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Abstract

The Sanjiang Plain has been experienced significant wetland loss due to expanded agricul-
tural activities, and will be potentially restored by the China National Wetland Conservation
Action Plan (NWCP) in future. The objective of this study is to evaluate the impact of future
climate warming and wetland restoration on wetland CH, emissions in northeast China. We
used an atmosphere-vegetation interaction model (AVIM2) to drive a modified biogeophysi-
cal model (CH4MOD,yenang), @nd projected CH, flux variations from the Sanjiang Plain wet-
lands under different Representative Concentration Pathway scenarios throughout the 215
century. Model validation showed that the regressions between the observed and simulated
CH, fluxes by the modified model produced an R? of 0.49 with a slope of 0.87 (p<0.001,

n = 237). According to the AVIM2 simulation, the net primary productivity of the Sanjiang
Plain wetlands will increase by 38.2gm?2yr' 116.6 gm2yr' and 250.4 g m2yr' under
RCP 2.6, RCP 4.5 and RCP 8.5, respectively, by the end of this century. For RCP 2.6, 4.5
and 8.5 scenarios, the CH, fluxes will increase by 5.7 gm?yr', 57.5gm?yr'and 112.2
gm2yr'. Combined with the wetland restoration, the regional emissions will increase by
0.18-1.52 Tg. The CH4 emissions will be stimulated by climate change and wetland resto-
ration. Regional wetland restoration planning should be directed against different climate
scenarios in order to suppress methane emissions.

Introduction

Methane (CH,) is a very efficient greenhouse gas, with a Global Warming Potential of 25 on a
100-year time horizon, and is currently the second anthropogenic greenhouse gas after CO,
[1]. The radiative forcing of CH, has been modified from 0.48 W m™ [1] to 0.97 W m™ [2, 3]
when its indirect global warming effect was incorporated. Natural wetlands are the largest nat-
ural source in the present-day global CH, budgets. They have emitted 100-231 Tg CH, yr™',
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which accounts for 20-39% of the annual global CH, emission [1, 4]. In addition, the CH,
emission from wetlands increased by 7% from 2003 to 2007 [5].

CH, emissions from wetlands are controlled by climatic conditions [6, 7]. The two major
climate factors that controls methane emissions from wetlands are temperature and precipita-
tion. The temperature can influence the microbial process rates of microbial CH, production
[6, 8, 9], and the precipitation can determine the water table depth which determines saturated
and unsaturated proportion of the wetland [10-12]. Over the twenty-first century, projected
climate warming is expected to increase rates of heterotrophic respiration, yet plant primary
production (NPP) could increase due to the CO, fertilization [13, 14]. The increased NPP
would stimulate CH,4 emissions since it is the main source of the methanogenic substrat
[15,16].

Increased atmospheric CO, due to anthropogenic emissions is expected to lead to signifi-
cant climate change in the 21st century [1, 2, 17]. A new set of scenarios, e.g., the representative
concentration pathways (RCPs) was designed in the IPCC fifth assessment report (AR5) based
on the fifth phase of the Coupled Model Intercomparison Project5 (CMIP5) [18, 19]. RCPs
represent classes of mitigation scenarios that produce emission pathways following various
assumed policy decisions that would influence the time evolution of the future emissions of
GHGs, aerosols, ozone, and land use/land cover changes [20]. Significant warming was simu-
lated under RCPs for IPCC AR5 during the 21st century [21-23]. The world’s temperature by
2100 is projected to increase by 1.3-1.9°C under RCP 2.6, 2.0-3.0°C under RCP 4.5 and 4.0-
6.1°C under RCP 8.5 [23]. In China, the trend of climate warming and wetting will also inten-
sify in the future [24, 25]. The warming tendency from 2011 to 2100 is 0.06°C per decade for
RCP 2.6, 0.24°C per decade for RC P4.5, and 0.63°C per decade for RCP 8.5 [24]. The national
mean precipitation will increase, and the increasing precipitation in the northern regions is sig-
nificant and greater than in the southern regions in China [24].

The Sanjiang Plain, located in Heilongjiang province in the northeast China, was formerly
the largest wetland complex in China [26, 27]. Site experiments indicated that freshwater
marshes in the Sanjiang Plain had a relative high CH, fluxes compared with other reions, e.g.,
the Qinghai Tibet Plateau [28, 29] and other ecosystems, e.g., rice paddies [30]. The climate
change and CO, fertilization must have great impacts on CH4 emissions on the Sanjiang Plain
in the 21* century.

Moreover, the northeast China contributes more than 50% of the CH, sources from the
natural wetlands on a national scale [31-33]. The area in the Sanjiang Plain has decreased
significantly and deteriorated in quality owing to expanded agricultural activities since the
1950s [26,34-36]. In order to reverse this trend, wetlands restoration projects must be imple-
mented in future [37]. Since the Ramsar Convention on Wetlands in 1971, wetland conserva-
tion (maintenance and sustainable use) and restoration (recovery of degraded natural
wetlands) have been high priorities for many countries. The Chinese government also
announced a project named “the China National Wetland Conservation Action Plan
(NWCP)” in 2000 and approved it in 2003 [38]. During 1980-2005, the cumulative area of
wetland reserves has increased to 500 km” in China [39-41]. At the provincial level, the Hei-
longjiang province did an excellent work in wetland reservation and restoration [42]. The
government of Heilongjiang Province enacted several laws and accompanying policies to
ensure wetland protection. They provided legal support for wetland protection and restora-
tion [37]. For example, they published the three versions of “Regulations of Heilongjiang
Province on the protection of wetlands” in 2003, 2010 and 2016, respectively. Compared with
the period of 1950-2000, the decrease rate of the wetland area in Heilongjiang province has
been greatly reduced after the year 2000 [43]. Over all, assessing the trends of CH, emissions
under different climate scenarios and the wetland restoration policies in the Sanjiang Plain is
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important to the government for the greenhouse gas management. However, this is still a
knowledge gap in the current studies.

Models provide a powerful tool to predict long-term CH, dynamics under climate change.
The models include empirical models and process-based models. Empirical CH, emission
models have been developed by directly correlating the observed CH, fluxes to controlling fac-
tors, such as standing water depth, soil temperature, plant primary productivity or ecosystem
productivity [10, 15, 44]. However, these empirical relationships cannot be extrapolated to
other sites where the soil and climate conditions are different from the experimental sites.
Compared with the empirical models, they can simulate CH4 emissions with different degrees
of complexity and are integrated with other processes [45, 46]. We established a process-based
model named CH4MOD an4, which was generally capable of simulating the seasonal and
interannual variations in CH,4 emissions from different wetland sites in China and North
America [46]. The objective of the research was using this model to make predictions of CH,
emissions from the wetland of the Sanjiang Plain under the climate scenarios of IPCC ARS5.

Materials and Methods
Study Area

The Sanjiang Plain is located in the eastern part of Heilongjiang Province, northeast China (Fig
1). It is located between 43°50'N and 48°28'N latitudinally and between 129°11'E and 135°05'E
longitudinally. It covers a total area of 108900 km” [47], of which 10700 km? is natural wetland
at present [43]. The Sanjiang Plain covers 7 cities (Fig 1), including 23 counties. The policies
related to wetlands conservation and restoration are made by the city’s forestry bureau.

The average above sea level of the Sanjiang Plain is 56 m. The climate in this area belongs to
the temperate humid and subhumid continental monsoon climate. The annual mean precipita-
tion is around 600 mm and the annual mean air temperature is ~1.9°C. The average evapo-
transpiration from the natural wetlands ranges from 540 to 580 mm. The types of vegetation
vary from Deyeucia angustifolia to Carex lasiocarpa as the standing water depth increases. The
above-ground net primary productivity ranges from 260 to 700 g m > [49-54]. The wetland
area is mainly vegetated with Deyeuxia angustifolia and Carex lasiocarpa plants, which account
for about 20% and 80% of the vegetation in the Sanjiang Plain, respectively [55].

Model Framework

In this study, we used an integrated modeling framework centered on a biogeophysical model
named CH4MODanq to simulate CH, emissions from the wetlands in the Sanjiang Plain.
Fig 2 shows the framework for the simulation study.

