disturbances in peatflux sites only capture NECB from the most productive peat-
lands during the Holocene that often cause large carbon lostands under warm climates, which do not necessarily repre-
from ecosystems and reduced net carbon accumulation rateent other northern peatlands.
(e.g., Bhiry et al., 2007; St. Louis et al., 2000; Turetsky et In reality, there are major differences in gknd DOC
al., 2011a, b), and these carbon losses were implicitly acfluxes in different peatlands (Table 4). Net C sequestra-
counted for in our Holocene NCB calculations. For example,tion (NECB) on average accounts for 62 % (ranging from
recent studies in boreal peatlands show that several hundretl7 to 89 %) of total photosynthetic C input (NEE), while
years of C accumulation can be lost in peatland fires (Turet-C losses as Cldaccount for 7% (from< 1 to 22 %) and
sky et al., 2011b). However, these disturbances were likelyDOC for 25% (from 6 to 37 %). It is not surprising that
not encountered during the period of carbon flux measurewet fens (e.g., Degér Stormyr) have high C losses from
ments at these flux study sites. Furthermore, in temperaturecH, emissions, while dry bogs and permafrost peatlands
precipitation climate space, all these sites are located near theave the lowest Cldemissions (e.g., Auchencorth Moss, and
warm fringe of the boreal peatland domain, although span-Stordalen). Also, permafrost peatlands have lower DOC ex-
ning essentially the entire precipitation range (Fig. 2). While port than non-permafrost peatlands (Olefeldt et al., 2012).
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If these relative contributions of different C fluxes to over- 5 Concluding remarks
all C balance are representative for different types of peat-
lands, then we can gather additional net C balance informaThe following outstanding issues and relevant future research
tion from partial C flux data at more sites. This will compen- directions are discussed for improving peatland carbon stock
sate the lack of NECB sites for comparison with historical estimates and for understanding peatland carbon dynamics.
data, but we should be cautious as we do not know if the
data from these few sites are representative. Among the sités.1  Filling data gaps and increasing data representation
with full year measurements reviewed by Lund et al. (2010)
using La Thuile Fluxnet dataset, NEE values range from a
low of 22 g C nT?yr—tin a subarctic fen in northern Finland We have very limited data and information from several large
(Aurela et al., 2004) to a high of 144gCthyr-Linarich  peatland regions in the world, including the Hudson Bay
fen in boreal western Canada (Syed et al., 2006). Recentlj.owlands (see some paleo studies in Glaser et al., 2004, and
Frolking et al. (2011) provided a review of NEE and £H general overview of these peatlands in Riley, 2011), East
fluxes from global undisturbed and disturbed peatlands inSiberia and the Far East of Russia (Yu et al., 2009). Fill-
the literature and found that northern (non-tropical) peatlandsng these data gaps is essential for robust estimates of peat-
have a median value of 40gCrhyr—! (ranging from 20  land carbon stocks and Holocene carbon dynamics. Also, it
to 100gCn2yr—1) in NEE and of 7.5gC-Chm—2yr~1  would be preferable and ideal to generate separate carbon
(ranging from 1 to 52g CmPyr—1) in CH,; emissions. The  stock estimates for different regions, as done for continental
NEE and CH fluxes from NECB sites (Table 4) are close to western Canada (Vitt et al., 2000), Finland (Turunen et al.,
the center values of these data ranges. Even at sites with onB002), West Siberia (Sheng et al., 2004), and the Macken-
C flux data during growing seasons using chamber techniquegie River Basin (Vitt et al., 2005; Beilman et al., 2008), be-
some studies show that peatlands have a delicate C balanciere we sum all these together to derive estimates for the en-
switching between C sinks and sources, depending on mitire northern peatlands. This means that we need to develop
crotopography and weather/climate (e.g., Alm et al., 1999;region-specific values of mean peat depth and bulk density
Schneider et al., 2012). Also, Fraser et al. (2001) reviewedvalues using the peat volume approach (or carbon density
DOC export from wetlands and found that it ranges from 1approach). Similarly, regional patterns of peat carbon accu-
to 48gCnr?yr-1 from 13 wetland sites, with a mean of mulation could be developed if more accumulation records
~16gCnT2yr~1. The DOC values from 5 NECB sites are were available from different regions. If so, eventually not
within this range, with a similar site mean (Table 4). only a more representative database will be developed for
Spatial scales have been considered as an important fathe entire northern peatlands, but also we will have the in-
tor affecting carbon dynamics in peatlands (Waddington andormation to discuss regional differences in peatland carbon
Roulet, 2000; Belyea and Baird, 2006; Limpens et al., 2008;sequestration and their controls by regional climate. One pos-
Baird et al., 2009). However, less attention has been paigible way to expand the carbon accumulation records is to
to the discussion of temporal scales in the literature. Peatuse the still underutilized basal peat age databas?bQ0
land carbon dynamics may have been controlled by differencompiled dates available; MacDonald et al., 2006; Gorham
factors at different temporal and spatial scales. For examplegt al., 2007; Kohorla et al., 2010) for calculating LORCA as
both hydrology and temperature may play major roles in de-described in Tolonen and Turunen (1996). However, a new
termining the carbon balance at interannual scales at individapproach needs to be developed to decompose the observed
ual sites (Fig. 3a), but some data show that summer tempel-z-ORCA data into net carbon balance (NCB) or its equiva-
ature might have played a major role in carbon accumuladent, as described earlier. Also, it would be useful to compare
tion at millennial scales in the early Holocene over the entireresults of carbon stock estimates of the same region using
northern peatlands (Yu et al., 2009, 2010) and at the regionatlifferent (e.g., peat volume vs. time history) approaches.
scale in Alaska (Jones and Yu, 2010). Also, temperature and
precipitation may have different impacts on different compo-5.2 Establishing empirical relationship and process
nents of the carbon balance (@H; and DOC) (see above understanding
discussion; Lund et al., 2010). Therefore, it is conceivable
that different factors may control carbon dynamics and bal-Before we reach our goals of sampling all major peatland
ance at decadal and centennial time scales, the most relevaobmplexes, we inevitably need to extrapolate knowledge
time scales for climate impact and feedback assessments (Mearned from subsets of peatland regions to the entire north-
etal., 2011). However, at the present there are major data anern peatlands. Understanding peatland processes and estab-
knowledge gaps at this intermediate timescale (Fig. 3). lishing empirical relationships between important peatland
properties (area, depth, and ages) in well-studied regions are
essential to make immediate progress in generating more
robust carbon stock estimates. For example, Zoltai (1991)
and Vitt et al. (2000) developed relationships between peat
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ages and depth (cumulative mass) from their large regionab.4 Understanding carbon dynamics across timescales
datasets or individual sites from west-central Canada. Thus,

