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a b s t r a c t

Understanding the responses of the carbon-rich peatland ecosystems to past climate change is crucial for
predicting peat carbon fate in the future. Here we presented a data synthesis of peatland initiation ages,
area changes, and peat carbon (C) accumulation rate variations in China since the Holocene, along with
total C pool estimates. The data showed different controls of peatland expansion and C accumulation in
different regions. The peat C accumulation rates were 32.3 (ranging from 20.7 to 50.2) g C m�2 yr�1 in the
Qinghai-Tibetan Plateau (QTP) and 14.7 (ranging from 7.4 to 36.5) g C m�2 yr�1 in the Northeast China
(NEC). The peaks of peatland expansion and C accumulation in the QTP occurred in the early Holocene in
response to high summer insolation and strong summer-winter climate seasonality. The rapid peatland
expansion and maximum C accumulation rate in the NEC occurred in the middle-late Holocene. Peat-
lands scattered in the coastal and lakeside regions of China expanded rapidly at the onset of the Holocene
due to large transgression, consistent with the stronger summer insolation and monsoon, and during the
middle and late Holocene, as a response to the high and stable sea level and the strong summer
monsoon. The carbon storage of peatlands in China was estimated as 2.17 (ranging from 1.16 to 3.18) Pg,
among which 1.49 (ranging from 0.58 to 2.40) Pg was contributed by peatlands in the QTP, 0.21 (ranging
from 0.11 to 0.31) Pg by those in the NEC, and 0.47 Pg by those scattered in other regions of China. Our
comparison of peatlands dynamics among regions in China showed that climate and monsoon are the
essential factors in determining the expansion and carbon accumulation patterns of peatlands, although
their effects on peatland formation and C accumulation is complex owing to land availability in peatland
basins and regional moisture conditions.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Though covering only 3% of the land surface, northern peatlands
currently represent nearly one-third of the global soil carbon (C)
pool (Gorham, 1991; Yu et al., 2010). Undisturbed peatlands have
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acted as persistent carbon sinks over thousands of years, mainly
due to their low decomposition rates under the waterlogged and
extremely cold soil conditions (Gorham, 1991; Yu, 2011). In this
regard, the C sequestration capacity of peatlands is very sensitive to
the alterations of temperature and precipitation, with the C balance
easily challenged under the projected climate change (Martini et al.,
2007). In order to analyze C dynamics and their feedback to global
climate change, it is pivotal to have a detailed understanding of
large-scale controls over peatlands expansion and C accumulation
in different regions. However, several recent syntheses about
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peatland development histories during the Holocene have been
confined to northern and tropical peatlands (Turunen et al., 2002;
Smith et al., 2004; MacDonald et al., 2006; Page et al., 2006;
Tarnocai, 2006; Tarnocai and Stolbovoy, 2006; Yu et al., 2009,
2010; Jones and Yu, 2010). Data of peatlands distributed in other
regions are needed to achieve a more comprehensive under-
standing of peatland histories and climate controls.

Since peatlands in China are affected by Asian summer
monsoon, their accumulation histories would provide insight into
climate controls of peatland development under monsoon climates
(Zhao et al., 2014). Peatlands in China cover an area of about
10,441 km2 and store about 4.69 Pg peat (Yin, 1991), distributing
through the climate domain from �5 to 18 �C in mean annual
temperature and from 200 to 1600 mm in mean annual precipi-
tation (Zhao et al., 2014). Peatlands on the Qinghai-Tibetan Plateau
(QTP) and in the Northeastern China (NEC) are two representative
ones (Chai, 1981; Ma et al., 1987). Most of the peats have been
accumulated in the Holocene (Xiang et al., 2009). The thickness of
peats ranges from 0.5 to 10 m on the QTP (Sun, 1992; Sun et al.,
2001) and from 1 to 2 m in the NEC (Ye et al., 1983; Xia, 1988).
Peatlands scattering in the coastal and lakeside regions began to
form since the early Pleistocene and expanded rapidly during the
Holocene (Ma et al., 1987). Evidences showed that climate in the
Holocene varied frequently and significantly in China (Gasse et al.,
1991; Zhao and Yu, 2012; Guo et al., 2013), making carbon accu-
mulation of peatlands significantly variable (Yang, 1990). Therefore,
studying carbon dynamic of peatlands in China is necessary for
understanding their roles in regional carbon cycle for a long-time
span.

So far much work about peatlands in China was focused on the
formation and distribution patterns, mainly for the usage of peat
resources (Chai, 1981; Ma et al., 1987). With ubiquitous warming
and intensified anthropogenic activities, many studies tried to
determine the peat carbon density and peat carbon storage (Wang,
2009; Wang et al., 2012; Liu et al., 2012b), and the accumulation
rate of peat and carbon (Sun et al., 2001; Bao et al., 2010). They also
tried to identify the influencing factors for peat accumulation
(Large et al., 2009; Gao et al., 2010; Zhou et al., 2010). Very recently,
a synthesis effort by Zhao et al. (2014) did well in providing a
systematic knowledge of climate controls of peat expansion in the
last 50 ka, the peat C accumulation rates based on only six peat
cores, however, could not represent the C accumulation dynamic
patterns on either regional or national scale. Therefore, we still lack
a fundamental and comprehensive understanding of peat C accu-
mulation and its climate controls in different regions of China.
Moreover, the estimates of the size of peat carbon pool are far from
accurate, varying from 0.6207 to 2.085 Pg (Xie, 2004; Yu et al.,
2005; Wang et al., 2012; Liu et al., 2012a). Thus, re-estimating the
peat carbon pool in China is necessary for understanding the role of
China's peatlands in regional C cycling. In this paper, we present a
synthesis about the inception age and C accumulation data of
peatlands in China. We also discuss the broad-scale controls of
peatland dynamics in different regions in China since the Holocene.
The objectives of this paper are (1) to present the database of
peatland initiation and area change of peatlands in China since the
Holocene; (2) to document C accumulation variations and associ-
ated broad-scale controls in different regions of China including
QTP, NEC and other regions; and (3) to estimate the carbon pool of
China's peatlands by using a new calculating method based on
accumulation rate and peatland area change.