CH4MOD,enand is a biogeophysical process-based model that is developed to describe the
processes of CH, production, oxidation and emission from natural freshwater wetlands [32,
36, 46]. The model adopted the hypothesis of CH4MOD model, which is used to simulate CH,4
emissions from rice paddies [56, 57], and made modifications according to the difference
between the natural wetlands and rice paddies. In CH4MOD yq1and, We focused on the different
supply of methanogenic substrates between natural wetlands and rice paddies. The methano-
genic substrates were derived from the root exudates, the decomposition of plant litter and the
soil organic matter. Methane production rates were determined by the methanogenic sub-
strates and the influence of environmental factors including soil temperature, soil texture and
soil Eh. Inputs to the CH4MODeq1ang include daily air temperature, daily water table depth,
soil texture, soil organic matter and the annual above-ground net primary productivity
(ANPP). The outputs are daily CH, emissions. Previous studies give the detailed description of
model calibration and the parameter values [36, 46].
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Fig 1. Spatial distribution of the wetland in the Sanjiang Plain. Map constructed in ESRI ArcMAP 10.1. Base
image of the boundaries is obtained from the Open Platform of Ministry of Civil Affairs of the People’s Republic of
China [48]. The wetland distribution is from [43].

doi:10.1371/journal.pone.0158872.9001
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Fig 2. Model framework for simulating CH, emissions from the Sanjiang Plain from 2001-2100 under RCPs. CH4MOD,yetiand
is a biogeophysical model to simulate CH, fluxes from natural wetlands. AVIM2 (Atmospheric-Vegetation Interaction Model, version
2) is a process-based terrestrial ecosystem model that simulates seasonal and interannual variations in biophysical and
biogeochemical processes at the land surface. EHM is an empirical hyrological model to simulate daily water table depth.

doi:10.1371/journal.pone.0158872.9002

Previous studies showed that the model was generally capable of simulating the seasonal
and interannual variations in CH, emissions from different wetland sites in China and North
America [46]. However, the insufficiency still exists in the model, e.g., the dynamics of the
water table and the ANPP limits its upscaling to a long-term and a regional scale.

In the model framework we used an empirical hydrological model (EHM) [58], which can
simulate daily water table depth to drive the CH4MOD,cqang (Fig 2). The EHM simulates the
balance between the water input (such as precipitation and surface inflow, etc.) and water out-
put (such as evapotranspiration and runoff, etc.). Water table dynamics (AWT, in cm) are
determined directly by the balance between the water input (Sin, cm), runoff (F,,,, cm) and
evapotranspiration (ET, cm). No runoff occurs during the period of freezing temperatures
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Table 1. Parameter values for the main kinds of wetland in the Sanjiang Plain.

Wetland Plant Type o as as
Deyeuxia angustifolia 1.1 0.012
Carex lasiocarpa 1.25 0.011

doi:10.1371/journal.pone.0158872.t001

D4 (cm) D, (cm)
0.02 0 -15
0.005 0 -15

from November to March:

S, —F,..—ET (Apr ~ Oct)
AWT =
P—ET (Nov ~ Mar)

WT = WT,_, + AWT (2)
S, =0, X P (3)

a, x (WT, = D,) +a, x (WT, = D,) (WT,>D,)
F,. =1 a, x (WT,—D,) (WT, > D,) (4)
0 (WT, < D,)

where WT; represents the daily water table. According to Zhang [57], S;, is a function of pre-
cipitation (P) (Eq 3), and F,,; includes surface outflow and ground outflow, both of which are
determined by the water table [58] (Eq 4). D; and D, represent two critical levels (cm) of WT.
The experimental constants (¢, a;, a2, D;, D,) in Eqgs (3) and (4) are experimental constants
which should be calibrated by trial and error method (Table 1).

The Priestley-Taylor model was used to calculate ET [59-61]. The net radiation (R,,), which
is used to calculate ET in the Priestley-Taylor model, was calculated using the equations of the
modified Penmann-Monteith model [62]. When the water table position value was less than
zero, the water table depth (WT) in CH4MOD q1anq Was considered to be zero.

The annual ANPP is an important input of CH4MOD ¢y1ang- In CH4MOD 1004, it is used
to calculate the root exudates, which is the main substrate for methanogens. In the model
framework, we used the atmospheric-vegetation interaction model (AVIM2) model to calcu-
late the annual ANPP to drive CH4MOD yeiang (Fig 2). AVIM2 is a dynamic terrestrial bio-
sphere model with independent intellectual property and international recognition [63].
AVIM2 model consists of three sub-models: terrestrial physical module of soil-vegetation-
atmosphere transformation (SVAT), vegetation physiological growth module and soil organic
matter (SOM) module. The net primary productivity (NPP) is the residue of gross canopy pho-
tosynthesis minus maintenance and growth respiration. The AVIM2 model has been widely
used to predict the national NPP change under different climate environment in China [64,
65]. We used the proportion of above-ground and total NPP to calculate the ANPP [46]. More
details about the model structure, model inputs, outputs and parameters were described in pre-
vious studies [63, 64].

Three steps were needed for the model simulation. Firstly, model validation is important to
test the performance of the model framework (Fig 2). The observations from the Sanjiang Mire
Wetland Experimental Station, Chinese Academy of Sciences were used for model validation.
We used the historical climate dataset (described in the next section) in the grid where the site
located to drive the model framework and compared the simulated annual ANPP, daily water
table depth and daily CH, fluxes with the observations. Secondly, we ran the EHM and AVIM2
for 200 years to the equilibrium status and obtained the initial water table depth. Table 2 shows
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Table 2. Detail description of the model experimental design.

Model Simulation Period
EHM Model 2002—
validation 2005
Model 1991—
initialization® | 2000%
Model 2001-
projection 2100
AVIM2 Model 2002—
validation 2005
Model 1991—
initialization® | 2000%
Model 2001-
projection 2100
CH4MOD,etiang | Model 2002—-
validation 2005
Model 2001-
projection 2100

Outputs Driving data Source

Daily WT Daily climate (T, Trnax, Tmin, P, SP, FGOALS outputs (2002—2005) FGOALS outputs
SH) (1991-2000) FGOALS outputs (2001-2005 &

Initial WT 2006-2100)"

Projected daily
WT

Annual ANPP | Daily climate (T, Pr, u, v, SH); Soil FGOALS outputs (2002—-2005); ISSCAS
texture; Annual CO, concentration

Initial status FGOALS outputs (1991-2000); ISSCAS
Projected FGOALS outputs (2001-2005 & 2006—2100);
annual ANPP ISSCAS

Daily CH,4 Daily climate (T); Soil (SAND, SOM, | FGOALS outputs (2002—2005); ISSCAS; Outputs
fluxes BD); Daily WT, Annual ANPP of EHM and AVIM2

Projected CH,4 FGOALS outputs (2001-2005 & 2006—-2100);
fluxes ISSCAS; Outputs of EHM and AVIM2

& Model initialization used the climate data of 19912000 to drive the model and run 200 years to equilibrium status.

# Climate data before 2006 are the historical outputs by FOGALS; Climate data after 2006 are the projections by FGOALS under RCPs.

EHM is Empirical hydrological model; WT is water table depth; ANPP is above ground biomass; T is air temperature; T, iS maximum air temperature; T,
is minimum air temperature; P is precipitation; SP is surface pressure; SH is specific humidity; v is meridional wind; v is zonal wind; SAND is soil sand
fraction; SOM is soil organic matter; BD is bulk density.

doi:10.1371/journal.pone.0158872.t002

the model experimental design in this study. At last, we ran the model framework from 2001 to
2100. The simulated CH, fluxes from 2001 to 2010 were used as the baseline simulations.

The projected gridded CH, emissions were the product of the projected CH, fluxes and the
wetland area on a grid scale. The regional CH, emissions were the summation of the gridded
CH, emissions. In this study, two scenarios of the projected wetland area were assumed: the
projected wetland area will remain the present level or be restored according to the NWCP by
2100.

