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Abstract

Wetland loss and climate change are known to alter regional and global methane (CH,)
budgets. Over the last six decades, an extensive area of marshland has been con-
verted to cropland on the Sanjiang Plain in Northeast China, and a significant increase
in air temperature has also been observed there, while the impacts on regional CH,
budgets remain uncertain. Through model simulation, we estimated the changes in
CH, emissions associated with the conversion of marshland to cropland and climate
change in this area. Model simulations indicated a significant reduction of 1.1 Tgyr_1
from the 1950s to the 2000s in regional CH, emissions. The cumulative reduction of
CH, from 1960 to 2009 was estimated to be ~ 36 Tg relative to the 1950s, and marsh-
land conversion and the climate contributed 86 % and 14 % of this change, respectively.
Interannual variation in precipitation (linear trend with P > 0.2) contributed to yearly
fluctuations in CH, emissions, but the relatively lower amount of precipitation over the
period 1960-2009 (47 mm yr‘1 lower on average than in the 1950s) contributed ~ 91 %
of the reduction in the area-weighted CH, flux. Global warming at a rate of 0.3°C per
decade (P < 0.001) has increased CH, emissions significantly since the 1990s. Rela-
tive to the mean of the 1950s, the warming-induced increase in the CH, flux has av-
eraged 19kg ha™" yr_1 over the last two decades. For the RCP 2.6, RCP 4.5, RCP 6.0
and RCP 8.5 scenarios of the fifth IPCC assessment report (AR5), the CH, flux is pre-
dicted to increase by 36 %, 52 %, 78 % and 95 %, respectively, by the 2080s compared
to 1961-1990 in response to climate warming and wetting.

1 Introduction

Methane (CH,) is recognized as one of the most potent greenhouse gases; it is 25
times more powerful than carbon dioxide (CO,) in terms of its global warming poten-
tial (IPCC, 2007). Although natural wetlands cover only 5-8 % of the earth’s land sur-
face area (Ramsar Convention Secretariat, 2004; Mitsch and Gosselink, 2007), they
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contribute 20—25 % of the total annual CH, emissions (IPCC, 2007; Mitsch and Gos-
selink, 2007).

The regional and global CH, budgets of wetlands are influenced by large-scale pro-
cesses, such as the conversion of wetlands to other uses (Bridgham et al., 2006; Huang
et al., 2010) and climate change (Cao et al., 1998; Gedney et al., 2004; Shindell et al.,
2004). Half of the world’s wetlands were lost during the 20th century (Revenga et al.,
2000). In China, approximately 20 % of the wetlands were lost from 1950 to 2000,
and 82 % of the loss has been attributed to agricultural use (An et al., 2007). Climate
change, particularly in terms of temperature (Charmann and Hendon, 2000) and pre-
cipitation (Cao et al., 1998; Charmann and Hendon, 2000; Vepraskas and Caldwell,
2008), alters the biochemical processes involved in CH, production, oxidation and
emission (Strack et al., 2008; Updegraff et al., 2001).

The Sanjiang Plain, located in Northeast China, was formerly the largest marshland
complex in China (Huang et al., 2010; Wang et al., 2006). In the 1950s, the wetland
area of the Sanjiang Plain (Liu and Ma, 2000) accounted for ~ 70 % of Heilongjiang
province and ~ 40 % of Northeast China (Ning et al., 2008). However, an extensive
area of marshland has been converted to cropland over the last six decades in this
region (Liu and Ma, 2000; Zhang et al., 2003; Huang et al., 2010). Meanwhile, a signif-
icant increase in the surface air temperature has been detected (Ding and Cai, 2007),
occurring at a rate of 0.3°C per decade, and annual precipitation declined at a rate of
15 mm per decade from 1950 to 2000 in Northeast China (Zhao et al., 2009). Further-
more, significant warming has been predicted to occur under different scenarios by the
end of the 21st century (SRES A2, B2 for IPCC AR4 and RCPs for IPCC AR5) (Ed-
itorial Committee of China’s National Assessment Report on Climate Change, 2007;
Bernie, 2010). By 2100, the temperature is projected to increase by 4.5°C or 6.1°C,
while precipitation will increase by 12 % or 13 % in Northeast China under the SRES B2
and A2 scenarios, respectively (Editorial Committee of China’s National Assessment
Report on Climate Change, 2007).
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Researchers have attempted to understand the effects of temperature and precipita-
tion on seasonal variation in CH, fluxes in site-specific studies (Yang et al., 2006; Song
et al., 2009) to estimate regional CH, emissions by extrapolating field measurements
to the region (Cui, 1997; Ding et al., 2004; Ding and Cai, 2007) and to quantify regional
CH, emissions associated with marshland conversion on the Sanjiang Plain (Huang
et al., 2010), whereas less attention has been given to an integrated evaluation of CH,
emissions in relation to marshland conversion and climate change.

Recognizing the significance of wetlands in regional CH, budgets, this study focuses
on quantifying the variation in CH, emissions on the Sanjiang Plain of Northeast China
via model simulations. The objectives of this study are to estimate the change in re-
gional CH, emissions associated with the conversion of marshland to cropland and
climate change and to identify the contributions of the conversion of marshland to
cropland and climatic factors to the changes in CH, emissions over the period of 1950—
2009. We also make predictions regarding the impact of climate change on the CH,
flux from the marshland extending to the year 2100.

2 Materials and methods
2.1 Research area

The research area lies on the Sanjiang Plain, situated in the eastern part of Hei-
longjiang 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, with a total
area of 11.89 million ha (Zhang et al., 2006) covering 23 counties and 3 administrative
farms (see Supplement A for more details).

The study area is characterized by a temperate humid and subhumid continental
monsoon climate with an annual mean temperature of ~ 2.5°C. Annual rainfall ranges
from 350 to 770 mm, with 80 % occurring from May to September. The freshwater
marsh is mainly dominated by Carex plants and Deyeuxia angustifolia, which generally
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begin growing in late May and senesce in late September. The above-ground biomass
ranges from 500 to 7OOgm’2 (Hao, 2006; Yang et al., 2002; Zhang et al., 2007).

After marshland conversion, the cropland became the dominant landscape on the
Sanjiang Plain (Zhang et al., 2010). By now, the main species of crops on the Sanjiang
Plain are soybean, corn and rice (Heilongjiang Provencal Bureau of Statistics, 2010).
Irrigated rice harvests once per year. The rice growing season is generally from May to
September. The average grain yield of rice over the period of 2000—2009 was 6.4tha™"
(Heilongjiang Provencal Bureau of Statistics, 2010).