2. Data sources and data analysis

The latest information available of individual sites served as the
original data sources for the peatland map (Fig. 1) (see Table S1 of
Text S1 in Supplementary material). These peatland data sets are
available in raster digital formats as well as text formats. First, we
collected the needed information including peat basal date, loca-
tion site, latitude and longitude from available published sources
and our own newly collected, unpublished data. Then, we classified
all the peat basal data as different groups of 0e3 ka, 3e6 ka,
6e10 ka, and >10 ka. Finally, we plotted all the peat basal date
information on the peatland map of China where circles with
different colors represented peatlands with different peat basal
dates.

The radiocarbon-dated (14C) ages of basal peat, indicating the
onset of peat-accumulating conditions, were derived from original
published sources for peatlands of China (see Table S2 of Text S1).
We chose 260 and 206 14C peat basal dates for QTP and NEC,
respectively, according to the following selection criteria: (1) the
peat depth should exceed 30 cm; (2) peat profiles were mostly
continuous peat; (3) only the oldest date from peat base was used
from a single peatland basin as initiation age.

For QTP and NEC, all 14C dates were converted to calibrated
dates by using the IntCa104 datasets (Reimer et al., 2004). We
added the number of dates within 2-s range (95% probability) of
calibrated ages at 10-year intervals to construct the frequency
histograms. For other regions of China, the frequency histograms
were constructed by adding the number of basal dates of 0e3 ka,
3e6 ka, 6e10 ka and >10 ka. The frequency histograms were then
added to calculate cumulative percentages. To estimate the
apparent C accumulation rates, we averaged the rates in each 1000-
year bin for each region (QTP, Zoige, NEC and Sanjiang Plain). The
time-weighted rates for each available site in 1000-year were
calculated by the following equation (Lahteenoja et al., 2012) based
on raw data including multiple calibrated ages, bulk density and
carbon content measurements.

CA ¼ r=1000� n� c

where CA is C accumulation rate (g m�2 yr�1); r is peat accumu-
lation rate (mmyr�1); n is dry bulk density (g m�3); c is C content (g
C g�1 dry weight). Among them, peat accumulation rate (mm yr�1)
of 1000-year bin for each profile was calculated based on the dated
depths of the profile; the dry bulk density and C content, for
peatlands in the QTP, were calculated based on the measurements
of seven peat profiles (Chen et al., 2014); for peatlands in NEC, the
average dry bulk density and C content were 0.20 g m�3 (Huang
et al., 1988) and 12.7% g C g�1 dry weight (Huang, 1998; Liu et al.,
2012b) respectively, based on all the values available. The C accu-
mulation rate based on the method might not be accurate for a
single peat profile since the bulk density and C content varied
significantly in different peat profiles; however, it was proper to
estimate the C accumulation rate of the whole region.

The peat apparent C accumulation rates for QTP were based on
20 sites, including 15 sites from Zoige, and for NEC on 14 sites,
including 8 sites were from Sanjiang Plain. The rates of area change
for each peatland region (Zoige, other sites on QTP, NEC and San-
jiang Plain) were calculated based on the frequency histograms and
total area of each region.

To estimate changes in peat C pools at 1000-year intervals in
different regions (Zoige, other sites on QTP, NEC and Sanjiang Plain),
we multiplied the cumulative peatland area (which was calculated
based on cumulative basal age and the total area for each region at
that time) by C accumulation rates for each 1000-year bin. The C-
pool intervals were added up to obtain cumulative C pools. Only the
standard errors of the mean C accumulation rates were taken into
consideration to generate the C pool ranges, ignoring other un-
certainties in basal ages, possible non-linear peatland expansion,
and peatland areas.



Fig. 1. Chinese map of peatland regions and peatland study sites with basal peat ages. Small dots; colors showing the ages of peatland initiation. Red: <3 ka; blue: 3e6 ka; yellow:
6e10 ka; green: >10 ka). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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The total area of QTP is estimated to be 5086 km2, among which
about 4600 km2 (90%) distribute in Zoige (Sun and Zhang, 1987)
and 486 km2 scatter in other regions of QTP (Song et al., 1985; Sun
et al., 1998; Liu et al., 2012b). We used 5086 km2 in our calculations
of peatland area and peat C pool changes in QTP. We calculated
peatland area of NEC as 2050 km2, including 350 km2 in the San-
jiang Plain (Huang et al., 1988; Ma, 2013). When calculating peat C
pool and area change, we used the peatland areas from literatures
and books instead of those from the new peatland map, since the
latter ignored those peatlands covering less than 5% of the land-
mass, causing underestimation of the peatland area (see Table 1
and the Supplementary material).

3. Results

3.1. Peatland initiation patterns and its carbon accumulation rate

Peatlands from the Qinghai-Tibetan Plateau started to form
before 17 ka, with the expansion peak and initiation sharp decrease
occurring at around 11.5e10 ka and 13e12 ka, respectively (Fig. 2B).
The initiation gap appeared at 9.2e9.5 ka BP. The peat C accumu-
lation rates on the QTP ranged from 20.7 to 50.2 g Cm�2 yr�1, with a
mean value of 32.3 g C m�2 yr�1; the peat C accumulation rates in
Table 1
Summary Results of peatlands in China.

Area
(km2)

C Pool (Pg) (Range) Holocene C rate
(g C m�2 yr�1)

QTP Zoige 4600 1.42(0.56e2.27) 33.4
Other region 486 0.07(0.02e0.13) 20.8

5086 1.49(0.58e2.40) 32.3
NEC Sanjiang Plain

Other region
350

1700
0.03 (0.02e0.05)
0.18 (0.09e0.26)

13.3
15.0

2050 0.21(0.11e0.31) 14.7
Other region of China 3290 0.47
Zoige ranged from 20.7 to 52.5 g C m�2 yr�1, with a mean value of
33.4 g C m�2 yr�1; the peat C accumulation rates of other regions
scattered on the QTP ranged from 12.6 to 32.9 g C m�2 yr�1, with a
mean value of 20.8 g C m�2 yr�1. Overall, the peat C accumulation
rate on the QTP showed a peak in the early Holocene at 7e9 ka BP
(Fig. 2C). Peatlands in the NEC began to form around 17 ka, with
about 80% initiating after 10 ka BP (Fig. 2D). Three initiation peaks
of peatlands in the NEC were found at around 3e1 ka, 6e4 ka and
11.2e10.5 ka. Before 6 ka, the C accumulation rates were very low,
with the lowest rates occurring at 8 ka and then increased gradually
from 6 ka to 3 ka, followed by an abrupt increase over the past 2 ka.
The observed peak of peat C accumulation rate was 45.1 g C m�2

yr�1 in Sanjiang Plain and 36.5 g C m�2 yr�1 in NEC at 1ka, five and
three times higher than the average value of other time periods,
respectively (Fig. 2E). The overall average rates were 13.3 (ranging
from 4.5 to 45.1) g C m�2 yr�1 in Sanjiang Plain and 14.7 (ranging
from 6.6 to 36.5) g C m�2yr�1 in NEC (Fig. 2E). Nearly 40% of
peatlands scattered in other region of China formed before 10 ka BP
and the other 60% initiated after 10 ka BP. Among those formed
after 10 ka BP, only 22% of peatlands initiated at 6e10 ka BP and
about 39% at 3e6 ka BP and 39% at 0e3 ka BP (Fig. 4A). It is worth
mentioning that almost no peatlands expanded in QTP and NEC
during the past one or two centuries (Fig. 2B, D).
3.2. Carbon pool and area change rate