Data Sets

The data sets used for model site-specific validation were from the observations. The Sanjiang
Mire Wetland Experimental Station, Chinese Academy of Sciences is located in Tongjiang city,
Heilongjiang province, China, at approximately 47°135'N, 133°131'E. Methane emissions in
the Deyeucia angustifolia marsh (M-D) and Carex lasiocarpa marsh (M-C) were measured
approximately twice per week by using a closed opaque chamber [66] from April to the early-
October in 2002-2005. The mixing ratios of CH, were detected by gas chromatography (Agi-
lent 4890) with flame ionization detection [67]. The standing water depth was recorded syn-
chronously with the measurement of CH, emissions, but was not measured from early-April to
late-June, as well as during the entire growing season of 2002 for M-C and M-D, respectively.
The annual ANPP for M-D and M-C was measured three times per month during 2002-2005
[49].

The driving datasets for model validation, model initialization and model prediction includ-
ing climate daily datasets as well as soil data are listed in Table 2. The climatic datasets are the
outputs from FGOALS [68-70], which were provided by the State Key Laboratory of Numeri-
cal Modeling for Atmospheric Sciences and Geophysical Fluid Dynamics (LASG), the Institute
of Atmospheric Physics (IAP), the Chinese Academy of Sciences (CAS). The FGOALS
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simulated daily climate for history (1850-2005) and for the RCP scenarios (2006-2100) in
CMIP5. The history climate data were used to drive the model framework for model validation
and initialization. For the first half baseline period (2001-2005), the history climate data were
also used to drive the model framework. The climate under RCP scenarios were used for model
projection from 2006 to 2100. Three RCP scenarios were used in this study. They have been
derived from integrated assessment models (IAM) [21]. RCP 8.5 is a “high pathway” for which
radiative forcing reaches >8.5 W m™> by 2100 and continues to rise for some amount of time.
It has an approximate CO, equivalent concentration of 1370 ppm in 2100. RCP 4.5 is an inter-
mediate “stabilization pathways” in which radiative forcing is stabilized at approximately 4.5
W m? after 2100. The approximate CO, equavalent concentrations is 650 ppm. RCP 2.6 is a
pathway where radiative forcing peaks at approximately 3 W m > before 2100 and then declines
2.6 W m™ in 2100. The peak approximate CO, equavalent concentration reaches 490 ppm
before 2100 under RCP 2.6. These scenarios include time paths for emissions and concentra-
tions of the full suite of greenhouse gases (GHGs) and aerosols and chemically active gases, as
well as land use/land cover. The original resolution of the climate datasets is 2.8°x1.6°(longitu-
dexlatitude). We statistically downscaled [71] the datasets to a resolution of 1 kmx1 km.

The soil characteristic data (10 kmx10 km) were developed by the Institute of Soil Sciences,
Chinese Academy of Sciences. We also downscaled the data into 1 kmx1 km.

The map of Sanjiang region boundary and the prefecture-level city boundaries was obtained
from the open platform of Ministry of Civil Affairs of the People’s Republic of China [48] (Fig
1). The wetland distribution (Fig 1), which was used to calculate the area-weighted CH, fluxes
as well as the regional CH, emissions was from the remote sensing data with the resolution of
1kmx1km [43]. The recent research reported that the wetland area in the Sanjiang Plain was
10714 km? in 2008 [43]. This is considered as the first scenario that the projected wetland area
will remain 10714 km? by 2100. The second scenario is called the wetland restoration scenario.
According to the NWCP, 14000 km? of the natural wetlands will be recreated from 2004 to
2030, accounting for approximately 7.5% of the current area of natural wetlands in China [32,
43]. The wetland area will increase by 25% by 2100 in the light of this restoration rate. This res-
toration will be mainly controlled by the government policies. We assumed that the wetland
restoration would be averaged distributed in the wetland region, and simply calculated the pro-
jected regional CH,4 emissions by this fraction under the wetland restoration scenario.

Results and Discussion
Model Validation

Fig 3 shows the annual ANPP and the seasonal patterns of the simulated and observed standing
water depth and CH, emissions in M-D site (Fig 3a, 3¢ and 3e) and in the M-C site (Fig 3b, 3d
and 3f) on the Sanjiang plain. The simulated annual ANPP generally agreed well with the mea-
sured data in the M-D site (Fig 3a) and the M-C site (Fig 3b). For the M-D site, the AVIM2
model overestimated ANPP by 2% in 2003, and underestimated ANPP by 3% and 2% in 2002
and 2004, respectively (Fig 3a). More significant differences between the simulated and
observed ANPP are shown at M-C site, with ~7% underestimation for the first two years and
2%—7% overestimation for the last two years, respectively (Fig 3b). Overall, the discrepancies
are 2%—7% between the observed and simulated ANPP.

The model can basically simulate the seasonal variations in standing water depth (Fig 3¢
and 3d) and CH, fluxes (Fig 3e and 3f). However, clear differences between the simulations
and observations are shown in 2003 for the water table depth (Fig 3¢) and the CH, fluxes (Fig
3e) for the M-D site. During April to July 2003, the empirical hydrological model can’t simulate
the flooded situation. The simulated water table depth was always zero (Fig 3c). This inaccurate
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Fig 3. Comparison of simulated and observed annual aboveground net primary productivity by
AVIM2. (a) for M-D site, (b) for M-C site. Comparison of simulated and observed seasonal patterns of water
table depth and CH, fluxes on the Sanjiang Plain by EHM and CH4MOD eyang- (c) Water table depth and (e)
CH, flux for M-D site; (d) Water table depth and (f) CH, flux for M-C site. The vertical bars are standard
deviations from 3 sampling replicates.

doi:10.1371/journal.pone.0158872.g003

simulation of water table depth induced a significant negative discrepancy of CH, fluxes
between the modeled and observed CH, fluxes. When the water table depth drops to zero, the
anaerobic environment will become aerobic environment, which will greatly decrease CH,4
emissions [11]. In contrast, there’s a positive discrepancy occurred during the period from Sep-
tember to October 2003 between the modeled and observed CH, emissions from the M-D site
(Fig 3e). This is mainly because the overestimated water table depth from this period (Fig 3c).
There was no standing water after the early September. However, the EHM simulated a higher
water table depth (Fig 3c), which induced lower soil redox potential and accumulated CH,
emissions (Fig 3e).

For the M-C site, the EHM underestimated the water table depth from April to July of 2004
and 2005 (Fig 3d). However, the simulated CH, flux matches the observed flux well during the
same period (Fig 3f). This correspondence occurred because in CH4MOD yeang> CH4 emis-
sions are not sensitive to the standing water depth when it is aboveground for a period [46],
which is in agreement with the observation of [72] that the soil redox potential decreases to a
certain limit and maintains that level when the standing water depth is above the soil surface
for a given amount of time.

Fig 4 shows the observed and simulated CH, emissions from the Sanjiang Plain. Using 273
datasets, regression of the observed versus simulated CH, fluxes produced an R? of 0.49 with a
slope of 0.87 (p<0.001) (Fig 4a). The performance of CH4MODynana Was good for the total
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Fig 4. Observed vs. simulated CH, emissions from M-D site (June 2002— December 2004) and M-C site
(June 2002—- December 2005) on the Sanjiang Plain. (a) CH, fluxes, dashed lines are 95% confidence
limits. (b) Total amount of annual/seasonal CH,4 emissions, dotted line is 1:1 line, the vertical bars are
standard deviations from 3 sampling replicates.

doi:10.1371/journal.pone.0158872.9g004

annual/seasonal CH, amounts (Fig 4b). Regression of the computed and observed annual CH,
amounts yielded an R of 0.74 with a slope of 1.00 (n = 7, p<0.001) (Fig 4b).

Projected Climate Changes and ANPP under RCP Scenarios

Fig 1 and Table 3 shows the projected climate for the 2011-2100 by FGOALS under the RCP
scenarios. The climate under RCP 4.5 and RCP 8.5 scenarios shows a warmer and wetter trend
compared with the period 2001-2010. There is a significant warming tendency for the period
from 2011 to 2100 for RCP 4.5 and RCP 8.5, with an increase rate of 0.26 and 0.69°C per
decade (p<0.001) (Fig 5a). Compared with period of 2000s, the annual area-weighted air tem-
perature will increase by 2.73°C and 5.42°C for RCP 4.5 and RCP 8.5 until 2100 (Table 3). For
RCP 2.6 scenario, the annual area-weighted air temperature increased significantly during the
middle term (2041-2070), and then decrease during the long term (2071-2100) (Fig 5a and
Table 3).