2.2 The modeling approach

Two biogeophysical models, CH4MOD and CH4MOD,,,.4nq, Were used to simulate CH,
emissions from an area of irrigated rice cultivation and a natural marshland, respec-
tively. Both of the models have great potential for scaling up because they have pro-
vided realistic estimates of observed results from various types of rice paddies and nat-
ural wetlands, respectively. To quantify the individual factorial impact on CH, emissions
from marshland, we performed several simulation experiments using CH4MOD,,¢tanqg-

2.2.1 CHA4MOD for irrigated rice cultivation

CH4MOD was developed to predict methane emissions from rice paddy soils. The
model associated this process with rice growth, organic C depletion and environmen-
tal factors (Huang et al., 2004). The model’s input parameters included the rice grain
yield, the soil sand percentage, the amount of organic amendment, the initial fractions
of structural and non-structural carbohydrates in the incorporated organic matter, the
water management pattern, and the daily air temperature. The outputs are the daily
and annual rates of CH, production and emissions. The model was validated against
a total of 94 field observations that covered the main rice cultivation regions from North-
ern (Beijing, 40°30’ N, 116°25' E) to Southern (Guangzhou, 23°08' N, 113°20' E) China
and from Eastern (Hangzhou, 30°19'N, 120°12’ E) to Southwestern (Tuzu, 29°40" N,
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103°50’ E) China. This model can reasonably simulate CH, emission from irrigated
rice fields (Huang et al., 2004).

2.2.2 CHA4MODyetiand for natural wetlands

CH4MOD,eanq Was developed based on CH4MOD to predict CH, emissions from
natural wetlands (Li et al., 2010). The model adopted the rationale of CH4MOD and
focused on the supply of methanogenic substrates in natural wetlands that differs from
the supply in rice paddies. The input variables include environmental variables, soil
properties and plant growth-related controls. The outputs are the daily and annual rates
of CH, production and emissions. CH4MOD,,.y.ng Was validated against independent
field measurements of CH, emissions from different wetland sites, including a marsh-
land on the Sanjiang Plain (Northeast China), a peatland on the Ruoergan Plateau
(Southwest China), a fen in Saskatchewan (Canada) and bogs in Michigan (USA).
Model validation showed that CH4MOD,,¢41ang Was generally capable of simulating the
seasonal and interannual variations in CH, emissions from different sites, especially in
Northeast China (Li et al., 2010).

A previous study employed observed daily standing water depth data to drive
CH4MOD,eanq (Li et al., 2010). When applying this model on a regional scale, these
input data should be simulated. To obtain water table dynamics, empirical equations
were used because they require fewer inputs and are suitable for small-scale studies
such as that of Northeast China (Li et al., 2004). Water table dynamics (WT, in cm)
are determined directly by the balance between the water input (S;,, cm), runoff (Fy,
cm) and evapotranspiration (ET, cm). No runoff occurs during the period of freezing
temperatures from November to March:

S . —-F —ET Apr—Oct
AWT = in out ( p ) , (1)
P-ET (Nov—Mar)

WT,=WT,_y + AWT, (2)
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where WT; represents the daily water table. Using Wetland-DNDC, S;, is a function of
precipitation (P), and F,; includes surface outflow and ground outflow, both of which
are determined by the water table (Zhang et al., 2002). The Priestley-Taylor model
(Priestley and Tayler, 1972; Shuttleworth, 1992) was used to calculate ET (Sun and
Song, 2008). 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 (Allen et al., 1998). When the water table position value was less than zero, the
standing water depth (WD) in CH4MOD,¢41ang Was considered to be zero.

The experimental constants (aq, a4, @, D4, D) in the functions calculating S;,, and
Fout from Wetland-DNDC were calibrated by trial and error (Zhang et al., 2002). The
values of the experimental constants for the main types of marshland on the Sanjiang
Plain are shown in Supplement B (Table B1).

2.2.3 Simulation climatic factor impacts

The climatic factors considered in CH4MOD, 21,4 @nd the empirical water table model
include air temperature (T;,), precipitation (P) and net radiation (R,). To quantify the
impacts of climatic factors on the change in regional CH, emissions and area-weighted
CH, fluxes from marshland on the Sanjiang Plain, many simulations were conducted
under both real climate conditions and different climate scenarios (Table 1) using
CH4MOD,,.1anq- Table 1 provides a description of the real climate condition and four
climate scenarios. The real climate condition (A 5 z,) means that observed data were
used for all of the climatic factors (Table 1). Sy p g, assumed that the annual mean T,
P and R, of the last five decades were the same as in the 1950s, as if there was no
climate change during the last six decades (Table 1). S; , assumed that 7, and P
from 1960 to 2009 were the same as in the 1950s, while observed data were used for
R, (Table 1). Similarly, S; and Sp assumed that only 7, or P was the same as in the
1950s, respectively (Table 1).

Sr p (Table 1) is used as an example to explain how we simulated the annual CH,
flux for each county or administrative farm and annual regional CH, emissions from
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the marshland of the Sanjiang Plain under the specified scenario. First, we randomly
selected one year from 1950 to 1959 a total of 50 times and used the daily air tem-
perature and the daily precipitation data series for the selected years to replace the
corresponding climate data series of 1960, 1961 ...2009. The new T, and P data se-
ries and the observed daily A,, data series for 1950—-2009 were used to drive the model
to simulate the annual CH, flux for each county or administrative farm. Then, the above
program was repeated 10 times to reduce the uncertainty caused by random selection.
The average result of the 10 simulations is the annual CH, qux under Sy p for the kth

county or administrative farm in the /th year F (kg ha™" yr- ) T’ (Tgyr'1) repre-

sents the regional CH, emissions in the /th year under Sr p,» Which |s calculated using
the following equation:

STP z/_-/k

where A’ (ha) represents the marshland area of the kth county or administrative

farm in the (/ — 1)th year, and AC/Tk (ha) represents the yearly area of marshland

converted to cropland of the kth county or administrative farm in the (/ — 1)th year.
Similarly, the annual regional CH, emissions under scenario Sy p g (7'§TPHn in

AI 1,k ACI 1,k /109 (3)

Tgyr™ "), S; (Tg, in Tgyr™') and S, (Tg, in Tgyr™') (Table 1) can be calculated in the
same way as scenario Sy p.

