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Abstract

Natural wetlands are among the most important sources of methane; thus, these areas
are important for better understanding long-term temporal variations in atmospheric
methane concentration. During the last 60 years, wetlands have experienced exten-
sive conversion and global impacts from climate warming, which makes the estimation
of methane emission from wetlands highly uncertain. In this paper, we present a model-
ing framework, integrating CH4MOD,¢janq» TOPMODEL and TEM models, to analyze
the temporal and spatial variations in CH, emissions from natural wetlands (including
inland wetlands, coastal wetlands, lakes and rivers) in China. Our analysis revealed
an increase of 25.5 %, averaging 0.52 g m~2 per decade, in national CH, fluxes from
1950 to 2010, which was mainly induced by climate warming. Higher rates of increas-
ing CH, fluxes occurred in northeastern, northern and northwestern China, associated
with large temperature increases. However, decreases in precipitation due to climate
warming offset the increase in CH, fluxes in these regions. The CH, fluxes from the
wetland on the Qinghai Tibetan Plateau exhibited a lower rate of increase, which was
approximately 25 % of that simulated in northeastern China. Although climate warming
has accelerated CH, fluxes, the total amount of national CH, emissions decreased by
approximately 2.35Tg (1.91-2.81Tq), i.e., from 4.50 Tg in the early 1950s t0 2.15Tg in
the late 2000s, due to a large wetland loss of 17.0 million ha. Of this reduction, 0.26 Tg
(0.24-0.28 Tg) was derived from lakes and rivers, 0.16 Tg (0.13-0.20 Tg) from coastal
wetlands, and 1.92Tg (1.54-2.33 Tg) from inland wetlands. Northeastern China had
the largest contribution to this reduction, with a loss of 1.68 Tg. The CH, emissions
were reduced by more than half in most regions in China except for the Qinghai Ti-
betan Plateau, where only a 23.3 % decrease in CH, was observed.

7056

Jaded uoissnosiq | Jadedq uoissnosiq | Jaded uoissnosiq | Jaded uoissnosiq

Title Page
Abstract Introduction

Conclusions References

Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/12/7055/2015/bgd-12-7055-2015-print.pdf
http://www.biogeosciences-discuss.net/12/7055/2015/bgd-12-7055-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

1 Introduction

Atmospheric methane (CH,) is the second most important trace greenhouse gas
(GHG) after carbon dioxide (CO,). The direct radiative forcing for CH, is 25 times
greater than that of CO, over a 100 year period (IPCC, 2007). In the atmosphere, the
direct radiative forcing of CH, was calculated to be 0.48Wm™ by IPCC (2007); this
value was revised to 0.97 Wm™2 when its indirect global warming effect was incorpo-
rated (IPCC, 2013; Forster et al., 2007; Shindell et al., 2009). In 2011, the concentration
of atmospheric CH, reached 1803.2 ppb, which was 150 % greater than before 1750
(IPCC, 2013). However, unlike the rigid temporal increase of atmospheric CO,, atmo-
spheric CH, has exhibited remarkable temporal variations in conjunction with a long-
term increasing trend, e.g., remaining nearly constant from 1999 to 2006, then contin-
uing to increase after 2007 (Nisbet et al., 2014).

While the majority of CH, sinks remain relatively stable, variations in atmospheric
CH, have been attributed to these sources. Among the global CH, emission sources,
natural wetlands are one of the most important contributors (Denman et al., 2007;
Potter et al., 2006; Whalen, 2005). The methane emissions from wetlands account for
20—-25 % of the global annual atmospheric emissions, although the uncertainties are
relatively large (IPCC, 2007; Mitsch and Gosselink, 2007). During the 20th century,
half of the world’s wetlands were lost (Moser et al., 1996; Revenga et al., 2000). In
China, natural wetlands have also experienced a serious loss during the past 60 years,
attributed primarily to cropland reclamation (An et al., 2007; Niu et al., 2012; Huang
et al., 2010; Xu and Tian, 2012). Based on remote sensing data, Niu et al. (2012)
reported that approximately 33 % of the wetlands were lost between 1978 and 2008. An
et al. (2007) estimated that 23 % of freshwater swamps, 16 % of lakes, 15 % of rivers,
and 51 % of coastal wetlands were lost between 1950 and 2000 based on census data.

Multiple studies for estimating CH, emissions in China have been conducted; most of
these works have involved the extrapolation of site-specific measurements to the region
(Wang et al., 1993; Khail et al., 1993; Jin et al., 1999; Ding et al., 2004, 2007; Chen
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etal., 2013; Wang et al., 2012). However, substantial spatial and seasonal variations in
CH, emissions from natural wetlands are often observed (e.g., Christensen et al., 2003;
Ding et al., 2004; Yang et al., 2006) because of the complex physiological processes of
plants and microorganisms, which are regulated by climatic and edaphic factors (Cao
et al., 1998).

Some modelers have simulated national CH, emissions from marshlands for the last
60 years (e.g., Xu and Tian, 2012; Tian et al., 2011) based on census data collected in
areas that were historically wetlands. To date, there has been no comprehensive study
on national, long-term CH, emissions from all natural wetlands, including freshwater
marshes, coastal wetlands, lakes and rivers in China.

A remote sensing study presented a comprehensive map of the change in natural
wetlands that occurred between 1978 and 2008 in China (Niu et al., 2012). The ob-
jectives of the present study are to analyze the spatial and temporal changes in CH,
emissions across China’s natural wetlands to quantify the impact of climate change
and anthropogenic activities on CH, emissions from the natural wetlands in different
regions of China.