The annual area-weighted precipitation over the Sanjiang Plain will continue to increase in
the future (Fig 5b and Table 3). No significant linear increase was shown in the annual area-
weighted precipitation under the RCP scenarios. The annual mean precipitation shows great
interannual variation (Fig 5b). Compared with the period 2000s, the annual mean precipitation
will increase by 81.1 mm, 76.6 mm and 133.0 mm until 2100 under RCP 2.6, RCP 4.5 and RCP
8.5 scenarios (Table 3).

Table 3. Air temperature, precipitation, ANPP and CH, emissions compared with the average value of 2001—2010 under RCP scenarios over the
Sanjiang Plain.

Periods RCP 2.6 RCP 4.5 RCP 8.5
T P ANPP CH, T P ANPP CH,4 T P ANPP CH,

2011-2020 0.40 75.3 14.6 9.1 0.79 21.2 8.8 -2.2 0.35 81.6 14.7 2.2
2021-2030 0.81 35.7 35.9 9.3 0.69 78.5 27.3 10.2 1.29 -57.0 26.5 -11.0
2031-2040 1.30 24.7 50.0 5.6 1.13 43.3 46.7 8.2 2.14 54.9 441 11.5
2041-2050 0.37 21.5 59.2 2.4 2.34 5.0 66.7 12.5 2.80 103.5 67.4 36.8
2051-2060 0.45 65.2 59.2 7.3 1.76 78.5 85.7 21.3 3.75 37.3 95.0 31.8
2061-2070 0.40 -6.5 56.4 -8.0 2.07 96.7 101.2 38.0 3.91 96.9 128.7 52.4
2071-2080 0.01 70.9 53.8 8.9 2.47 65.1 109.7 44.6 5.38 35.5 165.1 48.9
2081-2090 0.05 0.8 46.1 -2.0 2.54 74.5 112.5 40.8 5.86 69.6 206.9 66.1
2091-2100 -0.75 81.1 38.2 5.7 2.73 76.6 116.6 57.5 5.42 133.0 250.4 112.2

doi:10.1371/journal.pone.0158872.t003
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Fig 5. Projected area-weighted annual mean air temperature (a) and annual precipitation (b) by
FGOALS, annual aboveground net primary productivity (c) by AVIM2 and CH, fluxes (d) by
CH4MODy,et1ana from the wetlands of the Sanjiang Plain for RCP 2.6 (black line), RCP 4.5 (red line) and
RCP 8.5 (blue line) relative to the average 2000s, respectively.

doi:10.1371/journal.pone.0158872.g005

Estimated by the AVIM2 model, the annual area-weighted ANPP is expected to increase by
the CO, fertilization. Under RCP 8.5 scenario, the ANPP will increase by approximately 250 g
m™ yr'! by the end of this century (Table 3, Fig 5¢). The ANPP will increase by 85.7 gm ™ yr'!
by 2050s under RCP 4.5, and then the increase rate will decline. Until 2100, the ANPP will
increase by 116.6 g m™> yr™' under this scenario (Table 3, Fig 5c). For RCP 2.6 scenario, the
annual area-weighted ANPP will increase rapidly up to mid-century and then begin to decline
(Table 3, Fig 5¢).

Conclusions on the effect of climate change on global NPP are inconsistent. The NPP could
both increase [14, 73-75] and decrease [65, 76, 77] under future climate scenario. This study
indicated that the NPP would increase by 7%, 28% and 63% under RCP 2.6, RCP 4.5 and RCP
8.5 scenarios by 2100. Jin [78] predicted the similar increases in NPP by 2%, 32% and 50%
under RCP 2.6, RCP 4.5 and RCP 8.5 scenarios by 2100 in the wetlands of the Qinghai Tibet
Plateau, respectively. The result in this study is also consistent with the result of Wieder [14],
who reported that the global NPP will increase by 63+27% under RCP 8.5 scenario, if the nitro-
gen and phosphorus limitation was not considered. The results of this study under RCP 4.5 is
slightly higher than the prediction by Melillo [73], who reported that the global NPP will
increase by 20-26%, but lower than the predictions by Ji [64], who reported that the national
NPP would increase by 36% under the CO, concentration of 620 ppm in China.

Spatial Temporal Changes in CH,4 Fluxes under RCP Scenarios by 2100

Table 3 and Fig 5d provides the projected changes in the area-weighted annual mean CH,4
fluxes from 2011 to 2100 compared with the average value of 2000s under RCP 2.6, RCP 4.5
and RCP 8.5 in the Sanjiang Plain, respectively. In the near term of 2030s, the increments in
area-weighted annual mean CH, fluxes are around 10 g m™ yr* for all scenarios (Table 3).
However, in the middle term (2061-2070), and the long term (2090-2100), the area-weighted
CHy, fluxes will continue to increase under RCP 4.5 and RCP 8.5 scenario, but maintain stabil-
ity under RCP 2.6 scenario (Table 3). By the end of this scenario, the area-weighted CH, fluxes
will increase by 57.5 gm™ yr' and 112.2 g m™ yr'', which are 74% and 147% of the 2000s
under RCP 4.5 and RCP 8.5 scenario, respectively (Table 3).
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Fig 6. Regression between air temperature, annual precipitation and aboveground net primary
productivity and CH, fluxes. (a), (b) and (c) for RCP 2.6; (d), (e) and (f) for RCP 4.5; (g), (h) and (i) for RCP
8.5.

doi:10.1371/journal.pone.0158872.9g006

The projected CH, fluxes by CH4MOD,,qana show a significant increase under RCP 4.5
and RCP 8.5 scenarios, with increasing rates of 0.71 gm™ yr'' and 1.26 g m™> yr', respectively
(Fig 5d, p<0.001). These annual increases are strongly and positively correlated with the
increases of air temperature (Fig 6d and 6g), precipitation (Fig 6e and 6h) and the ANPP (Fig
6f and 61) (p<0.001). This indicated that both the climate and ANPP will promote CH, fluxes
under RCP 4.5 and RCP 8.5 scenario by the end of 21 century. For RCP 2.6 scenario, the
increase of CH, fluxes displays a significant positive correlation with the precipitation (Fig 6b,
p<0.001), which indicates that the wetter climate will accelerate CH, emissions in future. How-
ever, a weak negative correlation (Fig 6a, p = 0.17) between the air temperature and CH, fluxes
implies the warmer climate may be not the main factor to promote CH, emissions.

Under RCP 2.6 scenario, highest increment in CH, fluxes with a value of 37.6% is projected
in the MuDanJiang city, followed by 29.3% in HaErBin city (Table 4). Lowest increment is pro-
jected to happen in the JiXi city (Table 4). However, there are different patterns under RCP 4.5
and RCP 8.5 scenarios. Under RCP 4.5 scenario, the JiXi city and MuDanJiang city show a
higher projected increase in CH, fluxes, approximate two times of other cities (Table 4). The
HaErBin city, HeGang city and JiaMuSi city are projected to have the highest increases under
RCP 8.5, which is over 150% compared with the present value (Table 4).

Previous studies show uncertainties in predicting CH, fluxes under different climate condi-
tions. This study predicted increases in CH, fluxes of 8%, 76% and 147% by 2100 from the

Table 4. Spatial change of CH, emissions compared with the average value of 2000s under RCP scenarios.

City

HaErBin

HeGang

JiaMuSi

JiXi

MuDanJiang

QiTaiHe

ShuangYaShan
doi:10.1371/journal.pone.0158872.t004

RCP 2.6 RCP 4.5 RCP 8.5
29.3% 61.4% 150.9%
23.3% 62.3% 150.4%
23.9% 61.9% 150.6%
10.9% 117.7% 137.9%
37.6% 118.0% 124.8%
22.3% 63.0% 149.8%
17.4% 65.0% 145.2%
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wetlands of the Sanjiang Plain under RCP 2.6, RCP 4.5 and RCP 8.5 scenarios. In the wetlands
of the Qinghai Tibet Plateau, Jin [78] predicted the CH, increases of 16%, 46% and 70% under
RCP 2.6, RCP 4.5 and RCP 8.5 scenarios using TEM model. Our result is lower than Jin’s result
under RCP 2.6, and higher than Jin’s result under RCP 4.5 and RCP 8.5. However, our result
under RCP 8.5 is similar Zhuang’s result [79], who predicted that CH, emissions from the wet-
lands in northern high latitudes would more than double over the century in a scenario of pro-
jected atmospheric CO, mole fraction of approximately 1152 ppm by 2100. Moreover, the
prediction in this study under RCP 4.5 is consistent with the result of Shindell [80], who pre-
dicted a rise of 78% in the global CH,4 emissions under doubled CO, scenario (approximate
700 ppm). Christensen also projected the increase in CH, emissions (56%) under doubled CO,
scenario in the arctic tundra [81], which is slightly lower than our results.