During early Holocene, the rate of area change pattern of peat-
lands in the QTP was very similar to that in the NEC. Although the
overall rate of area change was higher than that of peatlands in the
NEC, there appeared an opposite trend of area change rate between
the two sites at the period of 3e3.5 ka BP and 8.5e9 ka BP (Fig. 3B).
Based on the area change over time from basal age frequencies and
average C accumulation rates, we estimated peat C pools as 1.49 Pg
(ranging from 0.58 to 2.40 Pg) for QTP peatlands, including 1.42 Pg



Fig. 2. Chinese peatland records since the Holocene. (A) Summer insolation at 30 �N (black curve) and at 60�N (red curve) (Berger and Loutre, 1991b), and the oxygen isotope record
at Hulu Cave (Wang et al., 2001). (B) Peat basal ages plotted as calibrated age frequency (bars) and cumulative percentage (smooth curve) for peatlands in the Qinghai-Tibetan
Plateau (n ¼ 173) and Zoige (n ¼ 87); (D) for peatland in the whole Northeast China (n ¼ 212) and Sanjiang Plain (n ¼ 48). (C) Average peat carbon accumulation rates (g C
m�2 yr�1) at 1000-year bins (showing means of the bins from various sites in a region and standard errors of the means) for peatlands in the Qinghai-Tibetan Plateau (n ¼ 20) and
Zoige (n ¼ 15); (E) all peatlands from Northeast China (n ¼ 14) and Sanjiang Plain (n ¼ 8). See Text S1 for the sources and references of peatland data. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

500

600

700

800

A
tm

os
ph

er
ic

 C
H

4

(p
pb

v)

A

0

5

10 Qinghai-Tibetan Plateau

R
at

e 
of

 a
re

a 
ch

an
ge

Q
TP

(k
m

2  p
er

 y
r)

-3
-2
-1
0
1
2
3

 Qinghai-Tibetan Plateau

C
um

ul
at

iv
e 

C
 p

oo
l

Q
TP

 (P
g)

C

0 2000 4000 6000 8000 10000 12000

260

280

300

At
m

os
ph

er
ic

 C
O

2

(p
pm

)

Age (cal year BP)

D

500

600

700

800

0.00

0.25

0.50

0.75 Northeast China

C
um

ul
at

iv
e 

C
 p

oo
l

N
.C

 (P
g)

260

280

300

0

5

10

 Northeast  China

R
at

e 
of

 a
re

a 
ch

an
ge

N
.C

. (
km

2  p
er

 y
r)B

Fig. 3. Implications of Chinese peatlands for the global carbon cycle during the Holocene. (A) Atmospheric CH4 concentration (D€allenbach et al., 2000); (B) rate change of peatland area
increase (km2 per year) for peatlands in the Qinghai-Tibetan Plateau and Northeast China, based on cumulative basal age frequencies as in Fig. 2, assuming that individual peatlands
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based on peatland area estimates (Fig. 3B) and carbon accumulation rates (Fig. 2C, E) for different regions; and (D) atmospheric CO2 concentration (Schilt et al., 2010).
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(ranging from 0.56 to 2.27 Pg) in Zoige peatlands, and 0.21 Pg
(0.11e0.31) for NEC, with 0.03 Pg (0.02e0.05) stored in Sanjiang
Plain peatlands. The amount of C pool in other region of China was
estimated to be 0.47 Pg based on previous studies (Liu et al., 2012a;
Ma, 2013). Therefore, the total carbon pool of peatlands in China is
2.17 Pg, ranging from 1.16 to 3.18 Pg.
4. Discussion

4.1. Patterns and controls of peatland expansions in China since the
Holocene

The rapid expansion of peatlands occurred at 11.5e10 ka on the
QTP and 11.2e10.5ka in the NEC (Fig. 2B, D), in linewith the result of
a previous study that northern peatlands in China expanded rapidly
during the early Holocene (Zhao et al., 2014). It was suggested that
the expansion peak of global northern peatlands in the early Ho-
locene was mainly attributable to the peak summer insolation and
strong climate seasonality (Zhao and Yu, 2012), since high plant
production and low peat decomposition could be achieved in this
climate of warm summer and cold winter (Jones and Yu, 2010). This
mechanism can also explain the early-Holocene initiation peak of
peatlands in this study. The general decreases in peatland expan-
sion and C accumulation on the QTP in the mid- and late-Holocene,
also similar to the trend of global northern peatlands, were prob-
ably a response to the decrease in summer insolation and the
subsequent cooling climate after the Holocene Thermal Maximum
(MacDonald et al., 2000; Kaufman et al., 2004; Zhao et al., 2011),
since low temperature inhibits plant growth and subsequently
limits organic matter input (Herzschuh et al., 2006). However,
inconsistent with the summer insolation variation (Fig. 2A), peat-
lands in the NEC expanded rapidly in the middle and late Holocene,
with additional initiation peaks occurring at 3e1 ka and 6e4 ka,
indicating that the effect of cooling induced by decrease in summer
insolation on peatland expansion was complex (Korhola et al.,
2010). Moreover, despite the continuous increase in summer
insolation from 20 to 10 ka, an obvious decrease in peatland
expansion occurred at 13e12 ka in the QTP and the NEC. This was
probably due to the sharp decrease in summer monsoon as indi-
cated by Hulu Cave record (Fig.2A), suggesting that besides inso-
lation, monsoon is another important factor in determining the
expansion patterns of peatlands. A large portion of peatlands
scattered in China besides the QTP and the NEC, mainly distributed
in coastal and lakeside regions, formed before 10 ka [Fig. 4; (Ma
et al., 1987)], corresponding to large transgression in the compar-
atively high and increasing insolation (Berger and Loutre, 1991) and
strong summer monsoon as indicated by thed18O record at Hulu
cave [Fig.2A; (Wang et al., 2001)]. Moreover, peatlands also
expanded rapidly during the middle and late Holocene (Fig. 5),
probably in response to the high and stabilized sea level and strong
summer monsoon (Chai, 1981; Zhong and Zhang, 1981; Ma et al.,
1987). Stable sea level can favor the growth of plants and subse-
quent organic matter input (Moy et al., 2002), which is very
important for peatland development. Similarly, it was reported that
lower summer insolation in the mid-and late Holocene corre-
sponds with relatively higher frequency of peatlands initiation in
subtropical China (Zhao et al., 2014).