it would be highly valuable to establish relationships of the There are major data and knowledge gaps at the timesscales
essential parameters of depth, ages and bulk density for difof decades and centuries (Fig. 3), which prevent understand-
ferent types of peatlands in regions that have detailed inforing peatland carbon dynamics at this intermediate, but most
mation (Finland: Clymo et al., 1998; Turunen et al., 2002; relevant, timescale?!%Pb and post-bomb AMSC dating
continental western Canada and the Mackenzie River Basinand carbon analysis of recent peat cores are needed to fill
Vitt et al., 2000, 2005; West Siberia: Sheng et al., 2004).this important data gap (e.g., Wieder, 2001; Turetsky et al.,
Then, these relationships can be used to estimate essenti@P04; Malmer and Wain, 2004). Datasets used in a re-
parameters and carbon stocks in other remote or understugent data synthesis of the last millennium peat carbon dy-
ied regions. A promising approach would be to stratify othernamics (Charman et al., 2012) can be further explored for
peat carbon properties (such as bulk density, carbon densitﬁerivmg net carbon balance at 100-yr intervals for the last
by peatland types and stratigraphic depths as suggested B4P00yr. Also, as pointed out by Roulet et al. (2007), we
Beilman et al. (2008). Riley (2011) also emphasized the im-‘need more replications across a diverse set of ecoclimatic
portance of establishing the relationship between peatlanéiegions and other peatland types” for contemporary NECB
types and peat depth in calculating peat volume and carborineasurements, and | argue that measurements from sites in
as in remote parts of the Hudson Bay Lowlands. Also, the escolder boreal and subarctic climates would fill an impor-
tablished relationships may contribute to the development ofant data and knowledge gap (Fig. 2). In addition to large-
new approaches for using basal ages and the derived LORCACale synthesis effort, further analyzing contemporary flux

for modeling net carbon balance. and paleo data from the same site (e.g., Roulet et al., 2007)
by decomposing peat-core data to NECB equivalent at site

5.3 Focusing on peatland lateral expansion data and scale (Yu, 2011) may provide insights into carbon dynam-
process ics across different timescales. Robust comparisons between

long-term and contemporary carbon balance would also re-
Peatland lateral expansion is an important process that iguire a systematic error analysis, but this goal is still elu-
likely controlled by local topography and regional climate. sjve due to underrepresentation of both types of data. Mean-
Peatland expansion dynamics during the Holocene directlyyhile, a data-model assimilation procedure may be useful to
affects the estimates of change in peatland area over timejecompose peat-core data into short-term NECB or to inte-
There are limited data available at individual sites, as thegrate annual NECB measurements into long-term averages of
data collections and analysis are often expensive and |abqﬁeat|and carbon balance. A|501 process mode"ng (e_g_, Frol-
intensive (see Korhola, 1994; Bauer et al., 2003; van Bellerking et al., 2010) will be essential in understanding the roles
etal.,, 2011; Loisel et al., 2012). As a result, peatland expanof different environmental parameters (temperature, precip-
sion processes are not well understood. The novel method gfation, and hydrology) in determining carbon accumulation

analyzing the multidate datasets as presented in Korhola et various (interannual, decadal, centennial, and millennial)
al. (2010), would be needed to derive a robust peatland extimescales.

pansion history during the Holocene. Also, more studies at

peatland site scale are needed, especially using the combina-
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