Impacts of Wetland Restoration on Regional CH4 Emissions in the
Sanjiang Plain

If the wetland area maintains the level of 2008 of 10714 km?® [43], according to the result of this
study (Table 3), the regional CH, emissions will increase by 0.15 Tg, 0.58 Tg and 1.21 Tg by
the end of this century under RCP 2.6, RCP 4.5 and RCP 8.5 scenarios, respectively. These
increases of CH, sources account for 1.4%, 5.5% and 11.6% of the CH, budget from terrestrial
ecosystems in China [82], respectively. If the emissions are converted to CO,-eq using the fac-
tors of 25 on a 100-year time scale, the increase of CH, emissions will induce a positive global
warming potential (GWP) of 3.65, 14.62 and 30.49 Tg CO,-eq yr''. Under the wetland restora-
tion scenario, the regional CH, emissions will increase by 0.18, 0.73 and 1.52 Tg in the Sanjiang
Plain by 2100 under RCP 2.6, RCP 4.5 and RCP 8.5 scenarios, respectively.

This study indicates that the wetland restoration will increase CH, emissions. This conclu-
sion is also found in previous studies [83-87]. According to the spatial changes in CH, fluxes
under different scenarios (Table 4), regional appropriate planning of the wetland restoration
for the government may suppress the methane emission as less as possible. For the RCP 2.6 sce-
nario, the wetland restoration should be firstly projected in JiXi city and ShuangYaShan city,
followed by QiTaiHe city, JiaMusSi city and HeGang city in the Sanjiang Plain under limited
funds. The MuDan]Jiang city should be the last city to restore wetlands. However, if‘high path-
way” happens (RCP 8.5), the MuDanJiang city should be considered as the first one to carry
out the restoration. For the RCP 4.5 scenario in which radiative forcing is stabilized at approxi-
mately 4.5 W/m? after 2100, the JiXi city and MuDan]Jiang city should not considered to be
the prior regions to implement wetland restoration, so that less CH, will be emitted to the
atmosphere.

Uncertainties and Future Needs

This study project future trends of the CH, emissions from the natural wetlands in the Sanjiang
Plain. The present result is still uncertain due to incomplete model structure, inaccurate of
water table depth simulation, limited model calibration and validation as well as the bias in
future climate projections.

Firstly, although the process-based model has become more specialized to adequately repre-
sent CH, production, oxidation, and transport by considering various factors and controls,
there are still knowledge gap in the model structure [88]. One example of an insufficiently
modeled process is the influence of thawing permafrost on CH, production in the arctic region.
The Sanjiang Plain belongs to the freeze-thaw area. In the Sanjiang Plain, the freezing and
thawing phase have 7-8 months and play important role in the greenhouse gases emission
[89]. Measurements showed that there were significant CH, and CO, emission peak values
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during thawing time [89]. Lack of thawing, freezing and snow melting process will induce dis-
torted CH, simulation in winter and freeze-thaw period. In future, the observed effects of
thawing and freezing of soils and snow melting on CH, production and diffusion should be
considered in the present model.

Secondly, CH, fluxes are strongly controlled by the water table depth in the Sanjiang Plain
[11]. The model sensitivities also show that water table depth is one of the most sensitive fac-
tors to CH, emissions [46, 90, 91]. So without accurately simulated of water table positions,
estimates of CH, and are poorly constrained [92]. Take this study for example, the negative
discrepancy from April to July 2003 at the M-D site was induced by the underestimated
water table depth (Fig 3c and 3e). Several approaches have been adopted for obtained wet-
land water table depth dynamics. Spatially distributed hydrological models, e.g., FLAT-
WOODS [93] and SWAT [94] predict spatial distributions of water table depth by using
spatial databases of topography, climate, soil, and vegetation at a watershed scale. However,
the detailed spatial databases are difficult to obtain. TOPMODEL scheme [95] based on the
topographic wetness index (TWT) is widely used to model regional water table depth in natu-
ral wetland [91, 96, 97]. However, the TWTI is static and relies on the assumption that local
slope, tanp, is an adequate proxy for the effective downslope hydraulic gradient which is not
necessarily true in low relief terrain [98], such as the Sanjiang Plain. In this study, we used
the empirical model because it needs fewer inputs and are suitable to small-scale studies.
Opverall, the simulation of spatial temporal water table dynamics is a big challenge in future
studies.

Thirdly, the observational data related to processes of and controls on CH, production, con-
sumption, and transport are still limited, which induced insufficient model calibration and vali-
dation. Take this study for example, only CH, emissions from two sites (M-D and M-C) were
available. However, measurements of net CH, emissions are only useful to constrain a few
model parameters. The net CH,4 emissions are the balance of CH,4 production and oxidation.
There’s no validation of the CH, production, CH, oxidation as well as the partition between
diffusion, ebullition and plant transportation. More detailed observations are needed not only
limited to the net CH, fluxes in future, in order to make the biogeochemical model more
accurate.

Last but not least, the bias in climate projections by FOGLAS would inevitably induced
uncertainties in the CH, projection results. The Global climate models (GCMs) are widely
used for projections of future climate change. The GCMs can capture the large-scale features of
climate, but more uncertainties appear at regional and smaller scales [99]. Uncertainties result-
ing from the multi-model ensemble were shown in the climate change projections in China
[24, 100]. Previous studies [24] analyzed the projected climate change in China under RCPs
based on 11 RCMs simulations. The results showed that the projected precipitation change was
more credible in northeast China than other regions. However, a greater difference in the pro-
jected temperature changes between the RCMs was shown in the northeast China. In this
study, only one GCM’s outputs were used as the driving factor, which were inevitably induced
uncertainties to the model results. However, the daily step of the model framework limited the
climate data acquisition, since most GCMs supply only monthly step outputs. In addition, we
used a statistical downscale for the climate projections. This is a computationally efficient
method based on a stable climate. Compared with the statistical downscale method, dynamical
downscaling is implemented using a fine-scale regional climate model (RCM) with a better
representation of local terrain that simulates climate processes over the region of interest [100].
However, to an ecosystem modeler, the high computational cost of the dynamical downscaling
is too difficult. A publicly accessible dynamical downscaling database with a daily step would
greatly benefit the research community in future studies [78].
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Conclusions

Using a biogeophysical model CH4MOD,qanq and an atmosphere-vegetation interaction
model (AVIM2) model, this study investigated the CH, fluxes from the wetlands in the San-
jiang Plain under different Representative Concentration Pathways scenarios during the 21st
century. The model simulations at the site level were able to closely match the field-observed
CH, fluxes after integrating an empirical hydrological model. In response to future climate
change and CO, fertilization, both net primary productivity and CH, fluxes will increase, espe-
cially under RCP 8.5 scenario. On a regional scale, highest increment in CH, fluxes will happen
in the southern Sanjiang Plain under RCP 2.6 and RCP 4.5 scenarios, while occur in the north-
eastern Sanjiang Plain under RCP 8.5 scenario. The “China National Wetland Conservation
Action Plan (NWCP)” by the government would inevitably increase total CH, emissions by
0.18,0.73 and 1.52 Tg in the Sanjiang Plain by 2100 under RCP 2.6, RCP 4.5 and RCP 8.5 sce-
narios, respectively.

Acknowledgments

We could thank the State Key Laboratory of Numerical Modeling for Atmospheric Sciences
and Geophysical Fluid Dynamics of the Institute of Atmospheric Physics, Chinese Academy of
Sciences for providing data.

Author Contributions

Conceived and designed the experiments: WZ. Performed the experiments: TL QZ. Analyzed
the data: GW LY. Contributed reagents/materials/analysis tools: YL RZ. Wrote the paper: TL.