4.2. Carbon accumulation dynamics during the Holocene

Different from the peatland initiation peak at 11.5e10 ka, the C
accumulation rate peak occurred at 9e7 ka on the QTP, indicating
that the mechanisms controlling peatland initiation and peat C
accumulation were probably different. The observed peak of peat C
accumulation rate at 1 ka BP in the NEC (Fig. 2D), with five and
three times higher than the average value of other time periods in
Sanjiang Plain and in the NEC, respectively. It would be partly
explained by less decomposition of the newly formed peats in the
past 1ka, because younger peat layers have been subjected to peat
mineralization for a shorter time than their older counterparts
(Clymo, 1984). According to the study of Korhola et al. (1995), the
true rate of C accumulation was usually only 70% of the apparent
long-term rate (Korhola et al., 1995). In addition, although the
climate became drier and colder in the late-Holocene, it was still
characteristic with wet and cold condition in the NEC (Zu,1973; Xia,
1988; Yang, 1990). The cold and wet climate resulted in low
decomposition rate of peat organic matters, thereby benefiting peat
accumulation. Besides, the stable sea level resulting from the
relatively cold and dry climate in the late-Holocene was another
important contributor to the rapid C accumulation (Xia and Wang,
2000).

For the QTP, we estimated its peat C accumulation rate as
32.3 g C m�2 yr�1, higher than that of 20.4 g m�2 yr�1 in our recent
paper (Chen et al., 2014), which was based on multiple dating data
from seven peat sites. The difference among results of different
researches indicated that uncertainty still exists in the estimated
peat C accumulation rate on the QTP. To our knowledge, our esti-
mation of peat C accumulation rate of 14.7 g C m�2 yr�1is the first
for peatlands in the NEC. Compared with other places, the peat C
accumulation rate of the QTP and NEC, respectively, was much
higher and comparable to that of Northern peatlands (18.6 g C m�2

yr�1), tropical peatlands (12.8 g C m�2 yr�1) and Southern peat-
lands (22.0 g C m�2 yr�1), suggesting a strong carbon accumulation
in the alpine peatlands on the QTP (Yu et al., 2010).

4.3. Carbon dynamics of peatlands in China and their role in the
carbon cycle of terrestrial China

In this research using a new approach based on peatland
initiation ages and C accumulation rates, our estimate of C pool in
peatlands of China was 2.2 Pg, comparable with that of 2.1 Pg
(Wang et al., 2003), but higher than that of 0.6 Pg (Xie, 2004),
0.8 Pg (Yu et al., 2005) in previous studies. One main reason of the
relatively low value in the previous studies was probably that they
ignored the carbon stored in buried peatlands and used 1 m peat
soil depth in calculations (Xie, 2004; Yu et al., 2005), causing
underestimation of the C storage in peatlands. Moreover, our
estimation was also higher than that of 1.5 Pg which was based on
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2010); D. Atmospheric CH4 concentration (D€allenbach et al., 2000); E. Atmospheric CO2 concentration (Schilt et al., 2010).
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peatland area, mean peat depth and mean bulk density (Liu et al.,
2012b). The difference mainly stemmed from the higher estima-
tion of 1.3 Pg C for Zoige peatlands in our study, much higher than
that of 0.6 Pg C (Liu et al., 2012b) and 0.5 Pg C (Chen et al.,
2014).Similarly, Yu et al. (2010) used this new method to esti-
mate northern peat C pools as 547 Pg C, higher than previous
estimates of 270 Pg C (Turunen et al., 2002) and 450 Pg C
(Gorham, 1991). In calculation of peat C accumulation only that
during the Holocene was considered, since the C accumulation
rate before 12 ka was not available. Assuming the peat C accu-
mulation rate before 12 ka was the same with that of the Holo-
cene, the peat C storage should be 0.12 Pg C more on the QTP and
0.007 Pg C more in the NEC.

Methane (CH4), with a global warming potential 25 times that of
carbon dioxide on a per mole basis, has a significant impact on the
earth's climate system (Solomon, 2007). The total emissions of CH4
from rice paddies, natural wetlands and lakes in China are 11.25 Tg
CH4 yr�1, nearly 24% of which is contributed by natural wetlands
(Chen et al., 2013). In China, peatland is one important component
of natural wetland and has a relatively high CH4 emission rate of
6.46 ± 6.60 mg CH4 m�2 h�1(Chen et al., 2013). Therefore, the dy-
namics of peatlands may partly explain the trend of CH4 concen-
tration in China. In particular, changes in peatlands area should be a
primary index for peatland CH4 emission potential. The high at-
mospheric CH4 concentration during the early Holocene (Yao and
Xu, 2005), coinciding with the rapid expansion of peatlands on
the QTP and in the NEC induced by summer insolation, indicated
that peatlands in northern China plays an important role in the CH4
budget during the early Holocene (Fig. 3B). Moreover, a modeling
study indicated that enhanced temperature alone could double the
CH4 fluxes from northern wetlands during interstadials (Van
Huissteden, 2004). This suggested that warming induced by
summer insolation can increase atmospheric CH4 concentrations
directly or through promoting peatland expansion. Global synthe-
sis suggested that northern peatlands played a foremost role in CH4
budget during the early Holocene, but their tropical counterparts
became more important in the mid-Holocene around 8e4 ka (Yu
et al., 2010). The lowest atmospheric CH4 concentration around
5 ka was due to the decrease in peatland expansion from both
northern and tropical regions. The general declining trend of CH4
during the period of 11e5 ka might be caused by the monsoon
intensity in China, as inferred from the Hulu cave record (Wang
et al., 2001). During the late-Holocene, the atmospheric CH4 con-
centration has risen abruptly and anomaly, despite the decreasing
expansion of peatlands in China, probably due to the increase of
livestock and human waste emissions, large emissions from early
rice irrigation and climate feedback. Similarly, people observed a
slowdown in the rate of expansion of global natural peatlands after
4 ka, but an increase in atmospheric CH4 concentration during that
period (Yu et al., 2010), supporting that human activities account
for the late-Holocene increase in CH4 concentration (Ruddiman,
2007).