The difference in simulated CH, emissions (including the area-weighted CH, flux
and regional CH, emissions) under Ay p , compared to the appointed climate sce-
nario (Table 1) could represent the impact of the corresponding climatic factors on CH,
emissions (Egs. 4 and 5). The difference in the simulated CH, emissions under A; g,
compared to Sy p g, is considered to be the impact of 7, P and R, on CH, emis-
sions. Similarly, the difference in simulated CH, emissions under Ay p z, compared to
Sr p is considered to be the impact of T, and P on CH, emissions. The differences in
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simulated CH, emissions under Ar p g, compared to Sy and Sy are considered to be
the impacts of T,;, and P on CH, emissions, respectively.

When analyzing the impact of climatic factors on regional CH, emissions, the con-
comitant impact of marshland conversion could not be isolated. The impact of the spec-
ified climatic factors on the change of the regional CH, emissions in the jth decade

(IT{:F in Tg per decade) was calculated by:

i . ,
ITCF B z (T’QT,P,F{n - TéCF)’ (4)

i

where TerRn (Tg yr'1) and TéCF (Tg yr'1) represent the annual regional CH, emissions
under AT,F",;‘?n and the appointed climate scenario (indicated by the subscript S¢g) in the
ith year, respectively. The subscript CF in IT/CF (Tg per decade) and Scerepresents the

specified climatic factors. For example, when CF represents T, P and R,,, IT/T pan (TG
per decade) represents the impact of 7, P and R, on regional CH, emissions, and
TéT,P,an (Tg yr'1) represents the annual regional CH, emissions under scenario Stp‘gn.

When analyzing the independent impacts of climatic factors on the area-weighted
CH, flux, we sought to isolate the impact of marshland conversion. Assuming that no
marshland was converted to cropland during the last 60 yr, the area-weighted CH, flux
(F’ in kg ha™’ yr'1), derived from the proportion of the original area in each county or
administrative farm within the total area of Sanjiang Plain in 1950, was used to calculate
the independent impact of the climatic factors on the CH, flux as follows:

IFICF = F’AT,P,Hn B éCF’ (5)
P
J CF
Per = , (6)
F19508
A7 p.An
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where IF&F (kg ha™’ yr_1) represents the impact of the specified climatic factors (indi-
cated by the subscript CF) on the change in the area-weighted CH, flux in the/th year,
and F"(T,P,an (kg ha™’ yr'1) and FéCF (kg ha™" yr'1) represent the area-weighted CH, flux
under Ay p g, and the climate scenario (indicated by the subscript S¢g) in the ith year,

respectively. IFéF (kg ha™’ yr‘1) represents the average impact of climatic factors on the

area-weighted CH, flux in the jth decade. F/:ff?: (kgha™"yr~') represents the average

area-weighted CH, flux under A; 5 g, in the 1950s assuming that no marshland con-

version occurred. PCjF represents the proportion of IFéF to the average area-weighted
CH, flux under Ay p z, in the 1950s in the jth decade. The subscript CF in IFgq, Scr,

P and IF . is the same as in Eq. (3).
2.2.4 Predictions of the impact of climate change on CH, fluxes

The climate change scenarios used in this study were RCP 2.6, RCP 4.5, RCP 6.0
and RCP 8.5, which were projected by the Flexible Global Ocean-Atmosphere-Land
System climate model (FGOALS, Yu et al., 2002, 2004). More information about the
RCP scenarios is given in Supplement C.

FGOALS is a GCM (General Circulation Model) that contributed to the 5th assess-
ment report (AR5) of the IPCC. It has a spatial resolution of 1.65° latitude by 2.8°
longitude. The outputs of FGOALS were spatially downscaled to the 7 meteorological
stations across the Sanjiang Plain using the delta change method (Hay et al., 2000;
Beldring et al., 2008; Prudhomme et al., 2002). The delta change method is used to
compute differences between current and future GCM simulations and to add these
changes to observed time series (Hay et al., 2000). In this study, we chose the rep-
resentative long-term average of 1961-1990 as the current or baseline period (Prud-
homme et al., 2002; Wilby et al., 2004), as this is the standard World Meteorological
Organization period (Hulme et al., 1995). The simulated average area-weighted CH,
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flux for 1961-1990 represents the baseline CH, flux from the marshland of the San-
jiang Plain. We focused on the future time horizons of the 2030s (2011-2040), 2050s
(2041-2070) and 2080s (2071-2100). CH, fluxes were simulated for each county or
administrative farm using CH4MOD,,¢4jang, Which was driven by the downscaled output
data from FGOALS. The area-weighted CH, flux for 2010-2100 is derived from the pro-
portion of the marshland area in each county or administrative farm within the whole
area of the Sanjiang Plain in 2009. The changes in the average area-weighted CH,
fluxes for the 2030s, 2050s and 2080s relative to the baseline CH, flux represent the
predicted impact of climate change on CH, fluxes from the marshland of the Sanjiang
Plain.

2.3 Data sources
2.3.1 Changes in area of marshland and rice paddies

It is reported that wetland loss in Northeast China is mainly caused by reclamation (Liu
and Ma, 2000; Gong et al., 2010; An et al., 2007). According to Wang et al. (2009),
an estimated 2.58 Mha of marshland was converted to cropland on the Sanjiang Plain
over the period from 1954—-2005, which is compared to an increase of the cropland area
from the official statistical reports (Su and Zhang, 2008) from the 1950s to the 2000s.
Therefore, we used the yearly increase in cropland area taken from the annual statisti-
cal reports for a county or at the scale of an administrative farm (Su and Zhang, 2008)
to calculate the yearly area of marshland converted to cropland from 1950 to 2009. The
marshland area in each county in 1950 was calculated by totaling the cropland area
(Su and Zhang, 2008) and marshland area (Wang et al., 2002) in 1980 and then sub-
tracting the cropland area from 1950 (Su and Zhang, 2008). The marshland area on
administrative farms in 1950 was obtained from the local chronicles of the reclamation
system of Heilongjiang province (http://www.zglz.gov.cn/nongken/index.html). Accord-
ing to Cui (1997), the marshland area is mainly vegetated with Deyeuxia angustifolia
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and Carex plants, which account for approximately 20 % and 80 % of the vegetation on
the Sanjiang Plain, respectively.

The yearly acreage and yields of irrigated rice from 1950 to 2009 were obtained
from the statistical yearbook of Heilongjiang province at the scale of a county or an
administrative farm.

