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Abstract: Estimating carbon sequestration and nutrient accumulation rates in Northeast China are important to assess wetlands function 

as carbon sink buffering greenhouse gas increasing in North Asia. The objectives of this study were to estimate accreting rates of carbon 

and nutrients in typical temperate wetlands. Results indicated that average soil organic carbon (SOC), total nitrogen (TN) and total 

phosphorus (TP) contents were 37.81%, 1.59% and 0.08% in peatlands, 5.33%, 0.25% and 0.05% in marshes, 2.92%, 0.27% and 0.10% 

in marshy meadows, respectively. Chronologies reconstructed by 210Pb in the present work were acceptable and reliable, and the average 

time to yield 0–40 cm depth sediment cores was 150 years. Average carbon sequestration rate (Carbonsq), nitrogen and phosphorus ac-

cumulation rates were 219.4 g C/(m2·yr), 9.16 g N/(m2·yr) and 0.46 g P/(m2·yr) for peatland; 57.13 g C/(m2·yr), 5.42 g N/(m2·yr) and 

2.16 g P/(m2·yr) for marshy meadow; 78.35 g C/(m2·yr), 8.70 g N/(m2·yr) and 0.71 g P/(m2·yr) for marshy; respectively. Positive rela-

tions existed between Carbonsq with nitrogen and precipitations, indicating that Carbonsq might be strengthened in future climate sce-

narios. 
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1  Introduction 

Wetlands provide many ecosystem services, including 
biodiversity support, flood and storm mitigation, and 
water quality improvement, particularly through nutrient 
reduction, which has led some to suggest that wetlands 
provide more services to human society than does al-
most any other ecosystem (Costanza et al., 1997; Zhang 
et al., 2014). Wetland can be seen as the largest compo-
nent of the terrestrial biological carbon pool on earth 
(Adame et al., 2015; Bernal and Mitsch, 2012; Chmura 
et al., 2003). It plays a key factor in globe carbon cycles 
(Craft and Richardson, 1998; Marin-Muniz et al., 2014). 

The Changbai Mountains is the key indicator of climate 
change in Northeast China, and most of the alpine wet-
land is the key factor in the fragile alpine ecosystem 
(Huang et al., 2012). 

Some research shows that carbon sequestration is 
only a short-term strategy to mitigating anthropogenic 
enrichment of atmospheric CO2 (Lal, 2005). However, 
because of the huge areas and high productivity, carbon 
sequestration by temperate wetlands might play impor-
tant roles in buffering greenhouse gas increasing in at-
mosphere (Reay et al., 2008). Globally, wetlands pro-
vide the largest terrestrial carbon stores and a potentially 
important mechanism for climate change mitigation 
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(Zaehle, 2013). It is estimated that the amount of carbon 
stored in wetland soils in ~498 Pg, which accounts to 
more than one third of the total world pool of soil C 
(Zaehle, 2013). Characterized by high carbon sequestra-
tion rates, wetlands trigger carbon circulation on re-
gional scales to great extent (Page et al., 2011). How-
ever, few are still available on carbon sequestration rates 
by temperate wetlands in Northeast China, and this draw 
inconclusive estimation and assessment on wetland 
function as carbon sink, though Bao et al. (2010; 2015) 
has reported some data about the Changbai Mountains 
and the Sanjiang Plain.  

It is estimated that most wetland areas distributes 
around the 50°N, which empower wetlands in temperate 
zones vital roles in reducing atmospheric CO2 levels. 
However, agriculture and climate change here have 
weakened wetlands functions as carbon sink (Bai et al., 
2007). In the Sanjiang Plain, more than 80% wetland 
had lost since 1954 (Song et al., 2008), and continuous 
warming accelerate wetland degradation (Song et al., 
2014). All mentioned above introduce an obscured esti-
mation on carbon stock and sequestration. Based on the 
current knowledge discussed above, the objectives of 
the present work are: 1) to estimate carbon sequestration 
and nutrient accumulation rates in typical peatlands, 
marsh, marshy meadow and riparian marsh in Northeast 
China; 2) to discuss the potential factors influencing 
carbon sequestrations in wetland. Based on these two 
objectives, we hope to provide scientific basis for as-
sessing the potential carbon storage capacity of wetlands 
and make predictions about carbon sequestration in the 
future under global climate change.  