Global peatlands stored a large amount of carbon which can
significantly affect the global C cycling (Joos et al., 2004; Elsig et al.,
2009). However, the contribution of peatlands to atmospheric CO2

concentration still cannot be assessed based on the cumulative peat
C pool (Yu et al., 2010). A further analysis of partitioning the time-
variant net C uptake and C release would provide insight to
assessing the role of peatlands in global carbon cycling during the
Holocene (Yu, 2011). In China, the peat C pool (2.2 Pg) was much
less than that in grasslands (44.09 Pg) (Dai et al., 2009) and forests
(28.12 Pg) (Zhou et al., 2000), which may be not large enough to
have obvious impact on the regional C budget. On an area basis, the
C accumulation of peatlands in China (193 kg C m�2) was much
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higher than that of grasslands (12 kg C m�2) (Ni, 2002; Li et al.,
2004; Xie et al., 2007; Fang and Chen, 2011) and forests (11 kg C
m�2) (Liu et al., 2011). In this regard, peatlands in China are indeed
an important factor in modifying and alleviating the regional car-
bon cycle. Despite great variations of peat C sink in China over time,
our analysis here shows that peatlands have accumulated 2.2 Pg C
over the Holocene, serving as a long-term C sink of nearly 20
Teragram (1 Tg ¼ 1012 g) per century. However, because of their
fragility and sensitivity, peatlands may turn from long-time carbon
sink to carbon source in the context of global warming and inten-
sive human activities.
5. Uncertainties and conclusions

Our synthesis for China indicated that peatlands initiatedmostly
during the Holocene, although some peatlands did start to form in
the MIS3 (mostly at 45e30 ka) and the Bolling-Allerod period in
subtropical China (Zhao et al., 2014). The initiation patterns of
peatlands were different among different regions. On the QTP, the
expansion peak of peatlands and maximum C accumulation
occurred at the early Holocene, followed by a general decrease in
the middle-late Holocene, suggesting that insolation and monsoon
may have played an important role in peat C accumulation on the
QTP. For the NEC and other regions in China, however, the rapid
formation and C accumulation of peatlands occurred at the middle
and late Holocene, which seemed inconsistent with summer
insolation but partly in line with summer monsoon variations. The
carbon storage of peatlands in the QTP was nearly 7 times higher
than that in the NEC, not only due to the larger peatland area but
also their higher peat C accumulation rate, indicating that peat-
lands in the QTP are the most important component of peatlands in
China.

The new calculation method used in this research to estimate
the peat C pool in China could avoid the uncertainties resulting
from the sampling peat depth in previous studies. However, our
own estimation still had some uncertainties. Firstly, the dating data
used to calculate peat accumulation rate was limited and in poor
quality. In calculation of peat C accumulation rate, we used 20 and
14 peat cores dates on the QTP and NEC respectively. However,
some of these peat cores only had three dating dates, potentially
lacking detailed information. Secondly, we did not use the direct
bulk density and C content to calculate the C accumulation rate due
to limited data available. Due to variation of bulk density in
different peat sites, this method could potentially lead to either
overestimation or underestimation of C accumulation rate for a
single peat core. However, the calculation uncertainty could be
diminished at regional level since overestimation for some peat
cores could be offset by those underestimated. Overall, this study
can provide insights into the climate control over peatlands
development and carbon accumulation dynamics in monsoon-
influenced regions.
Acknowledgmnts

This study was supported by 100 Talents Program of The Chi-
nese Academy of Sciences, by Rising Stars Program of Science and
Technology of Shaanxi Province (2013KJXX-17), by Program for
New Century Excellent Talents in University (NCET-12-0477) and
by the National Natural Science Foundation of China (No.
31100348). The authors give special thanks to Ms. Wan Xiong for
her editing and valuable comments on the manuscript. We also
thank Dr. Jos�e S Carri�on and anonymous reviewers for their detailed
evaluation and constructive suggestions on our manuscript.
Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.quascirev.2014.06.004.
References

Bao, K., Yu, X., Jia, L., Wang, G., 2010. Recent carbon accumulation in Changbai
Mountain peatlands, northeast China. Mt. Res. Dev. 30, 33e41.

Berger, A., Loutre, M.-F., 1991. Insolation values for the climate of the last 10 million
years. Quat. Sci. Rev. 10, 297e317.

Chai, X., 1981. The formation and types of peat in China and the law of governing its
distribution. Acta Geogr. Sin. 36, 238e252.

Chen, H., Yang, G., Peng, C., Zhang, Y., Zhu, Q., Hu, J., Wang, M., Zhan, W., Zhu, E.,
Bai, Z., Li, W., Wu, N., Wang, Y., Gao, Y., Tian, J., Kang, X., Zhao, X., Wu, J., 2014.
The carbon stock of alpine peatlands on the Qinghai-Tibetan Plateau during the
Holocene and their future fate. Quat. Sci. Rev. 95, 151e158.

Chen, H., Zhu, Q., Peng, C.H., Fang, X., Wu, N., Wang, Y., Jiang, H., Xiang, W., Deng, X.,
Chang, J., Yu, G., 2013. Methane emissions from rice paddies, natural wetlands,
and lakes in China: synthesis and new estimate. Glob. Change Biol. 19, 19e32.

Clymo, R., 1984. The limits to peat bog growth. Phil. Trans. Royal Soc. Lond. B Biol.
Sci. 303, 605e654.

Dai, Y., Narisu, Wu, H., Wang, H., Qin, Y., Wang, N., Zhao, H., 2009. The research
progress of carbon cycle in temperate grassland of north China. Pratacult. Sci.
26, 43e48 (in Chinese with an English Abstract).

D€allenbach, A., Blunier, T., Flückiger, J., Stauffer, B., Chappellaz, J., Raynaud, D., 2000.
Changes in the atmospheric CH4 gradient between Greenland and Antarctica
during the Last Glacial and the transition to the Holocene. Geophys. Res. Lett.
27, 1005e1008.