2.3.2 Model input data

The environmental drivers of CH4MOD,,¢ang include the daily air temperature and
standing water depth (Li et al., 2010). Meteorological datasets from 7 meteorological
stations across the Sanjiang Plain from 1950-2009 were acquired from the China Me-
teorological Administration (CMA) (http://cdc.cma.gov.cn/). Daily standing water depth
data were calculated using the empirical water table model. Inputs for the empirical wa-
ter table model, such as daily precipitation, hours of sunshine, maximum/minimum tem-
peratures, and relative humidity, were also obtained from the CMA. The projected me-
teorological datasets were outputs of FGOALS, which were provided by the State Key
Laboratory of Numerical Modeling for Atmospheric Sciences and Geophysical Fluid
Dynamics (LASG), Institute of Atmospheric Physics (IAP), Chinese Academy of Sci-
ences (CAS). For counties or administrative farms for which meteorological data were
not available, we used the data from the neighboring site. The plant and soil input
parameters of CH4MOD,,.yanq Were described by Li et al. (2010).

Field measurements of the water table and the annual CH, flux in marshlands of
Deyeuxia angustifolia from 2003 to 2004 and Carex lasiocarpa from 2003 to 2005
(Hao, 2006; Song et al., 2007) were used to calibrate and validate the empirical water
table model. However, the above papers (Hao, 2006; Song et al., 2007) only report
the CH, fluxes in the growing season. According to Yang et al. (2006), the CH, flux in
the non-growing season (November to March) represents ~ 4 % of the total yearly flux
on the Sanjiang Plain. This relationship was used to calculate the annual CH, flux in
this study. More details about these measurements were described by Li et al. (2010).
Measurements of the daily evapotranspiration and net radiation on the Sanjiang Plain
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during the period from 2005 to 2007 (Zhao et al., 2008; Jia et al., 2010) were used to
validate the intermediate results of the empirical water table model.

For CH4MOD, the environmental driver is the daily air temperature. The database of
input parameters was described by Huang et al. (2006).

3 Results and discussion
3.1 Model validation and sensitivity analysis

Figure 2 shows the seasonal patterns of the simulated and observed standing wa-
ter depth and CH, emissions for a Deyeuxia angustifolia marsh site (Fig. 2a, c) and
a Carex lasiocarpa marsh site (Fig. 2b, d) on the Sanjiang plain. The model can ba-
sically simulate the seasonal variations in standing water depth (Fig. 2a, b) and CH,
fluxes (Fig. 2c, d). The empirical water table model underestimated the standing wa-
ter depth from April to July 2003 and overestimated the standing water depth from
September to October 2003 for the Deyeuxia angustifolia site (Fig. 2a). Correspond-
ingly, a systematic negative discrepancy occurred during the period from April to July
2003, and a positive discrepancy occurred during the period from September to Octo-
ber 2003 between the modeled and observed CH, emissions from the Deyeuxia an-
gustifolia site (Fig. 2c). For the Carex lasiocarpa site, the empirical water table model
underestimated the standing water depth from April to July of 2004 and 2005 (Fig. 2b).
However, the simulated CH, flux matches the observed flux well during the same period
(Fig. 2d). This correspondence occurred because in CH4MOD,,¢anq» CH4 emissions
are not sensitive to the standing water depth when it is aboveground for a period (Li
et al., 2010), which is in agreement with the observation of Thomas et al. (2009) 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.

Figure 3 shows the observed and simulated CH, emissions from the Sanjiang
Plain. Using 273 datasets, regression of the observed versus simulated CH, fluxes
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produced an R? of 0.49 with a slope of 0.87 (P < 0.001) (Fig. 3a). The performance
of CH4MOD,¢41ang Was good for the total annual/seasonal CH, amounts (Fig. 3b). Re-
gression of the computed and observed annual CH, amounts yielded an R? of 0.74
with a slope of 1.00 (n =7, P < 0.01) (Fig. 3b).

A sensitivity analysis was performed to reveal the effects of the environmental drivers
and model inputs on CH, emissions from the Deyeuxia angustifolia and Carex lasio-
carpa sites from 2003-2004 (Table 2). The sensitivity of the model was tested for the

environmental drivers air temperature (T, in °C) and standing water depth (WD in cm);

the plant input parameter of the maximum above-ground biomass (W, in gm_z);

and the soil input parameters of the sand fraction (SAND), the soil bulk density (o in
gcm‘s) and the concentration of soil organic matter (SOM in gkg_1). The sensitivity of
a given factor to the model’'s output was quantified as the ratio of the change in total
seasonal CH, emissions (ACH, = CH;—CH, pasaiine) t0 the CH, emissions at baseline
(CH4,baseIine)-

The sensitivity analysis shows that the environmental drivers (T, and WD) are the
most sensitive contributors to the CH, flux (Table 2). The response of the CH, fluxes to
the standing water depth was more sensitive in a seasonally flooded wetland (Deyeuxia
angustifolia site) than in a continuously flooded wetland (Carex lasiocarpa site) (Ta-
ble 2). Among the model input parameters, the plant input parameter (W,,,,) was more
sensitive to the model output than the soil input parameters (SAND, o and SOM) (Ta-
ble 2).

3.2 Decadal and spatial CH4 variation from 1950-2009

3.2.1 Changes in marshland area due to the conversion of marshland to crop-
land

The marshland area on the Sanjiang Plain decreased by 3.2Mha due to intensive
cultivation over the period from 1950-2009 (Fig. 4). Extensive conversion of marshland
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to cropland occurred in the 1950s and 1970s when cropland increased at a rate of
0.05—0.06Mhayr'1, and marshland loss occurred at a rate of ~ 0.06Mhayr'1. From
1960 to 1966, cropland increased by 0.54 Mha, and the loss of marshland was serious.
However, from 1966 to 1970, grievous natural disasters (Group of Chinese Wetland
Resources Development and Environmental Protection, 1998) caused farmers to lose
their enthusiasm of cultivation and to abandon large areas of cropland (Ma, 1999). We
assumed that the abandoned cropland was reverted to marshland; thus, the marshland
area increased during the period from 1966—1970. From 1980 to 1999, marshland
decreased at a rate of 0.03 M hayr'1 . During the 2000s, cropland increased extensively
(Fig. 4), and marshland decreased by ~ 1.1 Mha (Fig. 4).

The proportion of the area of irrigated rice was relatively low when marshland was
converted to cropland before the mid-1990s, though it increased substantially there-
after (Fig. 4). In the 2000s, the irrigated rice area accounted for 33 % of the total cul-
tivated area (Heilongjiang Provencal Bureau of Statistics, 2010). Table D1 (Supple-
ment D) shows the spatiotemporal changes in the marshland and irrigated rice areas
on the Sanjiang Plain.