2  Materials and Methods 

2.1  Site description 
Description about the sampling sites in the study area is  

shown in Table 1. The Jinchuan wetland is a famous site 
in Jilin Province. It is located in the middle of the 
Longgang Mountain which is a part of the Changbai 
Mountains and it is charged by Jinchuan County. The 
coordinate are 42°16′20″–42°26′57″N and 126°13′55″– 
126°32′02″E, and elevations ranging between 449.0 m 
to 1233.3 m above sea level. The Jinchuan wetland is 
formed based on the volcanic landscape of wetland 
ecosystems. There is hundreds of river flow through the 
area, and the maximum river is less 10 m wide and 3 m 
depth. The Jinchuan wetland district belongs to the 
North temperate zone continental monsoon climate, 
with four distinct seasons, spring wind dry, humid and 
rainy in summer, mild in the autumn cool, the winter are 

cold. Mean annual temperature of 4.10℃ in the region, 

110–120 days of frost-free period, May to September 

accumulated temperature 2500–2600℃. Annual sun-

shine hours is 2550 on average, average annual evapora-
tion is 1276.1 mm, average annual precipitation 704.20 
mm most is in summer which it takes 61% of annual 
precipitation. Six community structure are observed in 
the Jinchuan wetland, birch (Betula ovalifolia) and 
sedge (Carex schmidtii); Carex schmidtii and typha 
(Thelypteris palustris); Carex schmidtii and reed 
(Phragmites australis); Carex schmidtii; Carex 
tenuiflora; Phragmites australis and Carex schmidtii. 

The HH-A, HH-B, XK-A and XK-B are all in the 
Sanjiang Plain, which is 55 m above sea level on aver-
age, belongs to the sub-humid warm temperate conti-
nental monsoon climate zone, and has a mean annual 
precipitation of approximately 558 mm, with substantial 
interannual and seasonal variations (Xiao et al., 2015). 
The Sanjiang Plain inhabits the largest freshwater wet-
land area in China. Permanently inundated wetlands, 
seasonally inundated wetlands, and shrub swamps ac-
count for 56.9%, 22.6% and 20.5%, respectively, of the 

 

Table 1  Description of sampling sites  

Site Type Latitude (N) Longitude (E) Plant MAT (℃) Precipitation (mm) Hydrology 

JC Peatland 42.27 126.23 Carex, Phragmites 4.10 704.20 PL 

HH-A Marsh 47.587 133.501 Carex lasiocarpa 3.74 503.43 PL 

HH-B Marshy meadow 47.587 133.501 D. angustifolia 3.74 503.43 SL 

XK-A Riparian, marsh 45.381 132.327 C. pseudocuraica, 4.33 513.98 PL 

XK-B Riparian, marsh 45.381 132.327 Glyceria spiculosa, 4.33 513.98 PL 

NW Marsh 51.085 125.132 C. lasiocarpa –2.35 473.31 PL 

Notes: JC, Jinchuan; HH-A, Honghe-A; HH-B, Honghe-B; XK-A, Xingkai-A; XK-B, Xingkai; NW, Nanweng; MAT, mean annual temperature; PL, persistent 
water-logged; SL, seasonal water-logged. 
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total wetland area in the Sanjiang Plain. The Da Hing-
gan Mountains zone, 573 m above sea level, has an av-

erage annual temperature of –2.8℃ and average annual 

precipitation of 746 mm. The low temperature and high 
amount of precipitation result in low decomposition 
rate, responsible for widespread permafrost and peat-
lands here to a great extend. The NW locates in the Da 
Hinggan Mountains, predominated by Carex and wa-
ter-logged all the year. It is the representative herb peat-
lands in Northeast China.  