2 Materials and methods

In this research, the primary natural wetland types include coastal wetlands, lakes and
rivers, and other types that are defined as inland wetlands (e.g., marshes, peatlands,
and floodplains). In the present study, we used a modified biogeophysical model, called
CH4MOD,etanq (Li et al., 2010), to simulate CH, emissions from inland wetlands and
coastal wetlands. Because CH4MOD,,.4ng iS NOt capable of simulating CH, emissions
from lakes and rivers, we directly extrapolated site-level field measurements (see Sup-
plement S1) to estimate the CH, emissions from lakes and rivers (Chen et al., 2013).
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2.1 Model framework

Figure 1 shows the model framework for this study. Three models were used with a spa-
tial resolution of 0.5° for the period from 1950 to 2010. The main model was a process-
based biogeophysical model, i.e., CH4MOD,,yanq (Li €t al., 2010). This model simu-
lated CH, fluxes and with inputs of soil texture (soil sand fraction, soil organic car-
bon and bulk density), wetland area, aboveground net primary productivity (ANPP),
daily soil temperature, water table depth and salinity. To make the model useful for
coastal wetlands, some modifications were made. For details concerning the modifica-
tions made to CH4MOD,;¢y1an9, Please see Supplement S2.

To obtain regional datasets of ANPP, soil temperature and water table depth for use at
a national scale, we used the outputs of the Terrestrial Ecosystem Model (TEM) (Melillo
et al., 1993; Zhuang et al., 2004, 2006; 2007, 2013) and the TOPMODEL (Beven and
Kirby, 1979) to drive CH4MOD,,¢jang-

The TEM model is also a process-based biogeochemistry model that couples car-
bon, nitrogen, water, and heat processes in terrestrial ecosystems to simulate ecosys-
tem carbon and nitrogen dynamics. This model has been widely used to investigate
regional and global NPP (e.g., Melillo et al., 1993; Cramer et al., 1999; McGuire et al.,
1992). With this model framework (Fig. 1), the soil temperature and net primary pro-
ductivity (NPP) outputs from the TEM model were used to drive CH4MOD,¢jang- The
fraction of ANPP to NPP was determined based on Gill and Jackson (2003). More
descriptions of the model and the inputs are described in Zhuang et al. (2013).

TOPMODEL is a conceptual rainfall-runoff model that is designed to work at the
scale of large watersheds using the statistics of topography. In previous research (Bohn
et al., 2007; Kleinen et al., 2012; Lu and Zhuang et al., 2012; Zhu et al., 2013), TOP-
MODEL has been widely used to simulate water table variations in natural wetlands.
The TOPMODEL inputs included soil moisture and the topographic wetness index
(Fig. 1). The outputs (water table depth) were used to drive CH4MOD,¢janq (Fig. 1).
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More details on simulating water table depth using TOPMODL are provided in Supple-
ment S2.

2.2 Model calibration

In previous studies, we parameterized the model using independent CH, flux measure-
ments collected from the Sanjiang Plain (SJ site in Table S2) (Li et al., 2010, 2012).
We also validated the model at wetland sites in the United States and Canada, with
most parameters remaining unchanged (Li et al., 2010). In the present study, two pa-
rameters associated with plant species, i.e., the vegetation index (V1) and the fraction
of CH, oxidized during plant mediated transport (P,,), were recalibrated for a wetland
site dominated by Phragmites (Table S2). We parameterized VI and P,, by minimizing
the differences between the observed and simulated fluxes at Wuliangsu Lake in Inner
Mongolia (WLS site in Table S2). By setting an increment of 0.1 for VI and P, the
model was run for all combinations of VI within the range 0.5-3.0 and F£,, within the
range 0.1—1 until the root-mean-square error (RMSE) between the daily simulated and
observed CH, fluxes was minimized. After setting VI and P,,, the empirical constant of
the salinity influence a (Eq. (S2.1) in Supplement S2) was calibrated (attaining a value
of —0.025) by minimizing the root mean-square error (RMSE) between the observed
and simulated fluxes at a coastal wetland on Chongming Island in Shanghai Province
(CMI site in Table S2). Table S3 shows the value of the main parameters and inputs
used for simulating the CH, emissions at the different sites.

2.3 Model validation

After model coupling and calibration, model validation is necessary to determine if the
model can be used at a national scale. We used independently observed data (different
than the data that was used to calibrate the model) to validate the model at the “site-
scale” using individual CH4MOD,,.y.nq Simulations and at the “grid-scale” using the
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proposed model framework (Fig. 1). More details regarding the “site-scale” and the
“grid-scale” validations are described in Supplement S2.

The “site-scale” validation showed that the simulated seasonal patterns of daily CH,
emissions agreed with the observed data at the wetland sites on the Sanjiang Plain
(Fig. S1a and b), the Ruoergai Plateau, (REG in Table S2; Fig. S1d and e), the Haibei
alpine marsh (HB in Table S2; Fig. S1g), the Zhalong wetland (ZL in Table S2; Fig. S1i)
and the Liao River delta (LRD in Table S2; Fig. S1k). The regression of simulated
vs. observed monthly CH, fluxes resulted in an R? of 0.79, with a slope of 0.86 and
an intercept of 0.73 (n =41, p < 0.001) for the “site-scale” validation (Fig. S2a). The
RMSE, mean deviation (RMD) and the model efficiency (EF) between the simulated
and observed monthly CH, fluxes were 48.5, 0.9 % and 0.78, respectively.