References

1. IPCC. The Physical Science Basis, Summary for Policymakers, Contribution of Working Group | to
the Fourth Assessment Report of the Intergovernmental Panel on Climate Change: Intergovernmental
Panel on Climate Change, Paris, France; 2007.

2. IPCC. Climate Change 2013: The Physical Science Basis. Contribution of Working Group | to the Fifth
Assessment Report of the Intergovernmental Panel on Climate Change: Cambridge University Press,
Cambridge; 2013.

3. Shindell DT, Faluvegi G, Koch DM, Schmidt GA, Unger N, Bauer SE. Improved attribution of climate
forcing to emissions. Science. 2009; 326(5953):716-8. doi: 10.1126/science.1174760 PMID:
19900930

Mitsch WJ, Gosselink JG. Wetlands. Hoboken. John Wiley & Sons, Inc; 2007.

5. Bloom AA, Palmer PI, Fraser A, Reay DS, Frankenberg C. Large-scale controls of methanogenesis
inferred from methane and gravity spaceborne data. Science. 2010; 327(5963):322-5. doi: 10.1126/
science.1175176 PMID: 20075250

6. Christensen TR, Panikov N, Mastepanov M, Joabsson A, Stewart A, Oquist M, et al. Biotic controls on
CO2 and CH4 exchange in wetlands—a closed environment study. Biogeochemistry. 2003; 64
(3):337-54.

7. Cao M, Gregson K, Marshall S. Global methane emission from wetlands and its sensitivity to climate
change. Atmospheric Environment. 1998; 32(19):3293-9.

8. Christensen T, Prentice |, Kaplan J, Haxeltine A, Sitch S. Methane flux from northern wetlands and
tundra. Tellus B. 1996; 48(5):652—61.

9. Whalen SC. Biogeochemistry of Methane Exchange between Natural Wetlands and the Atmosphere.
Environ Eng Sci. 2005; 22(1):73-94.

10. Moore TR, Roulet NT. Methane flux: Water table relations in northern wetlands. Geophys Res Lett.
1993; 20(7):587-90.

11. Ding W, Cai Z, Tsuruta H, Li X. Effect of standing water depth on methane emissions from freshwater
marshes in northeast China. Atmos Environ. 2002; 36:5149-57.

12. Bhullar GS, Iravani M, Edwards PJ, Venterink HO. Methane transport and emissions from soil as
affected by water table and vascular plants. BMC Ecol. 2013; 13(1):32.

PLOS ONE | DOI:10.1371/journal.pone.0158872 July 13,2016 15/19


http://dx.doi.org/10.1126/science.1174760
http://www.ncbi.nlm.nih.gov/pubmed/19900930
http://dx.doi.org/10.1126/science.1175176
http://dx.doi.org/10.1126/science.1175176
http://www.ncbi.nlm.nih.gov/pubmed/20075250

@’PLOS ‘ ONE

Prediction CH,4 in Northeastern China

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Todd-Brown K, Randerson J, Hopkins F, Arora V, Hajima T, Jones C, et al. Changes in soil organic
carbon storage predicted by Earth system models during the 21st century. Biogeosciences. 2014; 11:
2341-56. doi: 10.5194/bg-11-2341-2014

Wieder WR, Cleveland CC, Smith WK, Todd-Brown K. Future productivity and carbon storage limited
by terrestrial nutrient availability. Nature Geosci. 2015; 8(6):441—4.

Whiting GJ, Chanton JP. Primary productiong control of methane emission from wetlands. Nature.
1993; 364(26):794-5.

King JY, Reeburgh WS. A pulse-labeling experiment to determine the contribution of recent plant pho-
tosynthates to net methane emission in arctic wet sedge tundra. Soil Biol Biochem. 2002; 34:173-80.

Forster P, Ramaswamy V, Artaxo P, Berntsen T, Betts R, Fahey DW, et al. Changes in atmospheric
constituents and in radiative forcing. In: Solomon S, Qin D, Manning M, Chen Z, Marquis M, Averyt
KB, Tignor M, Miller HL editors. Climate Change 2007: The Physical Science Basis. Contribution of
Working Group | to the Fourth Assessment Report of the Intergovernmental Panel on Climate
Change. Cambridge University Press, Cambridge; 2007 pp. 131-243.

IPCC. Climate Change 2014, Impacts, Adaptation, and Vulnerability Summaries, Frequently Asked
Questions, and Cross-Chapter Boxes. A Contribution of Working Group Il to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change: World Meteorological Organization,
Geneva, Switzerland; 2014.

Moss RH, Babiker M, Brinkman S, Calvo E, Carter T, Edmonds JA, et al. Towards new scenarios for
analysis of emissions, climate change, impacts, and response strategies. Pacific Northwest National
Laboratory (PNNL), Richland, WA (US), 2008.

Moss RH, Edmonds JA, Hibbard KA, Manning MR, Rose SK, Van Vuuren DP, et al. The next genera-
tion of scenarios for climate change research and assessment. Nature. 2010; 463(7282):747-56. doi:
10.1038/nature08823 PMID: 20148028

Bernie D, Lowe J. Future temperature responses based on IPCC and other existing emissions scenar-
ios. 2014.

Booth B, Bernie D, McNeall D, Hawkins E, Caesar J, Boulton C, et al. Scenario and modelling uncer-
tainty in global mean temperature change derived from emission driven global climate models. Earth
Syst Dyn 2013; 4:95-108. doi: 10.5194/esd-4-95-2013

Rogelj J, Meinshausen M, Knutti R. Global warming under old and new scenarios using IPCC climate
sensitivity range estimates. Nature Clim. 2012; 2(4):248-53.

Xu CH, Xu Y. The projection of temperature and precipitation over China under RCP scenarios using
a CMIP5 multi-model ensemble. Atmos Oceanic Sci Lett. 2012; 5(6):527-33.

Xu'Y, Xu CH. Preliminary assessment of simulations of climate changes over China by CMIP5 multi-
models. Atmos Oceanic Sci Lett. 2012; 5(6):489-94.

Huang Y, Sun W, Zhang W, Yu Y, Su Y, Song C. Marshland conversion to cropland in northeast
China from 1950 to 2000 reduced the greenhouse effect. Global Change Biol. 2010; 16(2):680—95.

Wang ZM, Zhang B, Zhang SQ, Li XY, Liu DW, Song KS, et al. Changes of land use and of ecosystem
service values in Sanjiang Plain, Northeast China. Environ Monit Assess. 2006; 112(1-3):69-91.
PMID: 16404535

Ding WX, Cai ZC, Wang DX. Preliminary budget of methane emissions from natural wetlands in
China. Atmos Environ. 2004; 38:751-9.

Wang DX, Ding WX, Wang YY. Influence of major environmental factors on difference of methane
emission from Zoige Plateau and Sanjiang Plain wetlands. Wetland Sci. 2003; 1(1):63—7.

Wang DX, Lu XG, Ding WX, Cai ZC, Wang YY. Comparison of Methane Emission from Marsh and
Paddy Field in Sanjiang Plain. Scientia Geographica Sin. 2002; 22(4):500-3.

Ding WX, Cai ZC. Methane emission from natural wetlands in China: summary of years 1995-2004
studies. Pedosphere. 2007; 17(4):475-86.

Li TT, Zhang W, Zhang Q, Lu Y, Wang GC, Niu ZG, et al. Impacts of climate and reclamation on tem-
poral variations in CH4 emissions from different wetlands in China: from 1950 to 2010. Biogeos-
ciences. 2015; 12(23):6853-68. doi: 10.5194/bg-12-6853-2015

Xu XF, Tian HQ. Methane exchange between marshland and the atmosphere over China during
1949-2008. Global Biogeochem Cy. 2012; 26(2).

Song KS, Liu DW, Wang ZM, Zhang B, Jin C, Li F, et al. Land use change in Sanjiang Plain and its
driving forces analysis since 1954. Acta Geographica Sinica. 2008; 63(1):93. (in Chinese with English
abstract).

Liu HY, Zhang SK, Lu XG. Wetland landscape structure and the spatial-temporal changes in 50 years
in the Sanjiang Plain. Acta Geogr. Sin. 2004; 59(3):400—7. (in Chinese with English abstract).