Marshland on the Sanjiang Plain was converted for different land uses over the pe-
riod from 1949-2000, including for cropland, grassland, woodland and urbanization
(Wang et al., 2003; Zhang et al., 2010), which were unavailable to quantify not only
in the yearly sequence from 1950 to 2009 but also at the county scale (Fig. 1). This
study only focuses on the conversion of marshland to cropland (Fig. 4). Based on
data retrieved from remote sensing images from 1976, 1986, 1995, 2000 and 2005,
an estimated 2.58 Mha of marshland was converted to cropland on the Sanjiang Plain
over the period of 1954-2005 (Wang et al., 2009), which agrees with our estimate of
2.45Mha (from 1950-2005).

3.2.2 Decadal variation of CH; emissions

Based on the models and the statistical area datasets, the mean annual area-weighted
CH, flux and the variation in regional CH, emissions in the marshland and rice paddies
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of the Sanjiang Plain were estimated for the past 6 decades (Fig. 5b). The variation in
the mean annual area-weighted CH, flux from the marshland was mainly influenced
by the climate. The minimum area-weighted CH, flux from the marshland occurred in
the 1970s (Fig. 5b), together with the lowest precipitation (Fig. 6). After the 1970s, due
to the higher air temperatures and precipitation in the 1980s and 1990s (Fig. 6), the
area-weighted CH, flux reached its maximum value of 611.8 £ 122.7kg ha™’ yr‘1 in the
1990s (Fig. 5b). Although the annual mean temperature was still high (3.93 °C) (Fig. 6),
the mean annual area-weighted CH, flux was reduced to 505.6 + 109.8kgha'1 yr-
(Fig. 5b) due to the lower precipitation in the 2000s (Fig. 6). Under the conditions of
marshland being converted to cropland and climate change, the mean annual regional
CH, emissions decreased by 1.3 Tgyr‘1 in the 2000s compared with the average in
the 1950s, with a 55 % reduction of the simulated average CH, emissions in the 1950s
from the marshland (Fig. 5c). The average reduction rate was ~ 0.26 Tg per decade
over the past 6 decades.

After marshland conversed to rice paddies, the CH, fluxes reduced remarkably
(Fig. 5b). This corresponds to the measurements which indicated that marshland con-
version to rice fields decreased CH, fluxes significantly, with a reduction of 28-73 % on
the Sanjiang Plain (Huang et al., 2010). In rice fields, the mean annual area-weighted
CH, flux has increased by ~ 150 % over the past 6 decades (Fig. 5b). The two most
important reasons for this increase were that the grain yield in the 2000s was approx-
imately 2 times higher than that in the 1950s, and the observed air temperature has
increased significantly over the last 50 yr (Editorial Committee of China’s National As-
sessment Report on Climate Change, 2007). A significant increase in the mean annual
regional CH, emissions from rice fields has been observed since the 1980s (Fig. 5c),
which corresponds to the increase in the area of rice fields (Fig. 5a).

As a result, the mean annual regional CH, emissions from the Sanjiang Plain de-
creased by 1.1 Tgyr‘1 during the past 6 decades, ~ 46 % of the levels in the 1950s
(Fig. 5b). The cumulative reduction in regional CH, emissions totaled 36 Tg over the
past 5 decades relative to the average emissions in the 1950s (Fig. 5d). The cumulative
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reduction of CH, by ~ 25Tg resulting from the conversion of marshland to cropland
and climate change over the 1960s-1990s (Fig. 5d) is comparable with the previous
estimate of 27 Tg (Huang et al., 2010).

When simulating CH, emissions from marshland, there are also uncertainties due to
certain assumptions about or simple spatialization of the model inputs. First, we used
the available meteorological data from seven counties. For other counties or adminis-
trative farms, we used data from a neighboring site. This coarse spatial replacement
may conceal the detailed spatial variation of climatic parameters to some extent. How-
ever, the differences in climate between the sites that cover the Sanjiang Plain are not
significant. The standard deviations for precipitation and the air temperature are 33 mm
(~ 6% of the average annual mean precipitation from 1950-2009 at the 7 sites) and
0.35°C (~ 10 % of the average annual mean air temperature from 1950-2009 at the
7 sites), respectively. Therefore, there may be little uncertainty caused by this coarse
spatial replacement. Second, only the predominant plant species (D. angustifolia and
Carex plants) were considered in this study. The average values obtained through
measurements performed from 2002-2005 for C. lasiocarpa and from 2002—2004 for
D. angustifolia were used as input data for the maximum above-ground biomass. How-
ever, large variation in maximum above-ground biomass values has been observed
between different plant species, sites and years (Hao, 2006; Yang et al., 2002; Zhang
et al., 2007). Variations of £10 % in the maximum above-ground biomass would result
in ~ 10 % variation in the CH, flux (Table 2). Finally, the soil types are complex in the
study area (Zhao, 1999). The soil input parameters we used may only represent the
majority of soil types (meadow for D. angustifolia; humus for C. lasiocarpa). However,
this assumption may induce little uncertainty because CH, emissions are not sensitive
to the soil parameters (Table 2).

3.2.3 Spatial variation of CH, emissions

Using CH4MOD,¢y1ang @and CH4MOD, the variations in the mean annual CH, emis-
sions by county and administrative farm from marshland and rice paddies over the
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past 6 decades were simulated (Table E1 in Supplement E). Variations in the total
amount of CH, emissions mainly occurred on the administrative farms (Table E1 in
Supplement E), where extensive marshland conversion took place (Table D1 in Sup-
plement D). For marshland, the mean annual amounts of CH, emissions decreased
by 707.8 x 10°t and 613.1 x 10°t on the 3 administrative farms and in the 23 counties
during the past 6 decades, accounting for 54 % and 46 % of the total reduction, respec-
tively. For the rice paddies, the mean annual amounts of CH, emissions increased by
112.5 x 10°t and 75.3 x 10° t on the 3 administrative farms and in the 23 counties from
the 1950s to the 2000s, accounting for 58 % and 42 % of the total increase, respec-
tively (Table E1 in Supplement E). More specific details about the spatial variation of
CH, emissions are given in Supplement E.