Elsig, J., Schmitt, J., Leuenberger, D., Schneider, R., Eyer, M., Leuenberger, M., Joos, F.,
Fischer, H., Stocker, T.F., 2009. Stable isotope constraints on Holocene carbon
cycle changes from an Antarctic ice core. Nature 461, 507e510.

Fang, J., Chen, A., 2011. Dynamic forest biomass carbon pools in China and their
significance. Acta Bot. Sin. 43, 967e973.

Gao, J.Q., Ouyang, H., Wang, G., Xu, X.L., 2010. Recent peat accumulation rates in
Zoige peatlands, Eastern Tibet, inferred by 210Pb and 137Cs radiometric tech-
niques. Proc. Environ. Sci. 2, 1927e1933.

Gasse, F., Arnold, M., Fontes, J.C., Fort, M., Gibert, E., 1991. A 13000-year climate
record from western Tibet. Nature 353, 741e745.

Gorham, E., 1991. Northern peatlands: role in the carbon cycle and probable re-
sponses to climatic warming. Ecol. Appl. 1, 182e195.

Guo, C.X., Luo, F., Ding, X., Luo, Q., Luo, C.X., Cai, Y., Zhao, J., Feng, S., Yang, Z.R.,
Zhang, J., 2013. Palaeoclimate reconstruction based on pollen records from the
Tangke and Riganqiao peat sections in the Zoige Plateau, China. Quat. Int. 286,
19e28.

Herzschuh, U., Winter, K., Wünnemann, B., Li, S., 2006. A general cooling trend on
the central Tibetan Plateau throughout the Holocene recorded by the Lake
Zigetang pollen spectra. Quat. Int. 154e155, 113e121.

Huang, X.C., 1998. The Distribution Pattern of Chinese Swamp [M]. Chinese Science
and Technology Press.

Huang, X.C., MA, X.H., Niu, H.G., Liu, X.T., 1988. Research on Chinese Swamp[M].
Science Press.

Jones, M.C., Yu, Z., 2010. Rapid deglacial and early Holocene expansion of peatlands
in Alaska. Proc. Natl. Acad. Sci. 107, 7347e7352.

Joos, F., Gerber, S., Prentice, I., Otto-Bliesner, B.L., Valdes, P.J., 2004. Transient sim-
ulations of Holocene atmospheric carbon dioxide and terrestrial carbon since
the Last Glacial Maximum. Glob. Biogeochem. Cycles 18.

Kaufman, D., Ager, T., Anderson, N., Anderson, P., Andrews, J., Bartlein, P.,
Brubaker, L., Coats, L., Cwynar, L.C., Duvall, M., 2004. Holocene thermal
maximum in the western Arctic (0e180 W). Quat. Sci. Rev. 23, 529e560.

Korhola, A., Ruppel, M., Sepp€a, H., V€aliranta, M., Virtanen, T., Weckstr€om, J., 2010.
The importance of northern peatland expansion to the late-Holocene rise of
atmospheric methane. Quat. Sci. Rev. 29, 611e617.

Korhola, A., Tolonen, K., Turunen, J., Jungner, H., 1995. Estimating long-term carbon
accumulation rates in boreal peatlands by radiocarbon dating. Radiocarbon 37,
575e584.

Lahteenoja, O., Reategui, Y.R., Rasanen, M., Torres, D.D., Oinonen, M., Page, S., 2012.
The large Amazonian peatland carbon sink in the subsiding Pastaza-Maranon
foreland basin, Peru. Glob. Change Biol. 18, 164e178.

Large, D.J., Spiro, B., Ferrat, M., Shopland, M., Kylander, M., Gallagher, K., Li, X.D.,
Shen, C.D., Possnert, G., Zhang, G., Darling, W.G., Weiss, D., 2009. The influence
of climate, hydrology and permafrost on Holocene peat accumulation at 3500 m
on the eastern Qinghai-Tibetan Plateau. Quat. Sci. Rev. 28, 3303e3314.

Li, K.R., Wang, S.Q., Cao, M.K., 2004. Vegetation and soil carbon storage in China. Sci.
China: Ser. 47, 49e57.

Liu, S., Wang, H., Luan, J., 2011. A review of research progress and future prospective
of forest soil carbon stock and soil carbon process in China. Acta Ecol. Sin. 31,
5437e5448.

Liu, Z.G., Wang, M., Ma, X.H., 2012a. Analysis of organic carbon storage and char-
acteristics of China's peatlands. China Environ. Sci. 32, 1814e1819.

Liu, Z.G., Wang, M., Ma, X.H., 2012b. Estimation of storage and density of organic
carbon in peatlands of China. Chin. Geogr. Sci. 22, 637e646.

http://dx.doi.org/10.1016/j.quascirev.2014.06.004
http://dx.doi.org/10.1016/j.quascirev.2014.06.004
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref1
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref1
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref1
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref2
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref2
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref2
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref3
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref3
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref3
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref4
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref4
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref4
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref4
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref4
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref5
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref5
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref5
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref5
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref6
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref6
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref6
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref7
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref7
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref7
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref7
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref72
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref72
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref72
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref72
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref72
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref72
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref72
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref8
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref8
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref8
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref8
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref9
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref9
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref9
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref10
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref10
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref10
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref10
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref10
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref10
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref11
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref11
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref11
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref12
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref12
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref12
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref13
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref13
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref13
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref13
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref13
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref14
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref14
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref14
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref14
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref14
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref15
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref15
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref16
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref16
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref17
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref17
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref17
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref18
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref18
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref18
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref19
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref19
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref19
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref19
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref19
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref20
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref20
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref20
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref20
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref20
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref20
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref20
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref21
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref21
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref21
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref21
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref22
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref22
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref22
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref22
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref23
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref23
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref23
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref23
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref23
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref24
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref24
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref24
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref25
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref25
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref25
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref25
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref26
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref26
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref26
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref27
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref27
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref27


M. Wang et al. / Quaternary Science Reviews 99 (2014) 34e41 41
Ma, X., Xia, Y., Wang, R.S., 1987. A study of the peat-forming periods in China. Geogr.
Res. 1, 32e42.