2.2  Soil sampling and preparation 
Soil samples were collected in August 2011, 2012 and 
2015, from the Jinchuan wetland one for bulk density, 
carbon content determination and soil organic carbon 
(SOC), total nitrogen (TN) and total phosphorus (TP) 
determination the other for radiometric. In this research, 
65 samples were taken from three soil cores. Each soil 
core was collected in 1 m × 1 m quadrat. Every core was 
measured for the length, divided into 2 cm intervals with 
7-cm diameter, and then sealed in plastic bags. Soil core 
were taken 40 cm depth as average sampling depth. All 

samples were preserved at 4℃ before analysis. The soil 

column was then extracted from the coring barrel, sub-

divided into 2-cm thick segments and dried at 60℃ (to 

prevent the oxidation of carbon) until a constant weight 
was obtained. For radiometric, all samples were seal and 
labeled in the different plastic bags and arrangement by 
depth sequence from surface to 40 cm depth. For bulk 
density, carbon content determination and SOC, TN and 
TP determination all visible roots and litter material 
were excluded from analysis by sieving the sample with 
2-mm mesh. After drying was complete, the 2-cm seg-
ments were weighed to determine bulk density.  

2.3  Soil carbon and nutrients analysis 
Triplicates (50 mg) samples of individual depth seg-
ments (2 cm) were analyzed for total organic and inor-
ganic carbon content using a Shimadzu Total Organic 
Carbon Analyzer (TOC-V series, SSM-5000A, Kyoto, 

Japan). Total carbon (TC, %) was combustion at 900℃ 

in analysis chamber. Samples for the determination of 
inorganic carbon (IC, %) were pre-treated with 10 mol/L 

H3PO4, then combusted at 200℃, using standard proce-

dures for wetland soils. The TOC within each depth 
segment was calculated as the difference between TC 
and IC concentrations. Percent TOC was multiplied by 

10 to calculate soil carbon concentration in g C/kg, per 2 
cm interval of soil. 

2.4  Accretion, carbon sequestration and nutrient 
accumulate rates 
Radiometric detector was used to ascertain 137Cs and 
210Pb activity (pCi, 10–12 Ci), allowing for estimates of 
recent soil accretion rates. Ten-gram composite subsam-
ples were analyzed by γ spectrometry for 20 hours, at 
661.7 keV and 46.5 keV for 137Cs and 210Pb activity, 
respectively, using a high efficiency germanium detector 
(ORTEC High-Purity Germanium (HPGe) Well Detec-
tors, Oak Ridge, USA). Radio cesium (137Cs) is a 
man-made fallout radionuclide (30.1 years half-life) 
worldwide distributed as consequence of deposition 
from atmospheric nuclear weapon tests. The highest 
137Cs deposition can be found according to its deposi-
tional pattern in 1964. If the 137Cs binds strongly to the 
sediment and move with it in soil, remaining unaltered 
and making it a radionuclide widely used as tracer in 
many studies with many sites, such as wetlands and 
floodplains (Stark et al., 2006). The activity peak layer 
in the soil profile was identification by assumed to cor-
respond to the year 1964. Therefore, the sediment ac-
cumulated in the wetland since that year can be esti-
mated, and the accretion rate calculated assuming con-
stant sedimentation rate, unless evidence in the profile 
of the opposite (Beilman et al., 2009; Bernal and 
Mitsch, 2013; Brenner et al., 2001; Oenema and 
Delaune, 1988). 

In case of 137Cs profile are not conclusive to deter-
mine the rate (30.1 years half-life), 210Pb is a radioiso-
tope in the 238U decay series. 238U found naturally in 
Earth′s soil continually decays into gaseous radon-226, 
which in turn is distributed globally throughout the at-
mosphere where it is rapidly decays into several other 
short-lived isotopes. Pb-210 is readily adsorbed to the 
soil matrix and sediment surface. To account for vari-
able sedimentation throughout time, the Constant Rate 
of Supply (C.R.S.) model was selected to calculate 
sediment age.  

Ad = A0e
–(λt)   (1) 

where Ad is the excess Pb-210 activity at depth (d), A0 is 
the Pb-210 activity at depth zero, λ is the Pb-210 decay 
constant (0.0311/yr), and t is time (yr). 

Carbon sequestration and nutrients accumulate rates 
(g/(m2·yr)) was calculated by using following equation: 
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Cseq = BD × Ccon×Ad  (2) 

where BD is average bulk density (g/cm3) throughout 
the dated portion of the soil core profile, Ccon (g/kg) is 
the average carbon concentration in the soil sample, and 
Ad is accretion rate supplied by the CRS 210Pb method 
(cm/yr).  