3.3 Impacts of marshland conversion and climate change on CH; emissions
from marshland from 1950-2009

3.3.1 Changes in climatic factors from 1950-2009

Figure 6 shows the inter-annual and inter-decadal variations in the area-weighted air
temperature (Fig. 6a), precipitation (Fig. 6b) and net radiation (Fig. 6¢) on the Sanjiang
Plain from 1950 to 2009. There is a significant increasing trend in the mean annual air
temperature (linear trend with P < 0.001), with a rate of increase of 0.3°C per decade
being detected. An obvious increase in the air temperature has occurred since the
1980s, and the maximum mean annual temperature occurred in the 1990s (Fig. 6a).
The mean annual precipitation and net radiation show great inter-annual variation, but
without an obvious trend (linear trend with P > 0.05) (Fig. 6b, c). The minimum mean
annual precipitation was observed in the 1970s, followed by the 2000s (Fig. 6b). The
net radiation was low in the 1980s and 1990s (Fig. 6c).

These climatic factors can influence CH, emissions in three ways. First, a higher
temperature will enhance the rate of microbial CH, production, and it will affect the
length of the growing season by influencing the growing degree days (GDD). Second,

5904

BGD
9, 5887-5927, 2012

Reclamation and
climate affect CH,;
emissions

T. Li et al.

Title Page
Abstract Introduction
References

Conclusions

Tables Figures

1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/9/5887/2012/bgd-9-5887-2012-print.pdf
http://www.biogeosciences-discuss.net/9/5887/2012/bgd-9-5887-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

increased precipitation may result in a higher water table position and subsequently
increase CH, emissions. Third, higher net radiation could increase evapotranspiration
and thereby lower the water table, which would decrease CH, emissions.

3.3.2 Impacts of marshland conversion and climate change on regional CH,4
emissions

Both marshland conversion and climate change have contributed to regional CH, de-
creases over the past 6 decades in the marshland of the Sanjiang Plain. If no climate
change had taken place, marshland conversion alone could account for a cumulative
CH, reduction of 33.6 Tg from 1960 to 2009 relative to the 1950s (calculated based on
the simulated annual regional CH, emissions under scenario Sy p gp). Climate change
alone could account for a cumulative CH, reduction of 5.4 Tg from 1960 to 2009 rel-
ative to the 1950s (calculated based on the difference between the simulated annual
regional CH, emissions under A; p , and scenario Syp gy). Figure 5 shows that the
simulated cumulative CH, reduction under the conditions of climate change and marsh-
land conversion was 39.0 Tg in the marshland (Fig. 5d). Thus, marshland conversion
contributes 86 % of the regional reduction in CH, emissions, and climate change con-
tributes 14 % from the marshland.

3.3.3 Impacts of climatic factors on regional CH; emissions

The impacts of climatic factors on the variation in regional CH, emissions are shown in
Table 3. As the air temperature increases (Fig. 6a), the impact of the air temperature
on regional CH, emissions shows a linear increase of 0.44 Tg per decade (R = 0.83,
P =0.08). The increasing air temperature enhanced regional CH, emissions signifi-
cantly in the 1990s and 2000s (Table 3), corresponding to the obvious increase in air
temperature in the 1990s and 2000s (Fig. 6a). The impacts of precipitation and net ra-
diation on regional CH, emissions show obvious inter-decadal variation. Precipitation
is the main contributor to regional CH, variation because it controls the water table
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position, which can markedly affect CH, fluxes (Fig. 2) (Boon et al., 1997; Ding et al.,
2002). The maximum reduction in CH, emissions amounted to 4.09 Tg in the 1970s,
followed by 2.80 Tg in the 2000s (Table 3), due to the lower precipitation in 1970s and
2000s (Fig. 6b). The influence of the inter-annual/inter-decadal variation in precipitation
on regional CH, emissions may obscure the acceleration of CH, emissions caused by
the increasing air temperature. Therefore, the concurrent influence of air temperature
and precipitation (IT; p) shows a similar trend to the influence of precipitation alone
(IT5) on regional CH, emissions (Table 3).

3.3.4 Impacts of climatic factors on area-weighted CH, flux

The decadal and annual impacts of climatic factors on the area-weighted CH, flux in
the marshland of the Sanjiang Plain are described in Table 3 and Fig. 7, respectively.
A linear increase of 1.3kg ha™’ yr‘1 was found with respect to the impact of the air
temperature on the CH, flux over the past 6 decades (Fig. 7a). The negative impacts
on the CH, flux have become lower, whereas significant positive impacts on the CH,
flux have occurred since the 1990s (Table 3). Relative to the mean of the 1950s, the
warming-induced increase in the area-weighted CH, flux averaged 19kg ha™’ yr‘1 over
the last two decades.

The annual impact of precipitation on the area-weighted CH, flux shows obvious
inter-annual variation (Fig. 7b). It contributes a reduction of ~ 1.5kg ha™’ yr‘1 to the
area-weighted CH, flux, although this is not statistically significant (P > 0.2) (Fig. 7b).
This reduction is almost equal to the increase in the area-weighted CH, flux due to
the air temperature (Fig. 7a). Lower precipitation in the 1970s (462 mm) and 2000s
(486 mm) (Fig. 6b) caused the mean annual area-weighted CH, flux to decrease by
~ 20 % relative to the 1950s (Table 3). Among the investigated climatic factors, precip-
itation is the main contributor to the reduction of the area-weighted CH, flux. We es-
timated that the relatively lower amount of precipitation over the period of 1960—-2009
(averaging 47 mmyr‘1 lower than in the 1950s) contributed ~ 91 % of the reduction
in the area-weighted CH, flux among the climatic factors. This contribution of 91 %
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1950-2009
IF

where | and |

was calculated using the equation 10072009

F1 950-2009
IF}’ 950-2009 +|F1T 9502009 ’ T

(kg ha™’ yr'1) (Eq. 5) represent the average impact of precipitation and air temperature
on the area-weighted CH, flux from 1950-2009.

According to this analysis, although the air temperature increased continuously from
the 1950s to the 1980s, it did not enhance the area-weighted CH, flux (Table 3). The
reason for this lack of an effect is that the air temperature mainly increased during
the growing season (April to October), rather than in winter (November to March),
which reduces the number of days from germination to the occurrence of maximum
above-ground biomass. An obvious rising trend was detected in the mean temperature
of the growing season, which increased at a rate of 2.2°C per decade (linear trend
with P < 0.05) from 1950 to 1979, whereas no trend was found in winter temperatures
(linear trend with P > 0.2) during the same period. In Northeast China, the required
values of GDD are 50°C- d and 2000°C- d for plant germination and for approaching
the maximum value, respectively (Li et al., 2010). The variation in temperature resulted
in a decrease in the length of the days from germination to the occurrence of maximum
above-ground biomass at a rate of 2.1 days per decade (linear trend with P < 0.05).
According to the logistic equation that was used to calculate the daily above-ground
biomass in CH4MOD,,yanq, the above-ground biomass will become infinitely close to
the input maximum value as GDD reaches 2000°C- d. The greater the number of days
between germination and the occurrence of the maximum value, the closer the actual
maximum above-ground biomass becomes to the input value. Therefore, the decrease
in the number of days from germination to the maximum value resulted in a reduction
of the actual maximum above-ground biomass value and, furthermore, decreased the
maximum CH, flux value.