Ma, X.H., 2013. Carbon reserves and emissions of peatlands in China[M]. China
Forestry Publishing House.

MacDonald, G.M., Beilman, D.W., Kremenetski, K.V., Sheng, Y., Smith, L.C.,
Velichko, A.A., 2006. Rapid early development of circumarctic peatlands and
atmospheric CH4 and CO2 variations. Science 314, 285e288.

MacDonald, G.M., Velichko, A.A., Kremenetski, C.V., Borisova, O.K., Goleva, A.A.,
Andreev, A.A., Cwynar, L.C., Riding, R.T., Forman, S.L., Edwards, T.W., 2000.
Holocene treeline history and climate change across northern Eurasia. Quat.
Res. 53, 302e311.

Martini, I.P., Cortizas, A.M., Chesworth, W., 2007. Peatlands: Evolution and Records
of Environmental and Climate Changes. Elsevier.

Moy, C.M., Seltzer, G.O., Rodbell, D.T., Anderson, D.M., 2002. Variability of El Ni~no/
Southern Oscillation activity at millennial timescales during the Holocene
epoch. Nature 420, 162e165.

Ni, J., 2002. Carbon storage in grasslands of China. J. Arid Environ. 50, 205e218.
Page, S., Rieley, J., Wüst, R., 2006. Lowland tropical peatlands of Southeast Asia. In:

Peatlands: Evolution and Records of Environmental and Climate Changes,
pp. 145e172.

Reimer, P.J., Baillie, M.G.L., Bard, E., Bayliss, A., Beck, J.W., Bertrand, C.J.H.,
Blackwell, P.G., Buck, C.E., Burr, G.S., Cutler, K.B., Damon, P.E., Edwards, R.L.,
Fairbanks, R.G., Friedrich, M., Guilderson, T.P., Hogg, A.G., Hughen, K.A.,
Kromer, B., McCormac, G., Manning, S., Ramsey, C.B., Reimer, R.W., Remmele, S.,
Southon, J.R., Stuiver, M., Talamo, S., Taylor, F.W., van der Plicht, J.,
Weyhenmeyer, C.E., 2004. IntCal04 terrestrial radiocarbon age calibration, 0e26
cal kyr BP. Radiocarbon 46, 1029e1058.

Ruddiman, W.F., 2007. The early anthropogenic hypothesis: challenges and re-
sponses. Rev. Geophys 45, RG4001.

Schilt, A., Baumgartner, M., Schwander, J., Buiron, D., Capron, E., Chappellaz, J.,
Loulergue, L., Schüpbach, S, Spahni, R., Fischer, H., 2010. Atmospheric nitrous
oxide during the last 140,000 years. Earth and Planetary Science Letters 300,
33e43.

Smith, L., MacDonald, G., Velichko, A., Beilman, D., Borisova, O., Frey, K.,
Kremenetski, K., Sheng, Y., 2004. Siberian peatlands a net carbon sink
and global methane source since the early Holocene. Science 303,
353e356.

Solomon, S., 2007. Climate Change 2007-the Physical Science Basis: Working Group
I Contribution to the Fourth Assessment Report of the IPCC. Cambridge Uni-
versity Press.

Song, H., Wang, D., Zhao, K., 1985. Formation and evolution of peatlands in Xizang
(Tibet) Plateau. Sci. Geogr. Sinica 5, 173e178.

Sun, G., 1992. A study on the mineral formation law, classification and reserves of
the peat in the Ruoergai Plateau. J. Nat. Resour. 7, 334e345 (in Chinese with an
English abstract).

Sun, G., Luo, X., Turner, R., 2001. A study on peat deposition Chronology of Holocene
of Zoige Plateau in the Northeast Qinghai-Tibetan Plateau. Acta Sedemental. Sin.
19, 177e181 (in Chinese with an English abstract).

Sun, G., Zhang, W., Zhang, J., 1998. The Mire and Peatland of the Hengduan
Mountains Region [M]. Science Press, Beijing.

Sun, G.Y., Zhang, W., 1987. Old channels of the Huanghe river on Ruoergai plateau
and its palaeogeographic significance. Sci. Geogr. Sin. 7, 266e272.

Tarnocai, C., 2006. The effect of climate change on carbon in Canadian peatlands.
Global Planet. Change 53, 222e232.

Tarnocai, C., Stolbovoy, V., 2006. Northern peatlands: their characteristics, devel-
opment and sensitivity to climate change. Peatlands: evolution and Records of
Environmental and Climate Changes. In: Martini, I.P., Martınez Cortizas, A.,
Chesworth, W. (Eds.), Dev. Earth Surf. Process. 9, 17e51.

Turunen, J., Tomppo, E., Tolonen, K., Reinikainen, A., 2002. Estimating carbon
accumulation rates of undrained mires in Finlandeapplication to boreal and
subarctic regions. Holocene 12, 69e80.
Van Huissteden, J., 2004. Methane emission from northern wetlands in Europe
during Oxygen Isotope Stage 3. Quat. Sci. Rev. 23, 1989e2005.

Wang, C.Q., 2009. A Dynamic Research on Carbon Storage and Carbon Budget in
Peatlands in China (M.Sc. thesis). Northeast Normal University, China.

Wang, M., Liu, Z.G., Ma, X.H., Wang, G.D., 2012. Division of organic carbon reserves
of peatlands in China. Wetl. Sci. 10, 157e163.

Wang, S.Q., Liu, J.Y., Yu, G.R., 2003. Error ananlysis of estimating terrestrial soil
organic carbon storage in China. Chin. J. Appl. Ecol. 14, 797e802.

Wang, Y.-J., Cheng, H., Edwards, R.L., An, Z., Wu, J., Shen, C.-C., Dorale, J.A., 2001.
A high-resolution absolute-dated late Pleistocene monsoon record from Hulu
Cave, China. Science 294, 2345e2348.

Xia, Y., 1988. Preliminary research on flora development and climate change of
Sanjiang Plain since 12000 years ago. Sci. Geogr. Sinica 8, 241e249 (in Chinese
with an English Abstract).

Xia, Y., Wang, P., 2000. Peat record of climate change since 3000 years in Yangmu,
Mishan region. Geogr. Res. 19, 54e59 (in Chinese with an English Abstract).

Xiang, S., Guo, R., Wu, N., Sun, S., 2009. Current status and future prospects of zoige
Marsh in eastern Qinghai-Tibet plateau. Ecol. Eng. 35, 553e562.