The “grid-scale” validation showed that the integrated model framework
(CH4MOD,¢41ang/ TEM/TOPMODEL) (Fig. 1) was able to simulate the seasonal varia-
tions in monthly CH, emissions at the SJ (Fig. S1c) and LRD (Fig. S1l) sites. Although
there are some underestimations in the CH, fluxes were predicted by the model frame-
work for the other 3 sites (Fig. S1f, h and j), the measured monthly CH, fluxes fell in
or near the range of the modeled CH, emissions (Fig. S2b). For the “grid-scale” val-
idation, the regression of simulated vs. observed monthly CH, emissions resulted in
an R? of 0.79, with a slope of 0.84 and an intercept of —0.11 (n =41, p < 0.001). The
RMSE, RMD and EF between the simulated and observed monthly CH, fluxes were
51.8, —17.8 % and 0.75, respectively, for the integrated model framework.

2.4 The extrapolation of the model framework

The extrapolation of this model framework to the national scale (Fig. 1) was based on

a wetland division map (Lang and Zu, 1983) (Fig. 2) and a gridded wetland distribution

map (Niu et al., 2012) (Fig. 2) of China. Chinese wetlands were divided into five regions

according to the location and vegetation type. More details regarding the division of

the wetlands are described in Supplement S3. For the inland wetlands, we classified

the parameters according to the wetland division map. We extrapolated the parameters
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from a wetland site to the region in which it is located. The model parameters at SJ, HB,
and WLS (Table S3) were assigned to Region I, Region Il and Region lll, respectively.
In Region 1V, we used the parameters for WLS because Phragmites is the dominant
species in both Region Il and Region IV (Table S2). The model parameters for REG
(Table S3) were allocated to Region V because this wetland is located at the edge of
this region. The coastal wetland parameters were assigned to LRD and CMI (Table S3).

The gridded wetland distribution maps were presented by Niu et al. (2012) at a reso-
lution of 1km x 1km. We compiled the data from the gridded wetland maps to generate
a dataset of 0.5° x 0.5° spatial resolution. We established gridded (0.5° x 0.5°), geo-
referenced, time-series input datasets of climatic factors (including daily temperature,
precipitation, humidity, and solar radiation) and the soil data (including soil sand per-
centage, soil bulk density, soil organic carbon and the soil moisture), the water table
data and the salinity data for all of China. The climate and soil texture data were used
to drive the TEM model (Fig. 1). The soil moisture and topographic wetness index data
were used as inputs for TOPMODEL (Fig. 1). Then, CH4MOD,¢jang Was run with the
ANPP, soil temperature, water table depth, soil texture, and salinity data in each grid
cell to estimate the CH, fluxes (Fig. 1). The total CH, emissions from each grid cell
were determined based on the product of the CH, fluxes and the wetland area.

2.5 Uncertainty analysis

Uncertainty in the estimated regional CH, emissions from natural wetlands may orig-
inate from many factors. In this study, we paid more attention to the uncertainties in-
duced by the inputs of ANPP, water table depth and soil sand fraction using the extreme
condition approach for uncertainty propagation (Du and Chen, 1999; Li et al., 2012).
We set the maximum and minimum values of the input data to be £10 % of the baseline
values. Eight simulations were performed to estimate the uncertainties.
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2.6 Data sources

We selected seven natural wetlands where extensive field measurements were avail-
able for model calibration and model validation. These sites included two marshes, two
floodplains, one peatland and two coastal wetlands (Table S2). Figure 2 shows the
locations of the sites. More detailed site descriptions are provided in Table S2.

The gridded wetland maps for 1978, 1990, 2000 and 2008 were obtained from Niu
et al. (2012). The method for obtaining the gridded wetland map for 1950 was based
on both Niu et al. (2012) and An et al. (2007). An et al. (2007) reported that inland
wetland areas lost 23.0 %, lake areas lost 16.1 %, river areas lost 15.3 %, and coastal
wetland areas lost 51.2 % of their area between 1950 and 2000 in China. To use inland
wetlands as an example, we first separated the Sanjiang Plain because more detailed
and accurate data could be obtained for that area. Then, we assumed the annual loss
rate of inland wetlands was constant between 1950 and 2000. We calculated the an-
nual loss of the inland wetlands between 1950 and 2000 based on An et al. (2007).
We regarded this ratio as the annual loss rate of inland wetlands between 1950 and
1978. We also assumed this annual loss rate occurred in every inland wetland grid
cell. The inland wetland area in each grid cell in 1950 was determined using the above
annual loss rate as well as the wetland area reported to exist in 1978 based on Niu
et al. (2012). Niu et al. (2012) combined floodplains and rivers as river wetlands in his
paper; however, because floodplains are always dominated by vascular plants, we in-
cluded floodplains in the inland wetland category. The fraction of floodplains was based
on original satellite data (Z. G. Niu, personnal communication, 2013). The wetland area
included from the Sanjiang Plain in 1950 was from previous studies (Liu and Ma, 2000;
Li et al., 2012; Huang et al., 2010; Ding et al., 2004, 2007). The method used to calcu-
late the lake, river and coastal wetland areas was the same as for the inland wetlands.

Daily climate datasets used for driving the TEM model were developed from the
latest monthly air temperature, precipitation, vapor pressure, and cloudiness datasets
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from the Climatic Research Unit (CRU TS 3.10) of the University of East Anglia in the
United Kingdom (Harris et al., 2014).