However, the positive impact of the air temperature on the area-weighted CH, flux
during the last 60 yr may have been underestimated to some extent in this study. Due
to the lack of biomass data in the study area for the last 60yr, we simply assumed
that the input maximum above-ground biomass was a constant value from 1950 to
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2009. However, increasing air temperature may promote plant growth, increasing the
maximum above-ground biomass over a long period. Therefore, the positive effect of
climate warming on the CH, flux may have been underestimated to some extent. Addi-
tionally, the snowmelt process was not considered in the empirical water table model,
and the resulting size and melt dates of the snow pack under higher winter tempera-
tures may lead to earlier and larger rises in the water table, which, coupled with higher
spring temperatures, could lengthen the duration of substantial CH, emissions as well
as increase CH, emissions.

3.4 Projected impact of climate change on CHj4 fluxes by 2100
3.4.1 Projected climate change in the RCP scenarios

The climate projected by FGOALS shows a trend of becoming warmer and wetter in the
RCP scenarios. The annual mean precipitation will increase in the range of 9 % to 12 %
(46 and 63 mm) in the 2030s, 7% to 17 % (38 and 90 mm) in the 2050s, and 12 % to
24 % (62 and 122 mm) in the 2080s relative to 1961-1990 (Table 4). No significant trend
in precipitation was observed within the period from 2010-2100 in the RCP scenarios
(Fig. F1 in Supplement F).

The annual mean area-weighted air temperature will increase by 49 % (1 .5°Cyr'1),
96 % (2.9°Cyr™"), 150% (4.6°Cyr~') and 238 % (7.3°Cyr™") by the 2080s relative to
1961-1990 in RCP 2.6, RCP 4.5, RCP 6.0 and RCP 8.5, respectively (Table 4). In
RCP 2.6 scenario, the so-called “peak” scenario, the mean annual area-weighted air
temperature will increase rapidly up to mid-century and then begin to decline (Fig. F1
in Supplement F), corresponding to the trend of radiative forcing (Moss et al., 2008).
Under the “high pathway” (RCP 8.5) scenario, the projected change in the air tempera-
ture from 2010-2100 relative to 1961-1990 shows an obvious linear increase of 0.7°C
per decade (P < 0.001) (Fig. F1 in Supplement F). There is also an increasing trend
in the projected change in the air temperature in the RCP 6.0 scenario, with a rate of
0.2°C per decade (P < 0.001) (Fig. F1 in Supplement F).
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3.4.2 Projected impact of climate change on CH4 fluxes by 2100

The projected area-weighted CH, fluxes are expected to be increased in the future
due to rising air temperatures and precipitation (Table 4). In the “near term” of the
2030s (Moss et al., 2008), the differences regarding the increases of CH, fluxes are
inconspicuous between the four RCP scenarios (Table 4). However, in the “long term”
of the 2080s (Moss et al., 2008), the increase in the CH, flux is obviously higher under
RCP 8.5 than the other RCP scenarios (Table 4). As the “high pathway” scenario, the
RCP 8.5 scenario predicts that the area-weighted CH, fluxes will increase by 36 %
in the 2030s, 80 % in the 2050s and 95 % in the 2080s compared with 1961-1990
(Table 4). In the RCP 6.0 scenario, the area-weighted CH, flux will increase by 50 % in
the 2030s and 2050s and by 78 % in the 2080s (Table 4). Under the RCP 4.5 scenario,
the increase of the area-weighted CH, flux is stabilized during the 21st century (Table 4
and Fig. F2 in Supplement F). The increase in the area-weighted CH, flux first reaches
46 % in the 2030s and then declines in the 2050s and 2080s in the RCP 2.6 scenario
(Table 4).

The projected area-weighted CH, fluxes under the four RCP scenarios show obvi-
ous inter-annual variation (Fig. F2 in Supplement F) due to the yearly fluctuation of
precipitation (Fig. F1 in Supplement F). Linear trend in the increase of CH, fluxes from
2010-2100 relative to 1961-1990 are shown in the RCP 6.0 and RCP 8.5 scenarios
with rates of 23 kg ha™’ yr‘1 and 48 kg ha™’ yr'1, respectively (Fig. F2 in Supplement F),
which may be attributed to the air temperature (Fig. F1 in Supplement F).

Using a simulation modeling approach, Zhuang et al. (2006) projected that CH,
emissions from the wetlands in northern high latitudes would more than double over
the century under a scenario of projected atmospheric CO, mole fraction of approxi-
mately 1152 ppm by 2100. In the present study, the projected CH, flux would be ~ 2.1
times over the century, from 505 kg ha™" yr'1 in the 2000s to 1060 kg ha™’ yr‘1 in 2100,
under the RCP 8.5 scenario of projected CO, concentrations of 1370 ppm. This in-
crease is close to the increment reported by Zhuang et al. (2006). Under the doubled
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CO, scenario (~ 700ppm), increases of 56 % (Christensen and Cox, 1995) and 110 %
(Shindell et al., 2004) have been estimated for the CH, flux in the northern high latitude
region. The doubled CO, scenario is similar to the range between the RCP 6.0 scenario
and RCP 8.5 scenario (650-850 ppm, Supplement C). Our results show increases of
56 % (from 505kgha™'yr~' in the 2000s to 790kgha™'yr~' in 2100) and 84 % (from
505 kg ha™" yr'1 in the 2000s to 930 kg ha™’ yr’1 in 2100) under the RCP 4.5 scenario
and RCP 6.0 scenario, respectively. These results are close to that of Christensen
and Cox (1995), but lower than the estimate of Shindell et al. (2004). Thus, there is
qualitative agreement among the existing studies that climate change can greatly en-
hance methane emissions from wetlands in the future, but the magnitude is uncertain.
If the model considers the promoting effects of climate warming on snowmelt and plant
growth, the projected CH, fluxes in the 21st century will be higher than the estimates
presented here.