2.5  Statistical analysis 
All data were using SPSS Statistical Software version 
23.0(X64) for Windows 7 (IBM, Endicott, New York). 
The normality of carbon sequestration was tested using 
the Shapiro-Wilk test when necessary at 95% significant 
level.  

3  Results 

3.1  Soil bulk density, carbon and nutrient con-
tents 
Soil physical and chemical properties varied greatly 
among wetland types. Bulk density was the lowest in 
peatlands and the highest in marshy meadows. The av-
erage soil organic carbon (SOC), total nitrogen (TN) and 
total phosphorus (TP) contents were 37.81%, 1.59% and 
0.08% in peatlands, 5.33%, 0.25% and 0.05% in 
marshes, 2.92%, 0.27% and 0.10% in marshy meadows, 
respectively (Table 2). ANOVA analysis suggested sig-
nificant different SOC and TN contents from JC site 
with those from other sites (P < 0.05). 

We mapped bulk density, SOC and nutrient distribu-
tion patterns in vertical directions. It indicated that sig-
nificant differences exist between peatland and marsh or 
marshy meadows. From the surface to the bottom layers, 
bulk density in peatland (JC) and riparian marshes 
(XK-A, XK-B) changed little, SOC was increasing, and 
nutrients firstly slightly decreased and then increased, 

but the TN content in XK-A and XK-B decreased with 
the depth. In marsh and marshy meadow, soil bulk den-
sity were all increasing while carbon and nutrients in 
most sites were decreasing with depth in spite some 
special cases. For instance, unexpected peak values for 
TN and TP in 16–18 layers in HH-A, high TP in 8–10 
layers in NW (Fig. 1). 

3.2  Chronology of wetland soil accretion 
The 210Pb and 137Cs radio activities were used for chro-
nology establishment and verification in vertical direc-
tions (Fig. 2, Fig. 3). In all sites, radio activities from 
210Pb were all in decreasing in the form of negative ex-
ponential curves. By CRS model, we reconstructed 
chronology for each layers. Profiles formed during 
1850–2015 for JC, 1855–2011 for HH-B, 1923–2011 for 
HH-A, 1807–2012 for XK-A, 1853–2012 for XK-B and 
1887–2012 for NW. On average, 150 years were spent 
to yield 0–40 cm depth sediment cores. 

Results indicated that 137Cs showed significant peak 
values only in JC, HH-A and HH-B while 137Cs activity 
profiles were chaotic in other sites. For example, 137Cs 
was still detected in the bottom of XK-A and XK-B. 
Specially, though very high radio activities from 137Cs 
were found in 2–4 layers in JC, but it was still moni-
tored in the 38-40 layer. It indicated that 137Cs might 
undergoing transfer in vertical directions in wetlands 
where SOC and humic acid were abundant. We com-
pared chronology from 137Cs with that from 210Pb in 
HH-A and HH-B sites, and found that they matched 
each other. In HH-A, the layer of 1964 was 22–24 cm 
depth fingerprinted by 137Cs, which agreed well with 
that by 210Pb. In HH-B, the layer of 1964 was 14–16 cm, 
which was corresponding to 1972 fingerprinted by 
210Pb. It implied that chronologies reconstructed by 
210Pb in the present work were acceptable and reliable. 

 
Table 2  Bulk density, SOC and nutrients contents in wetland soils (mean±SD) 