The soil moisture data were from Fan and van den Dool (2004) (http://www.cpc.ncep.
noaa.gov/soilmst/leaky_glb.htm). The soil texture data were derived from the soil map
of the Food and Agriculture Organization (FAO, 2012). Soil sand fraction data were
used as input to CH4MOD,,.yanq, Whereas, soil texture data were used to assign the
texture-specific parameters to each grid cell in the TEM model (Zhuang et al., 2013).
Soil organic carbon content and the reference bulk density in wetland soils were from
the Harmonized World Soil Database (HWSD) (FAO, 2008).

The vegetation map of IGBP was referenced to specify vegetation parameters for
CH4MOD,¢t1anqg @nd TEM. The map was derived from the IGBP Data and Information
System (DIS) DISCover Database (Belward et al., 1999; Loveland et al., 2000). The
1km x 1km DISCover dataset was reclassified into the TEM vegetation classification
scheme and then aggregated to a resolution of 0.5° x 0.5°.

The topographic wetness index data were from the HYDRO1k Elevation Deriva-
tive Database, which was developed by the U.S. Geological Survey Earth Re-
sources Observation and Science (EROS) Center (http://gcmd.nasa.gov/records/
GCMD_HYDRO1k.html) (USGS, 2000). The global salinity database was from the
World Ocean Atlas 2009 (Antonov et al., 2010).

3 Results
3.1 CHj; fluxes with changes in climate from 1950 to 2010

The temporal change in CH, fluxes (CH, emissions per area) were determined based
on the climate. In this section, we analyze the climate change-driven interannual vari-
ations in CH, fluxes from the inland wetlands and the coastal wetlands from 1950 to
2010. Figure 3f provides the interannual variation and trend in the modeled national
annual CH, flux in China. The national annual CH, flux significantly increased over
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the last 60 years, especially since the 1980s. The national annual CH, flux increased
from 16.9gm™2yr~" in 1950 to 21.2gm™2yr™" in 2010, a total increase of 26 % or an
average rate of 0.52 g m~2 per decade. The annual CH, fluxes fluctuated between 16.0
and 19.Ogm_2 yr_1 before 1980, then increasing rapidly in the 1990s. The highest CH,
flux, i.e., 22.5gm‘2 yr'1, occurred in 1998, whereas the lowest value, 15.7gm‘2 yr'1,
occurred in 1954.

The estimated annual CH, fluxes in different regions are illustrated in Fig. 3a—e.
The regions with the largest CH, fluxes are northeastern China (Region |, with an
average annual mean of 24.ng'2 yr Fig. 3a) and southern China (Region V, with
an average annual mean of 20.1 gm‘z yr‘1; Fig. 3e). On the Qinghai Tibetan Plateau
(Region Il), the simulated CH, fluxes exhibited the lowest fluxes (Fig. 3b), with an
average annual mean of 6.2 gm‘2 over the same period, which was lower than Region
| by approximately 75 % (Fig. 3a). Compared with Region |, the average CH, fluxes in
Inner Mongolia and northwestern China (Region IIl) and over the North China Plain
and the Middle-Lower Yangtze Plain (Region 1V) were lower by 46 to 64 % during the
past 60 years.

Figure 3 also provides the trends in the annual CH, fluxes in different regions. Except
for Region IV (Fig. 3d; p > 0.05), the annual CH, fluxes exhibited significant increases
in other regions (Fig. 3a—e; p < 0.001). The greatest rate of increase in CH, fluxes
occurred in Region |, i.e., O.67gm_2 per decade (Fig. 3a), followed by Region V and
Region Ill, i.e., O.54gm'2 per decade (Fig. 3e) and 0.429m'2 per decade (Fig. 3c),
respectively. In Region IV, the rate of increase in CH, fluxes was 0.50g m™2 per decade,
although this rate was not significant (Fig. 3d). The smallest rate of increase occurred
in Region Il (Fig. 3b), i.e., approximately 25 % of the rate for Region | (Fig. 3a).

Climate factors can account for the difference in the rates of increase in CH, fluxes
among the regions noted above. First, a higher temperature will enhance the rate of
microbial CH, production. Second, an increase in precipitation may result in a higher
water table position and promote plant growth, which can accelerate CH, fluxes. We
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analyzed the effects of air temperature (7;,) and precipitation (P) based on the five-year
average CH, fluxes in each region (Fig. 4).

The modeled five-year CH, fluxes exhibited linear trends that closely follow the
trends in air temperature in Region | (Fig. 4a), Region Il (Fig. 4b), Region Il (Fig. 4c)
and Region V (Fig. 4e), suggesting that during the past 60 years, the increased CH,
fluxes were primarily by climate warming. The contribution of precipitation to the trends
in CH, fluxes differed among the regions. During the past 60 years, Region | and
Region Il experienced large temperature increases (rates of 0.29°C per decade and
0.34°C per decade, respectively). These increases resulted in higher rates of increase
in CH, fluxes, i.e., 0.67gm'2 per decade (Fig. 3a) and 0.42gm™“ per decade, respec-
tively (Fig. 3c). In Region |, CH, fluxes were predominantly positively correlated with
air temperature (l?2 = 0.35, p < 0.001) (Fig. 4a). Although no correlation was found be-
tween the CH, fluxes and the precipitation in Region |, the linear precipitation decrease
of 38.3 mm per decade (p < 0.001) may have offset the increase in CH, fluxes due to
the air temperature (Fig. 4a) before 1980. The linear precipitation decrease of 1.7 mm
per decade (p = 0.4, not significant) in Region Ill may also have a negative impact on
CH, fluxes (Fig. 4c). CH, fluxes in Region Il showed a positive correlation with both
temperature and precipitation (Fig. 4b). A slight temperature increase of 0.19°C per
decade and precipitation increase of 6.7 mm per decade resulted in a flux increase of
0.17gm‘2 per decade. In Region V, the positive correlation between CH, fluxes and
temperature was more significant than with that of precipitation (Fig. 4e), suggesting
that the temperature was the dominant factor in the acceleration of CH, fluxes during
the past 60 years. The increase in the precipitation, at a rate of 16.6 mm per decade,
although not significant (p = 0.24), may have benefited the CH, fluxes in this region. In
Region IV, CH, fluxes were less responsive to temperature than precipitation (Fig. 4d).
The increase in temperature still promoted CH, fluxes to increase at a rate of 0.50 g m~2
per decade, although this rate was not significantly (Fig. 3d).