PLOS ONE | DOI:10.1371/journal.pone.0158872 July 13,2016 16/19


http://dx.doi.org/10.5194/bg-11-2341-2014
http://dx.doi.org/10.1038/nature08823
http://www.ncbi.nlm.nih.gov/pubmed/20148028
http://dx.doi.org/10.5194/esd-4-95-2013
http://www.ncbi.nlm.nih.gov/pubmed/16404535
http://dx.doi.org/10.5194/bg-12-6853-2015

@’PLOS ‘ ONE

Prediction CH,4 in Northeastern China

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Li TT, Huang Y, Zhang W, Yu YQ. Methane emissions associated with the conversion of marshland to
cropland and climate change on the Sanjiang Plain of northeast China from 1950 to 2100. Biogeos-
ciences. 2012; 9(12):5199-215.

Zhao KY, Luo YJ, Hu JM, Zhou DM, Zhou XL. A study of current status and conservation of threatened
wetland ecological env ironment in Sanjiang Plain. Journal of Natural Resources. 2008; 23(5):790-6.
(in Chinese with English abstract).

Editorial Committee. China wetlands encyclopedia: Beijing Science and Technology Press; 2009. (in
Chinese).

Chen Y. Studies of Wetlands in China: Jilin Science and Technology Press, ChangChun; 1995. (in
Chinese).

State Forestry Administration of China. China's National Wetland Conservation: Action Plan: China
Forestry Publishing House, Beijing; 2000. (in Chinese).

State Forestry Administration of China. Wildlife and Wetland Reserves Information. 2005. Available:
http://www.cnwm.org.cn/wildlife/index.asp. (in Chinese).

Zheng Y, Zhang H, Niu Z, Gong P. Protection efficacy of national wetland reserves in China. Chinese
Science Bulletin. 2012; 57(10):1116-34. (in Chinese with English abstract).

Niu Z, Zhang H, Wang X, Yao W, Zhou D, Zhao K, et al. Mapping wetland changes in China between
1978 and 2008. Chinese Science Bulletin. 2012; 57(22):2813-23.

Frolking S, Crill P. Climate controls on temporal variability of methane flux from a poor fen in south-
eastern New Hampshire: Measurement and modeling. Global Biogeochem Cy. 1994; 8(4):385-97.

Cao M, Marshall S, Gregson K. Global carbon exchange and methane emissions from natural wet-
lands: Application of a process-based model. J Geophys Res Atmos. 1996; 101(D9):14399-414.

Li T, Huang Y, Zhang W, Song C. CH4MODwetland: A biogeophysical model for simulating methane
emissions from natural wetlands. Ecol Model. 2010; 221(4):666—80. doi: 10.1016/j.ecolmodel.2009.
05.017

Zhang SW, Zhang YZ, Li Y, Chang LP. Spatial and temporal variations in marshlands and its ecologi-
cal effects. in: Analysis of the spatial and temporal characteristics of landuse and cover in the north-
east: Science Press, Beijing; 2006. (in Chinese).

Open platform of Ministry of Civil Affairs of the People’s Republic of China. Available: http://202.108.
98.30/defaultQuery?shengji=%BA%DA%C1%FA%BD%AD%CA%A1%28%BA%DA%29&diji=-
1&xianji=-1. Accessed: 2 March 2016.

Hao QJ. Effect of land-use change on greenhouse gases emissions in freshwater marshes in the San-
jiang Plain. PhD Dissertation, Institute of Atmospheric Physics, Chinese Academy of Sciences, Bei-
jing. 2006. (in Chinese with English abstract).

Guo X, Lv X, Dai G. Aboveground biomass dynamics within wetlands along a water level gradient in
the Sanjiang Plain. Ecol Environ. 2008; 17(5):1739-42.

He CQ. The biological process of Carex Lasiocarpa wetland in Sanjiang Plain I: The growing law of
aboveground biomass. Grassland of China. 2001; 4:002. (in Chinese with English abstract).

Ni H. Study on the biomass of aboveground organs and layer structure of Deyeuxia angustifolia in typ-
ical meadow on Sanjiang Plain. Bull Bot Res. 1995; 16(3):356—62. (in Chinese with English abstract).

Wang Y, Wang J, Lin J, Zhou R, Wang C. Study on the above-ground biomass of four species of her-
baceous plant on the Sanjiang Plain, Territ. Nat Resour Stud. 1993; 2:73-6. (in Chinese with English
abstract).

Yang YX, Wang SY, He TR, Tian K, Yang B. Study on plant biomass and its seasonal dynamics of
typical wetland ecosystems in the Sanjiang Plain. Grassland of China. 2002; 24(1):1-7. (in Chinese
with English abstract).

Cui BS. CH, emission from wetland in Sanjiang Plain. Scientia Geographica Sin. 1997; 17:93-5. (in
Chinese with English abstract).

Huang Y, Sass RL, Fisher FM Jr. A semi-empirical model of methane emission from flooded rice
paddy soils. Glob Change Biol. 1998; 4(3):247—-68.

Huang Y, Zhang W, Zheng X, Li J, Yu Y. Modeling methane emission from rice paddies with various
agricultural practices. J Geophys Res Atmos. 2004; 109(D08113). doi: 10.1029/2003JD004401

Zhang Y, Li C, Trettin C.C, Li H. An integrated model of soil, hydrology, and vegetation for carbon
dynamics in wetland ecosystems. Global Biogeochem Cy 2002; 16(4):1061-78.

Priestley C, Taylor R. On the assessment of surface heat flux and evaporation using large-scale
parameters. Mon Weather Rev. 1972; 100(2):81-92.

Shuttleworth WJ. Evaporation. In: Handbook of Hydrology 4.1-4.531992.

PLOS ONE | DOI:10.1371/journal.pone.0158872 July 13,2016 17/19


http://www.cnwm.org.cn/wildlife/index.asp
http://dx.doi.org/10.1016/j.ecolmodel.2009.05.017
http://dx.doi.org/10.1016/j.ecolmodel.2009.05.017
http://202.108.98.30/defaultQuery?shengji=%BA%DA%C1%FA%BD%AD%CA%A1%28%BA%DA%29&diji=-1&xianji=-1
http://202.108.98.30/defaultQuery?shengji=%BA%DA%C1%FA%BD%AD%CA%A1%28%BA%DA%29&diji=-1&xianji=-1
http://202.108.98.30/defaultQuery?shengji=%BA%DA%C1%FA%BD%AD%CA%A1%28%BA%DA%29&diji=-1&xianji=-1
http://dx.doi.org/10.1029/2003JD004401

@’PLOS ‘ ONE

Prediction CH,4 in Northeastern China

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Sun L, Song C. Evapotranspiration from a freshwater marsh in the Sanjiang Plain, Northeast China. J
Hydrol. 2008; 352(1):202—10.

Allen RG, Pereira LS, Raes D, Smith M. Crop evapotranspiration-Guidelines for computing crop water
requirements-FAO Irrigation and drainage paper 56. FAO, Rome. 1998; 300(9):D05109.

JiJJ,Yu L. A Simulation study of coupled feedback mechanism between physical and biogeochemical
processes at the surface. Scientia Geographica Sin. 1999; 4:006.

JiJ, Huang M, Li K. Prediction of carbon exchanges between China terrestrial ecosystem and atmo-
sphere in 21st century. Sci China Ser D. 2008; 51(6):885-98.

Wu S, Yin'Y, Zhao D, Huang M, Shao X, Dai E. Impact of future climate change on terrestrial ecosys-
tems in China. Int J Climatol. 2010; 30(6):866—73.

Yang WY, Song CC, Zhang JB. Dynamics of methane emissions from a freshwater marsh of north-
east China. Sci Total Environ. 2006; 371(1):286—92.

Wang YS, Wang YH. Quick measurement of CH4, CO2 and N20 emissions from a short-plant eco-
system. Adv Atmos Sci. 2003; 20(5):842—4.

Zhou T, Song F, Chen X. Historical evolution of global and regional surface air temperature simulated
by FGOALS-s2 and FGOALS-g2: How reliable are the model results? Adv Atmos Sci. 2013; 30:638—
57.