Site Bulk density (g/cm3) SOC (%) TN (%) TP (%) C/N C/P N/P 

JC 0.24±0.04 37.81±3.71 1.59±0.21 0.08±0.01 24.05±3.33 476±61.0 19.9±2.01 

HH-A 0.66±0.33 7.58±3.45 0.60±0.43 0.07±0.03 11.43±4.66 86±34.0 6.94±3.32 

HH-B 1.12±0.27 2.92±1.95 0.27±0.16 0.10±0.02 10.25±1.79 267±12.4 2.51±1.14 

XK-A 0.58±0.07 5.09±3.23 0.16±0.08 0.03±0.01 30.3±10.90 185±75.0 5.93±2.04 

XK-B 0.88±0.15 3.26±1.84 0.05±0.01 0.03±0.01 64.5±28.90 107±73.0 1.59±0.44 

NW 0.71±0.29 5.38±2.96 0.17±0.15 0.07±0.05 42.3±26.10 70.6±41.6 1.90±1.30 

Notes: JC, Jinchuan; HH-A, Honghe-A; HH-B, Honghe-B; XK-A, Xingkai-A; XK-B, Xingkai; NW, Nanweng; SOC, soil organic carbon; TN, total nitrogen; TP, 
total phosphorus; C/N, carbon nitrogen ratio; C/P, carbon phosphorus ratio; N/P, nitrogen phosphorus ratio 
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Fig. 1  Distribution patterns of soil bulk density (g/cm3), SOC (g/kg) and nutrients (g/kg) in vertical direction. JC, Jinchuan; HH-A, 
Honghe-A; HH-B, Honghe-B; XK-A, Xingkai-A; XK-B, Xingkai; NW, Nanweng; SOC, soil organic carbon; TN, total nitrogen; TP, 
total phosphorus  

 

Fig. 2  Radio activities of 137Cs in profiles of Jinchuan (JC), Honghe-A (HH-A) and Honghe-B (HH-B) sites 
 

3.3  Sediment accretion, carbon sequestration and 
nutrient accumulation rates 
The average sediment accretion rates were in the range 
of 1.85–3.14 mm/yr with an average of 2.53 mm/yr, 
and the highest was found in HH-A site and the lowest 
was in XK-A sites. Average carbon sequestration rate 
(Carbonsq), nitrogen and phosphorus accumulation rates 
were 219.4 g C/(m2·yr), 9.16 g N/(m2·yr) and 0.46 g 
P/(m2·yr) for peatland; 57.13 g C/(m2·yr), 5.42 g 
N/(m2·yr) and 2.16 g P/(m2·yr) for marshy meadow; 

78.35 g C/(m2·yr), 8.70 g N/(m2·yr) and 0.71 g 
P/(m2·yr) for marshy; respectively (Fig. 4). 

4  Discussion 

Wetlands are considered as an effective CO2 sink due to 
their high productivity and low decomposition derived 
from water-logged soil condition and degradation-          
resistant litters (Choi et al., 2001; Dieleman et al., 
2015). Globally, most wetlands emerged in temperate  
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Fig. 3  Radio activities of 210Pb in wetland profiles. JC, Jinchuan; HH-A, Honghe-A; HH-B, Honghe-B; XK-A, Xingkai-A; XK-B, 
Xingkai; NW, Nanweng  

 

Fig. 4  Soil carbon sequestration, nutrient accumulation and sedimentation accretion in wetlands JC, Jinchuan; HH-A, Honghe-A; 
HH-B, Honghe-B; XK-A, Xingkai-A; XK-B, Xingkai; NW, Nanweng 

 

zones around 50°N (Kayranli et al., 2010), and it is 
meaningful to estimate Carbonsq by wetlands under 
global warming background. The Carbonsq was about 
200 g C/(m2·yr) in the Changbai Mountains peatland, 
and their results were consistent with that in the present 
work (Bao et al., 2015). Most of the world's peatlands 
are located in boreal and subarctic regions, peatlands 
here accreted at the rate of 0.1–0.8 mm/yr, inducing 
relative lower Carbonsq (< 100 g C/(m2·yr)) (Graham et 
al., 2005), which was much lower than that in the 
Changbai Mountains and might due to plant cover dif-

ference. Sphagnum was in predominant in most boreal 
peatlands (Bridgham et al., 2006), characterizing with 
low annual biomass produce while Carex and Phrag-
mites dominate in the Changbai Mountains with much 
more biomass. Though lower temperature restricted lit-
ter degradation in boreal peatland (Belyea and Malmer, 
2004), but it seemed net primary productivity (NPP) 
might play more important roles in Carbonsq (Cao and 
Woodward, 1998). Marshes in Northeast China had lower 
Carbonsq than those from USA and Canada (Table 3). 
However, most marshes in Table 3 located in estuarine 
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Table 3  Comparison of Carbonsq (g C/(m2·yr)) with results from other literatures 

Core Type Country Carbonsq Method Ref. 