Interannual or interdecadal variations in CH, fluxes were found to be closely aligned
with variations in precipitation (Fig. 4). The lowest CH, fluxes usually accompanied
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periods with low precipitation. For example, the lowest CH, fluxes and precipitation
occurred simultaneously during the period 1980-1985 in Region IV (Fig. 4d) and the
period 1965-1970 in Region V (Fig. 4e). In Region |, the five-year average CH, fluxes
showed a trend that was synchronous with the five-year average precipitation trend
(Fig. 4a), first decreasing before 1980 and then increasing until 1995. In Region | and
Region Il, excessive amounts of precipitation fell in the 1990s (Fig. 4a) and 2000s
(Fig. 4b) in conjunction with relatively high air temperatures, which resulted in the high-
est CH, fluxes found in this study. In contrast, when the greatest amount of precipitation
occurred (Fig. 4c: from 1955 to 1960 in Region Ill, Fig. 4d: from 1960 to 1975 in Region
IV, and Fig. 4e: from 1970 to 1975 in Region V), the CH, fluxes remained low due to
the lower air temperatures.

3.2 Changes in regional CH4 emissions resulting from climate change and
wetland loss

The total wetland area in China was approximately 35.6 million ha in 1950 (Table 1).
Wetland loss was 17.0 million ha from 1950 to 2010, nearly half of the existing wetland
area in 1950. During the first 50 years, wetland areas decreased by 16.1 million ha.
Since 2000, wetland loss has been more limited (Table 1).

A tremendous wetland loss occurred in Region I, 7.8 million ha, accounting for ap-
proximately 45.7 % of the total wetland loss (Table 1). Compared with 1950, the wetland
areas decreased by 56.9, 24.6, 48.4, 65.3 and 46.7 % in Region |, Region Il, Region
lll, Region IV and Region V (Table 1), respectively.

Among the wetland types, the greatest loss occurred in inland wetlands, with a total
loss of 10.3 million ha from 1950 to 2010, accounting for 60.6 % of the total wetland
loss. More than 95 % of the inland wetland loss occurred in Region I, Region Il and
Region IIl (Table 1). In contrast, coastal wetland loss occurred primarily in eastern and
southern China (Region IV and Region V) (Table 1). The coastal wetland losses were
68.5% in 2008 compared to their area in 1950. The total area loss was 4.94 million
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ha for lake and river wetlands between 1950 and 2008. Substantial loss of lakes/rivers
occurred in eastern China (Region 1V).

CH, emissions decreased by approximately 2.35Tg (1.91-2.81Tg) in China’s wet-
lands, i.e., from 4.50 Tg in the early 1950s to 2.15Tg in the late 2000s (Table 1). More
than 99 % of the CH, reduction occurred before 2000, which was in accordance with
the wetland loss trend (Table 1).

On a national scale, the wetlands in Region | were the greatest source of the de-
creased CH, fluxes, corresponding to areas with significant wetland losses (Table 1)
and the highest CH, fluxes (Fig. 2b). In Region I, CH, emissions decreased by 58.3 %
in the late 2000s compared with the early 1950s, with a loss of 1.68 Tg (1.36—2.03 Tg)
(Table 1). In other regions, the reduction in CH, emissions was 0.13-0.19Tg, with
a loss fraction of 23.3-57.6 % (Table 1). Among the regions, the lowest CH, reduction
occurred in Region Il, where only a slight loss in wetlands occurred. The loss fraction of
CH, emissions was 23.3 %, which is comparable to the wetland loss area (i.e., 24.6 %)
between 1950 and 2008 in this region (Table 1).

Methane emissions decreased by 54.4, 62.9 and 37.1 % in inland wetlands, coastal
wetlands and lakes/rivers, respectively (Table 1). Region | was the most important con-
tributor to the decreased CH, emissions, which contributed 85.4 % to the regional CH,
reduction for inland wetlands (Table 1). For the coastal wetlands, substantial CH, re-
duction occurred in Region V. The CH, fluxes decreased by nearly 82.4 % from the
early 1950s to the late 2000s in the coastal wetlands of this region (Table 1). Although
the coastal wetland loss was higher in Region IV than in Region V, the CH, reduction in
Region IV was only 21 % of that in Region V (Table 1). This difference was because the
CH, fluxes in the coastal wetland were 2.4 times greater in Region V than in Region IV
(compare Fig. 3e with Fig. 3d).
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4 Discussion
4.1 Plant growth and impacts on CH; emissions