Yu Y. Overview of FGOALS contribution to international climate modeling community during past
years. In: Zhou TJ, Yu YQ, Liu YM, Wang B, editors. Flexible Global Ocean-Atmosphere-Land System
Model. Springer Berlin Heidelberg; 2014. pp. 61-5.

He B, Liu Y, Zhou T, Wu G, Bao Q, Lin P, et al. A preliminary diagnosis of high climate sensitivities
simulated by FGOALS-s2 in CMIP5 Historical and RCP 4.5 scenarios. In: Zhou TJ, Yu YQ, Liu YM,
Wang B, editors. Flexible Global Ocean-Atmosphere-Land System Model: Springer Berlin Heidel-
berg; 2014. pp. 225-31.

Uvo CB, Olsson J, Morita O, Jinno K, Kawamura A, Nishiyama K, et al. Statistical atmospheric down-
scaling for rainfall estimation in Kyushu Island, Japan. Hydrol Earth Syst Sci. 2001; 5:259-71. doi: 10.
5194/hess-5-259-2001

Thomas CR, Miao S, Sindhoj E. Environmental factors affecting temporal and spatial patterns of soil
redox potential in Florida Everglades wetlands. Wetlands. 2009; 29(4):1133-45.

Melillo JM, McGuire AD, Kicklighter DW, Moore B, Vorosmarty CJ, Schloss AL. Global climate change
and terrestrial net primary production. Nature. 1993; 363(6426):234—40.

White A, Cannell MG, Friend AD. Climate change impacts on ecosystems and the terrestrial carbon
sink: a new assessment. Global Environ Chang. 1999; 9:5S21-S30.

Woodward F, Lomas M. Vegetation dynamics—simulating responses to climatic change. Biol Rev.
2004; 79(03):643-70.

JuW, Chen J, Harvey D, Wang S. Future carbon balance of China's forests under climate change and
increasing CO 2. J Environ Manag. 2007; 85(3):538—62.

Zhao D, Wu S, Yin Y. Responses of terrestrial ecosystems' net primary productivity to future regional
climate change in China. cPloS one. 2013; 8(4):e60849. doi: 10.1371/journal.pone.0060849 PMID:
23593325

Jin Z, Zhuang Q, He J-S, Zhu X, Song W. Net exchanges of methane and carbon dioxide on the Qing-
hai-Tibetan Plateau from 1979 to 2100. Environ Res Lett. 2015; 10(8):085007.

Zhuang Q, Melillo JM, Sarofim MC, Kicklighter DW, McGuire AD, Felzer BS, et al. CO2 and CH4
exchanges between land ecosystems and the atmosphere in northern high latitudes over the 21st
century. Geophys Res Lett. 2006; 33(17).

Shindell DT, Walter BP, Faluvegi G. Impacts of climate change on methane emissions from wetlands.
Geophys Res Lett. 2004; 31(21).

Christensen T, Cox P. Response of methane emission from Arctic tundra to climatic change: results
from a model simulation. Tellus B. 1995; 47(3):301-9.

Cai Z. Greenhouse gas budget for terrestrial ecosystems in China. Sci China Earth Sci. 2012; 55
(2):173-82. doi: 10.1007/s11430-011-4309-8

Waddington JM, Plach J, Cagampan JP, Lucchese M, Strack M. Reducing the carbon footprint of
Canadian peat extraction and restoration. AMBIO. 2009; 38(4):194—200. PMID: 19739553

Jauhiainen J, Limin S, Silvennoinen H, Vasander H. Carbon dioxide and methane fluxes in drained tropi-
cal peat before and after hydrological restoration. Ecology. 2008; 89(12):3503—14. PMID: 19137955

Basiliko N, Blodau C, Roehm C, Bengtson P, Moore TR. Regulation of decomposition and methane
dynamics across natural, commercially mined, and restored northern peatlands. Ecosystems. 2007;
10(7):1148-65.

PLOS ONE | DOI:10.1371/journal.pone.0158872 July 13,2016 18/19


http://dx.doi.org/10.5194/hess-5-259-2001
http://dx.doi.org/10.5194/hess-5-259-2001
http://dx.doi.org/10.1371/journal.pone.0060849
http://www.ncbi.nlm.nih.gov/pubmed/23593325
http://dx.doi.org/10.1007/s11430-011-4309-8
http://www.ncbi.nlm.nih.gov/pubmed/19739553
http://www.ncbi.nlm.nih.gov/pubmed/19137955

@’PLOS ‘ ONE

Prediction CH,4 in Northeastern China

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Bortoluzzi E, Epron D, Siegenthaler A, Gilbert D, Buttler A. Carbon balance of a European mountain
bog at contrasting stages of regeneration. New Phytologist. 2006; 172(4):708—18. PMID: 17096796

Roulet NT. Peatlands, carbon storage, greenhouse gases, and the Kyoto protocol: prospects and sig-
nificance for Canada. Wetlands. 2000; 20(4):605—15.

Bridgham SD, Cadillo-Quiroz H, Keller JK, Zhuang Q. Methane emissions from wetlands: biogeo-
chemical, microbial, and modeling perspectives from local to global scales. Glob Change Biol. 2013;
19(5):1325-46.

Song C, Wang Y, Wang Y, Zhao Z. Emission of CO,, CH, and N,O from freshwater marsh during
freeze—thaw period in Northeast of China. Atmos Environ. 2006; 40(35):6879-85. http://dx.doi.org/10.
1016/j.atmosenv.2005.08.028.

Boon PI, Mitchell A, Lee K. Effects of wetting and drying on methane emissions from ephemeral flood-
plain wetlands in south-eastern Australia. Hydrobiologia. 1997; 357(1-3):73-87.

Zhu X, Zhuang Q, Gao X, Sokolov A, Schlosser CA. Pan-Arctic land—atmospheric fluxes of methane
and carbon dioxide in response to climate change over the 21st century. Environ Res Lett. 2013; 8
(4):045003.

Fan'Y, van den Dool H. Climate Prediction Center global monthly soil moisture data set at 0.5 resolu-
tion for 1948 to present. J Geophys Res Atmos. 2004; 109(D10). doi: 10.1029/2003JD004345

Sun G, Riekerk H, Comerford NB. Modeling the hydrologic impacts of forest harvesting on Florida
Flatwoods. J Am Water Resour Assoc. 1998; 34(4):843-54. doi: 10.1111/j.1752-1688.1998.tb01520.
X

Arnold J, Moriasi D, Gassman P, Abbaspour K, White M, Srinivasan R, et al. SWAT: Model use, cali-
bration, and validation. T ASABE. 2012; 55(4):1491-508.

Beven K, Kirkby MJ. A physically based, variable contributing area model of basin hydrology. Hydro-
log Sci Bull. 1979; 24(1):43-69.
Lu X, Zhuang Q. Modeling methane emissions from the Alaskan Yukon River basin, 1986—-2005, by

coupling a large-scale hydrological model and a process-based methane model. J Geophys Res.
2012; 117(G2). doi: 10.1029/2011JG001843

Kleinen T, Brovkin V, Schuldt R. A dynamic model of wetland extent and peat accumulation: results
for the Holocene. Biogeosciences. 2012; 9(1):235-48.

Grabs T, Seibert J, Bishop K, Laudon H. Modeling spatial patterns of saturated areas: A comparison
of the topographic wetness index and a dynamic distributed model. J Hydrol. 2009; 373(1):15-23.

Su F, Duan X, Chen D, Hao Z, Cuo L. Evaluation of the global climate models in the CMIP5 over the
Tibetan Plateau. J Climate. 2013; 26(10):3187-208.

Wang L, Chen W. A CMIP5 multimodel projection of future temperature, precipitation, and climatologi-
cal drought in China. Int J Climatol. 2014; 34(6):2059-78.

PLOS ONE | DOI:10.1371/journal.pone.0158872 July 13,2016 19/19


http://www.ncbi.nlm.nih.gov/pubmed/17096796
http://dx.doi.org/10.1016/j.atmosenv.2005.08.028
http://dx.doi.org/10.1016/j.atmosenv.2005.08.028
http://dx.doi.org/10.1029/2003JD004345
http://dx.doi.org/10.1111/j.1752-1688.1998.tb01520.x
http://dx.doi.org/10.1111/j.1752-1688.1998.tb01520.x
http://dx.doi.org/10.1029/2011JG001843