JC Peatland China 219.36 210Pb This study 

HH-B Marshy meadow China 57.13 210Pb This study 

HH-A Prairie Marsh China 111.68 210Pb This study 

XK-A Prairie Marsh China 54.21 210Pb This study 

XK-B Prairie Marsh China 69.97 210Pb This study 

NW Marsh China 77.55 210Pb This study 

Changbai Mountains Peatland China 200 210Pb (Bao et al., 2010) 

Da Hinggan Mountains Peatland China 203 210Pb (Bao et al., 2010) 

Bleak Lake Peatland Canada 43 210Pb (Wieder, 2001) 

Oregon Inlect Marsh USA 145.5 137Cs (Craft and Richardson, 1993) 

East-2 Marsh USA 400 210Pb (Ohlson and Okland, 1998) 

Savanna Marsh USA 109 137Cs (Craft and Casey, 2000) 

St. Annaland Marsh Netherland 139 210Pb (Callaway et al., 1996) 

Notes: JC, Jinchuan; HH-A, Honghe-A; HH-B, Honghe-B; XK-A, Xingkai-A; XK-B, Xingkai; NW, Nanweng 

 

in USA. Generally, estuarine at the ecotone of terrestrial 
and marine ecosystems have more effective biomass 
than inland marsh because both terrestrial and marine 
producers contribute to Carbonsq in these sites (Chimner 
and Ewel, 2005). 

Carbonsq varied significantly among wetland types in 
Northeast China, ranked by peatland > marsh > marshy 
meadow. Compared with marshy meadow, peatlands 
and marshes are both water-logged all the year while 
marshy meadow undergoes seasonal situation submer-
gence. Carbon sequestration is a function of both the 
biomass produced and the rate of biomass respiration. 
Litter decomposition was restricted by soil moisture, 
inducing more soil organic matter formation and stimu-
lating Carbonsq (Kayranli et al., 2010). During the past 
several decades, wetlands in Sanjiang Plain undergone 
serious degradation, characterizing by transformation 
from marshes to meadow, and peatland disappearance 
(Song et al., 2008). Based on conclusions from the pre-
sent work, it was certainly deduced that degradation 
would weaken wetlands as carbon sink. 

Carbon accumulation in wetlands also was restricted 
by climate change and nutrient supply, especially N and 
P (Bai et al., 2012; Hessen et al., 2004).Warming and 
more precipitation was considered to promote plant 
growth in consequence with more biomass and litter 
backward to soil in most zones (Davidson and Janssens, 
2006). Adams provided the problem that whether nitro-
gen input to natural systems could change net primary 

productivity and consequently affect carbon cycles 
(Adams, 2003). Correlation analysis suggested signifi-

cantly positive relationships between soil TN, soil N ׃ 
P (Fig. 5). Theoretically, nitrogen addition could en-
hance carbon sink functions because more nitrogen 
supports higher biomass, but the opposite effect was 
found in one in situ experiment of marshy meadows 
(Song et al., 2005), showing that increasing N produc-
ing more soil respiration, which depleted extra NPP 
originating from N fertilization effects. However, 
though nitrogen had questionable and obscure effects on 
motive carbon sequestration in wetlands(Oren et al., 
2001), the present work provided evidences, partly, that 
nitrogen input to temperate wetlands might enhance 
carbon sequestration at long term time scale, over one 
hundred years. 

5  Conclusions 

Estimating carbon sequestration rates is essential to 
evaluating the carbon sink function of wetlands. Tem-
perate wetlands would play important roles in buffering 
atmospheric CO2 increasing. Peatlands and marshes 
generally had higher Carbonsq and nitrogen accumula-
tion rates than those in marshy meadows, suggesting that 
wetland degradation would weaken wetland's function 
acting as carbon sink. Considering the positive relations 
between Carbonsq with nitrogen and precipitations, Car-
bonsq might be strengthened in future climate scenarios.  
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Fig. 5  Correlations between Carbonsq and TN, N ׃ P and precipitation Soil TN, soil total nitrogen 
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