Plants can enhance CH, production by providing methanogenic substrates and by
functioning as conduits for CH, transport through the aerenchyma system. Conversely,
plants can attenuate CH, emission by facilitating CH, oxidation through the transport
and release of O, from roots located in anoxic peat (Whalen, 2005; Ding et al., 2005).
Previous studies on pulse-labeling experiments reported a 1-3 % recovery of photo-
assimilated C as 14CH4 in observational periods of 2 to 10 weeks (Wieder and Yavitt,
1994; Loya et al., 2002; King et al., 2002; King and Reeburgh, 2002). For example, King
et al. (2002) estimated that more than 75 % of the average CH, emissions from tun-
dra wetlands originated from recently fixed carbon. However, other studies (Megonigal
et al., 1996; Juutinen et al., 2003; Ding et al., 2002) have found that recent photo-
synthates of wetland plants provide a very limited contribution to CH, production, and
labile organic C for CH, production is mainly derived from plant litter.

Many studies have indicated that most CH, emitted from the wetlands is mediated by
aerenchymatous plants (Cicerone and Shetter, 1981; Holzapfel-Pschorn et al., 1986;
Chanton et al., 1989; Waddington and Roulet, 1996). However, the ventilative and dif-
fusive activities that transport CH, to the atmosphere also oxygenate the rhizosphere,
creating favorable conditions for CH, oxidation in this otherwise anoxic, CH,-rich zone
(King, 1994; Calhoun and King, 1997, 1998). The ability of aerenchymatous plants
to act as a transporter differs among species (Whalen, 2005). The different transport
controls may be related to plant architecture (Schimel, 1995).

The current knowledge of the effects of plants on CH, production and emission are
insufficient and difficult to quantify for various plants. In CH4MOD,¢yang. the plant-
related parameters include the vegetation index (VI), the fraction of plant-mediated
transport (7,¢4), and the fraction of CH, oxidized during plant-mediated transport (£,,)
(Table S3). We calibrated the above parameters, focusing on sites with Carex and
Phragmites (Tables S2 and S3), although these calibrations were not sufficient for use
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throughout the entire country. For example, mangroves are mainly species of coastal
wetlands in southern China; however, we have no calibration and validation due to
a lack of measurements. The plant species are abundant and diverse in Chinese wet-
lands (Supplement S3). More experiments are needed to accurately parameterize the
different plant species so that the regional estimate will be more reliable.

4.2 Variation in water table depth with climate change

The water table depth divides the anaerobic and aerobic zone and regulates the soil
redox potential (Yu et al., 2001). CH, fluxes are strongly controlled by the water table
depth. Previous measurements have consistently demonstrated that CH, emissions
decline following short- and long-term water table drawdown (Laiho, 2006; Turetsky
et al., 2008). Short-term water table drawdown experiments have displayed decreased
CH, emissions ranging from 17 to 150 % depending on the extent of water table draw-
down and vegetation community structure (Dise et al., 1993; Aerts and Ludwig, 1997;
Strack and Waddington, 2007; Turetsky et al., 2008). Long-term (> 30 year) water table
drawdown studies found 67 to 96 % decreases in CH, emissions (Yrjala et al., 2011;
Nykanen et al., 1998; Ballantyne et al., 2014). Model sensitivities also show that water
table depth is one of the most sensitive factors to CH, emissions (Boon, 1997; Zhu
et al., 2013; Li et al., 2010). Thus, without proper information regarding water table
positions, estimates of CH, are poorly constrained (Fan and Miguez-Macho, 2011).
Much progress has been made in estimating regional CH, emissions. However, large
uncertainties remain in estimating emissions due to the spatial variability in water ta-
ble depth. The TOPMODEL-based scheme (Bevenand Kirkby, 1979) has been widely
used to model regional water table depth in natural wetlands (Zhu et al., 2013; Lu and
Zhuang, 2012; Kleinen et al., 2012) because it is a flexible mass balance modeling tool
that can be linked to biogeochemical models. TOPMODL is based on the topographic
wetness index (TWI) and assumes that water tables follow topography holds (Haitiema
and Mitchell-Bruker, 2005). However, the TWI is static and relies on the assumption
that the local slope, i.e., tan G, is an adequate proxy for the effective downslope hy-
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draulic gradient, which is not necessarily true in low-relief terrain (Grabs et al., 2009).
Therefore, this algorithm is less suitable in flat areas and will induce uncertainties in the
simulated water table depth. Moreover, the precision of the TWI data is important for
the accuracy of the results. The HYDRO1k global values for the TWI provided by the
USGS in 2000 (USGS, 2000) are the most commonly used data for the TOPMODEL
method. However, the limited resolution and quality of the data can induce uncertain-
ties, especially in tropical wetlands (Marthews et al., 2015; Collins et al., 2011). In
the future, more accurate descriptions of the hydrology process and higher-resolution
datasets are needed to reduce the error in the simulated water table depth.

4.3 Regional estimates of CH; emissions

Estimates of CH, emissions from natural wetlands in China are highly uncertain, with
a range of 1.7 to 10.5Tg (Table 2). We estimated that the CH, emissions were 2.17—
3.03 Tg during from 1990 to 2000, which falls within the reported range.