4 Conclusions

An estimated cumulative reduction of ~ 36 Tg in regional CH, emissions from the San-
jiang Plain of Northeast China occurred from 1960 to 2009 relative to the 1950s. Ap-
proximately 86 % of the reduction was attributed to extensive conversion of marshland
to cropland over a total area of 3.2 Mha. Relatively low precipitation also contributed to
the reduction in CH, emissions, while an increase in temperature obviously enhanced
CH, emissions over the last two decades. Under the RCP scenarios, it is predicted
that climate change will greatly enhance methane emissions from marshland on the
Sanjiang Plain in the future.

Supplementary material related to this article is available online at:
http://www.biogeosciences-discuss.net/9/5887/2012/
bgd-9-5887-2012-supplement.pdf.
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Table 1. Description of the climate conditions for simulating CH, emissions from 1950-2009.

Climate Actual climate Scenario

Ar p An Sr.p.An Srp Sr Sp
Tair 1950-2009 1950-1959 1950-1959 1950-1959 1950-2009
P 1950-2009 1950-1959 1950-1959 1950-2009 1950-1959
R, 1950-2009 1950-1959 1950-2009 1950-2009 1950-2009
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Table 2. Model sensitivity analysis.

Environmental ~ Baseline Change ACH,4/CH, paseiine (%)

drivers/ DA* CL® 2003 2004

Model input DA? cL® DA? cLP

T CC) - - +2/-2 +28.8/-23.9 +27.3/-19.2 +415/-315 +23.4/-19.7
WD (cm) - - +5/-5 +269.9/-90.0 121.8/-57.7 398.2/-423 +132/-55
Woa (@m™) 485 450 +10%/-10% +10.0/-10.0 +10.9/-10.7 +8.3/-85 +10.1/-10.4
SAND 47 56 +10%/-10%  +0.2/-0.2 +0.4/-03  +02/-02  +0.3/-03
o (gem™) 1 074 +10%/-10%  +0.2/-0.2 +0.5/-04  +0.3/-03  +0.4/-04

SOM (gkg™)) 70 246 +10%/-10%

+0.2/-0.2 +05/-04  +0.3/-03  +0.4/-04

& DA represents Deyeuxia angustifolia site
bcL represents Carex lasiocarpa site
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Table 3. Impact of climatic factors on CH, variation. . emissions
=
Decade Impact on regional CH, emissions (Tg)? Impact on area-weighted CH, flux® g T. Li et al.
ITr ITp ITT,P ITT,P,FIn Pr Pr PT,P PT,P,Hn g.
1960s -1.10 0.16 -0.56 -024 -57% 1.7% -26% -1.0% %
1970s  -1.08 -4.09 -4.32 410 -56% -21.1% -227% -21.6% & | Tilepage
1980s -0.01 -1.78 -1.24 -0.75 -0.2% -9.4% -6.5% -3.9% @
1990s 082 011 096 157 51%  04% 72% 108% ! !
2000s 0.13 -2.80 -2.15 -1.86 1.7% -211% -149% -122% - ! !
& Used Eq. (4), positive/negative values represent increase/decrease regional CH, emissions. %
b Used Eq. (5), positive/negative values represent increase/decrease area-weighted CH, flux. 2 ! !
IT: Impact of air temperature on regional CH, emissions 2
ITp: Impact of precipitation on regional CH, emissions o
IT7 p: Impact of air temperature and precipitation on regional CH, emissions = ! !
IT7 p gn: Impact of air temperature, precipitation and net radiation on regional CH, emissions ;,U
Pr: Impact of air temperature on area-weighted CH, flux 8 ! !
Pos: Impact of precipitation on area-weighted CH, flux =
Pr p: Impact of air temperature and precipitation on area-weighted CH, flux - ! !
Pr p.pn: Impact of air temperature, precipitation and net radiation on area-weighted CH, flux
. IEEETEE
=
[9)
(=
(2}
o
5
r EEEEEEE
)
©
@
=
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Table 4. Projected increases in area-weighted CH, flux relative to 1961-1990.

Decade RCP 2.6 RCP 4.5 RCP 6.0 RCP 8.5

P2 ° CHS P? ® CH,. P? T® CH,. P? T° CH,°
2030S 10% 83% 46% 11% 86% 45% 12% 113% 50% 9% 96% 36%
20508 7% 70% 27% 14% 124% 57% 10% 127% 50% 17% 170% 80%
2080S 12% 49% 36% 16% 96% 52% 24% 150% 78% 17% 238% 95%

& Increase in precipitation relative to the baseline of 1961-1990 (515 mm)

® Increase in temperature relative to the baseline of 1961-1990 (3.07 °C)

¢ Increase in the simulated area-weighted CH, flux relative to the baseline of 1961-1990 (513kg ha™" yr'1)
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Fig. 1. The study area on the Sanjiang Plain of Northeast China, covering 23 counties and

3 administrative farms.
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Fig. 2. Comparison of simulated and observed seasonal patterns of standing water depth and
CH, fluxes on the Sanjiang Plain. (a) Standing water depth and (¢) CH, flux for Deyeuxia
angustifolia site; (b) Standing water depth and (d) CH, flux for Carex lasiocarpa site. The

vertical bars are standard deviations from 3 sampling replicates.
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Fig. 3. Observed vs. simulated CH, emissions from Deyeuxia angustifolia site (June 2002—
December 2004) and Carex lasiocarpa site (June 2002—December 2005) on the Sanjiang Plain.
(a) CH4 fluxes, dashed lines are 95 % confidence limits. (b) Total amount of annual/seasonal
CH, emissions, dashed line is 1: 1, the vertical bars are standard deviations from 3 sampling
replicates.
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Fig. 4. Conversion of marshland to cropland on the Sanjiang Plain.
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Fig. 5. Decadal variations in area and CH, emission. (a) Decadal variations in area relative
to the average1950s. (b) Inter-decadal variations in the area-weighted CH, flux, the vertical
bars are standard deviations of 10yr of each decade. (¢) Decadal variations in regional CH,
emissions relative to the average 1950s. (d) Cumulative CH, change relative to the average
1950s.
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Fig. 6. Variations in the area-weighted air temperature (a), precipitation (b) and net radiation
(c) on the Sanjiang Plain from 1950 to 2009. Solid lines represent the inter-annual variations;
Columns represent the inter-decadal variations, the vertical bars are standard deviations of
10yr of each decade.
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Fig. 7. Impact of air temperature (a), precipitation (b), air temperature and precipitation (c), air
temperature, precipitation and net radiation (d) on area-weighted CH, flux. Estimated IFé;F by

Eq. (4).
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