Xie, X.L., 2004. Organic carbon density and storage in soils of China and spatial
analysis. Acta Pedol. Sin. 41, 36e43.

Xie, Z.B., Zhu, J.G., Liu, G., 2007. Soil organic carbon stocks in China and changes
from 1980s to 2000s. Glob. Change Biol. 13, 1989e2007.

Yang, Y., 1990. Research on the development of Sanjiang Plain and its paleogeo-
graphic evolution since the late Pleistocence. Oceanol. Limnol. Sin. 21, 28e38.

Yao, T., Xu, B., 2005. Study on the climatic and environmental change over the last
2000 years in the QingHai-Tibet Plateau. Sci. Rev. Technol. 23, 14e17 (in Chinese
with an English Abstract).

Ye, Y., Yan, F., Mai, X., 1983. The analysis of pollen assemblage of several drilling
profiles and its significance in Northeast Sanjiang Plain. Sci. Geogr. Sin. 3,
260e266 (in Chinese with an English Abstract).

Yin, S., 1991. Chinese Peat Resources and their Exploitation [M]. Geology Press,
Beijing.

Yu, D.S., Shi, X.Z., Sun, W.X., Wang, H.J., Liu, Q.H., Zhao, Y.C., 2005. Estimation of
Chinese soil organic carbon storage and density based on 1:1000000 soil
database. Chin. J. Appl. Ecol. 16, 2279e2283.

Yu, Z., 2011. Holocene carbon flux histories of the world's peatlands Global carbon-
cycle implications. Holocene 21, 761e774.

Yu, Z., Beilman, D.W., Jones, M.C., 2009. Sensitivity of northern peatland carbon
dynamics to Holocene climate change. Geophys. Monogr. Ser. 184, 55e69.

Yu, Z., Loisel, J., Brosseau, D.P., Beilman, D.W., Hunt, S.J., 2010. Global peatland dy-
namics since the Last Glacial Maximum. Geophys. Res. Lett. 37.

Zhao, Y., Yu, Z., 2012. Vegetation response to Holocene climate change in East Asian
monsoon-margin region. Earth Sci. Rev. 113, 1e10.

Zhao, Y., Yu, Z., Tang, Y., Li, H., Yang, B., Li, F., Zhao, W., Sun, J., Chen, J., Li, Q., 2014.
Peatland initiation and carbon accumulation in China over the last 50,000
years. Earth-Sci. Rev. 128, 139e146.

Zhao, Y., Yu, Z.C., Zhao, W.W., 2011. Holocene vegetation and climate histories in the
eastern Tibetan Plateau: controls by insolation-driven temperature or
monsoon-derived precipitation changes? Quat. Sci. Rev. 30, 1173e1184.

Zhong, J.Y., Zhang, Z.Y., 1981. The buried peat in the littoral areas of China and the
paleogeography of its formation. Ocenologia ET Limnologia Sinica 12, 413e421
(in Chinese with an English Abstract).

Zhou, W.J., Yu, S.Y., Burr, G.S., Kukla, G.J., Jull, A.J.T., Xian, F., Xiao, J., Colman, S.M.,
Yu, H., Liu, Z., Kong, X., 2010. Postglacial changes in the Asian summer monsoon
system: a pollen record from the eastern margin of the Tibetan Plateau. Boreas
39, 528e539.

Zhou, Y., Yu, Z., Zhao, S., 2000. Carbon storage and budget of major Chinese forest
types. Acta Phytoecol. Sin. 24, 518e522 (in Chinese with an English Abstract).

Zu, K.Z., 1973. The prelimilary study on Chinese climate dynamics during the last
5ka. Meteorol. Sci. Technol. S1, 168e189 (in Chinese).

http://refhub.elsevier.com/S0277-3791(14)00222-4/sref28
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref28
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref28
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref29
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref29
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref30
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref30
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref30
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref30
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref30
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref30
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref31
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref31
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref31
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref31
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref31
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref32
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref32
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref33
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref33
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref33
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref33
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref33
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref34
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref34
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref35
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref35
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref35
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref35
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref36
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref36
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref36
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref36
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref36
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref36
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref36
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref36
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref36
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref37
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref37
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref73
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref73
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref73
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref73
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref73
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref38
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref38
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref38
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref38
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref38
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref39
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref39
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref39
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref40
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref40
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref40
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref41
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref41
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref41
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref41
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref42
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref42
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref42
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref42
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref43
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref43
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref44
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref44
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref44
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref45
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref45
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref45
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref46
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref46
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref46
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref46
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref46
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref46
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref47
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref47
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref47
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref47
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref47
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref48
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref48
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref48
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref49
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref49
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref50
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref50
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref50
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref51
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref51
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref51
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref52
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref52
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref52
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref52
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref53
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref53
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref53
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref53
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref54
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref54
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref54
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref55
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref55
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref55
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref56
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref56
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref56
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref57
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref57
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref57
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref58
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref58
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref58
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref59
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref59
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref59
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref59
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref60
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref60
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref60
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref60
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref61
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref61
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref62
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref62
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref62
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref62
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref63
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref63
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref63
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref64
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref64
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref64
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref65
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref65
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref66
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref66
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref66
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref67
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref67
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref67
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref67
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref68
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref68
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref68
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref68
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref74
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref74
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref74
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref74
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref69
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref69
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref69
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref69
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref69
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref70
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref70
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref70
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref71
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref71
http://refhub.elsevier.com/S0277-3791(14)00222-4/sref71

	Carbon dynamics of peatlands in China during the Holocene
	1 Introduction
	2 Data sources and data analysis
	3 Results
	3.1 Peatland initiation patterns and its carbon accumulation rate
	3.2 Carbon pool and area change rate

	4 Discussion
	4.1 Patterns and controls of peatland expansions in China since the Holocene
	4.2 Carbon accumulation dynamics during the Holocene
	4.3 Carbon dynamics of peatlands in China and their role in the carbon cycle of terrestrial China

	5 Uncertainties and conclusions
	Acknowledgmnts
	Appendix A Supplementary data
	References