Previous studies have primarily extrapolated measurements to encompass all of
China (Wang et al., 1993, 2012; Khalil et al., 1993; Jin et al., 1999; Ding et al., 2004;
Chen et al., 2013; Cai, 2012) (Table 2). However, this may induce uncertainties be-
cause CH, fluxes exhibit substantial variation according to wetland type and within dif-
ferent climatic and soil environments (Cao et al., 1998). For example, the estimations
of both Ding and Chen were primarily based on measurements from the Ruoergai
Plateau, which is located along the eastern edge of Qinghai Tibetan Plateau (Chen
et al., 2013; Ding et al., 2004). However, Chen used an observation of CH, fluxes that
was much higher than Ding’s observation, resulting in substantially higher emission
estimates for the Qinghai Tibetan Plateau (Table 2).

Based on atmospheric CH, concentrations, Zhang et al. (2013) provided an estima-
tion of 4.76 Tg (Table 2), which is twice the estimated CH, emissions presented in this
study. The use of retrieved atmospheric concentrations as a method for estimating the
CH, sources is challenging because of the sparse observation network.
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Compared with the above methods, process-based models that describe major bio-
geochemical behaviors influencing the processes of CH, production, oxidation and
emission are potentially effective tools for long-term regional estimation. Previous stud-
ies (Table 2) have focused primarily on estimating CH, emissions after the 1990s, ex-
cept for Xu and Tian (2012) (Table 2), who inferred a reduction of approximately 1.3 Tg
CH, from Chinese marshlands between 1949 and 2008 due to marshland conversion
and climate change. This study and Xu’s study have similar objectives and results,
although there are some differences between the two studies.

First, Xu’s study only focused on marshlands (the definition of marshland in his paper
is natural wetland that is not coastal wetlands, lakes and rivers), which is the same
wetland type use for inland wetlands in this study. However, this study includes coastal
wetlands, lakes and rivers, which represent approximately 40 % of the wetland loss
(Table 1). To the best of our knowledge, this study provides the first national estimates
of long-term CH, emissions from China’s natural wetlands.

Second, in Xu’s study, the marshland distribution was derived from land-use data in
China (Liu et al., 2005; Liu and Tian, 2010). The annual marshland area was inter-
polated using a negative correlation between the Chinese population and censused
marshland area between 1950 and 2000. However, this relationship inevitably resulted
in large uncertainties because human activity was not the only driving factor in wetland
loss (Niu et al., 2012). For example, drought induced by climate warming is the main
reason for the wetland loss on the Qinghai Tibetan Plateau (Niu et al., 2012). We used
the latest wetland area satellite data for the four studies periods and the census data
to inversely determine the initial wetland area (see materials and methods), which was
found to be more accurate and acceptable, especially after 1980. As a result, Xu esti-
mated decreases of 8.5 million ha in the marshland area and approximately 1.3Tg in
CH, emissions between 1950 and 2008 (Table 2). We estimated a reduction of 10.3
million ha and 1.9 Tg during the same period (Tables 1 and 2). The most significant
difference occurred after 1980 (Table 2). The CH, fluxes were estimated to decrease
by 0.4 and 1.1 Tg in Xu’s study and in this study, respectively, between the early 1980s
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and the end 2000s. This difference was because the marshlands and wetland losses
considered by Xu represented only half of the wetlands and wetland losses that were
considered in this study. Spatially, in southwestern China (Region Il), we estimated
a marshland loss of 1.6 million ha, i.e., from 4.8 to 3.2 million ha (Tables 1 and 2). In
Xu’s study, the marshland area decreased by 0.2 million ha, i.e., from 0.8 to 0.6 mil-
lion ha, which may have underestimated the wetland loss because the estimate relied
solely on the relationship between population and marshland area.

Finally, the model DLEM (Xu’s model) calibration and validation were primarily based
on measurements collected in marshlands dominated with Carex. However, some im-
portant parameters in DLEM are related to the ambient vegetation, such as the max-
imum rate of CH, oxidized through plant transportation and the half-saturation coef-
ficient of CH, oxidized through plant transportation In Inner Mongolia, northwestern
China, the North China plain and the Middle-Lower Yangtze Plain, Phragmites repre-
sent the primary vegetation type (see Supplement S3). Although Phragmites usually
have larger biomass than Carex, the CH, fluxes are lower (according to a comparison
between CH, fluxes in the perennial inland wetlands in WLS, ZL and SJ in Fig. S1; Ta-
ble S2). If the parameters for Carex are used for the regions dominated by Phragmites,
the results may be overestimated. This difference can explain why the CH, reduction
contributed 21.2 % in northwestern and northern China (including Region Ill and Re-
gion 1V in this study) in Xu’s study. However, in this study, this contribution was found
to be only 7.3 %.

There are several factors that may introduce uncertainties into regional estimates.
The data sources for wetland areas may induce uncertainties, especially for the 1950s.
In addition, due to the high spatial heterogeneity, uncertainties may be produced due
to the limited resolution in the model upscaling. For example, there is substantially
heterogeneity in the water table depth and the NPP at a resolution of 0.5°. Although
we compared the simulated and observed gridded CH, fluxes (Figs. S1 and S2), the
average input data inevitably misses the heterogeneity in the CH, fluxes within each
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grid cell. As a result, the “grid-scale” model performance was not as good as the site-
level model performance (Figs. S1 and S2).

4.4 Future trends in CH4 emissions from Chinese wetlands

According to China’s National Assessment Report on Climate Change (Ding and Ren,
2007), compared with the period 1961-1990, there will be a pronounced air temper-
ature increase of 3.6—4.9°C based on the A2 and B2 scenarios (IPCC, 2000) by the
end of this century in China. The precipitation is also predicted to increase by 9-11 %
for the A2 and B2 scenarios by 2100. The air temperature and precipitation increases
differ between individual regions (Fig. 4). Depending on the regional conditions and
wetland types, the consequences of future climate change on CH, fluxes will be spa-
tially different and depend on regional and wetland characteristics.

Warming is expected to promote CH, fluxes from wetlands in the future (Zhuang
et al., 2006; Christensen and Cox, 1995; Shindell et al., 2004). The air temperature is
expected increase more rapidly in northeastern China (Region 1), northwestern China
(Region Ill) and the North China Plain (the inland wetlands in Region 1V) (Ding and
Ren, 2007), which indicates that there will be a larger promotion of CH, fluxes from the
inland wetlands in these regions. For the Qinghai Tibetan Plateau (Region Il), eastern
China (the coastal wetlands in Region V), and southern China (Region V), the climate-
induced increase in CH, fluxes from inland and coastal wetlands will be lower.

However, if precipitation remains unchanged, warming conditions will be accompa-
nied by increased drought and rising sea levels (Lin et al., 2011), which will produce
a negative impact on regional CH, emissions. For the inland wetlands, such as the
marshlands of the Sanjiang Plain (Region |) and the peatlands of the Qinghai Tibetan
Plateau (Region II), drought conditions will increase evapotranspiration, decrease the
anti-interference ability of wetlands, speed up wetland degradation (Liu et al., 2001),
and ultimately decrease CH, fluxes and regional CH, emissions in the future. For the
lakes and rivers, drought is expected to reduce the lake areas (Yu et al., 2004) and de-
crease regional CH, emissions in northeastern China (Region ) and Inner Mongolia.
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Although short-term expansion in the lakes may occur because of glacial melting over
the western plateau of China (Region Il and western Region lIll), water shortages will
result in the long-term disappearance of the lakes (Shen et al., 2003a). Fortunately,
precipitation is expected to increase, especially in northern China (Region |, Region Il
and the inland wetlands in Region IV) and on the Qinghai Tibetan Plateau (Region IV)
(Ding and Ren, 2007), which may offset the negative impact on CH, emissions from
the inland wetlands and lakes by the imminent drought conditions. For the coastal wet-
lands, rising sea levels will reduce the area of coastal wetlands by inundation. Consider
the Jiangsu Province in eastern China (Region IV) as an example, where 396, 617 and
1390 km? is expected to be lost in the next 30, 50 and 100 years, respectively (Li et al.,
2006). Moreover, rising sea levels will increase the invasion of salt water to estuarine
wetlands (Shen et al., 2003b; Hu et al., 2003; Huang and Xie, 2000), which will reduce
CH, fluxes due to the higher salinity.

5 Conclusions

Climate warming increased CH, fluxes at a rate of 0.52¢g m™2 per decade from 1950 to
2010. However, during the same period, an estimated 2.35Tg (1.91-2.81Tg) of CH,
reduction in Chinese wetlands occurred, which was mainly due to extensive wetland
loss, i.e., from 35.6 to 18.6 million ha. On a national scale, northeastern China expe-
rienced a large temperature increase, which resulted in the highest rate of increase
in CH, fluxes, i.e., O.67gm'2 per decade. However, serious wetland loss made north-
eastern China become the greatest source of CH, decrease, accounting for 70 % of
the total CH, reduction. The Qinghai Tibetan Plateau had the lowest CH, reduction,
which was approximately 8 % of the reduction in northeastern China. Among the re-
duction, the inland wetlands, lakes/rivers and the coastal wetlands accounted for 81,
11 and 8 %, respectively.
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Table 1. Regional CH, emissions and the wetland area.

Region CH, emissions® (Tg) Area® (Mha)
| Il 1] v A\ China | Il L] v A China
Inland 1950 2.80 0.31 0.25 0.06 0.11 3.53 12.26 4.78 2.66 0.30 0.27 20.27
Wetland 1980 2.06 0.27 0.22 0.06 0.10 2.71 9.71 4.61 2.57 0.29 0.26 17.44
1990 1.90 0.23 0.14 0.09 0.08 2.44 7.73 3.42 1.77 0.44 0.18 13.54
2000 113 0.23 0.13 0.05 0.07 1.61 5.40 3.43 1.41 0.23 0.15 10.62
2010 1.16 0.22 0.12 0.05 0.06 1.61 5.09 3.20 1.36 0.20 0.13 9.98
Decrease® -58.6% -29.0% -5040% -16.7% -455% -54.4% -582% -33.3% -48.1% -33.3% -66.7% -50.8%
Coastal 1950 It nw nw 0.09 0.18 0.27 It nw nw 1.52 1.02 2.54
Wetland 1980 It nw nw 0.08 0.09 0.17 It nw nw 0.78 0.53 1.31
1990 It nw nw 0.05 0.07 0.12 It nw nw 0.75 0.4 1.15
2000 It nw nw 0.05 0.06 0.11 It nw nw 0.54 0.37 0.91
2010 It nw nw 0.06 0.04 0.10 It nw nw 0.53 0.27 0.80
Decrease® It nw nw -333% -778% -629% It nw nw -651% -735% -68.5%
Lakesand 1950 0.08 0.29 0.08 0.22 0.04 0.70 1.38 5.19 1.49 4.05 0.68 12.79
Rivers 1980 0.07 0.26 0.07 0.20 0.03 0.62 1.20 4.62 127 3.55 0.56 11.21
1990 0.05 0.22 0.04 0.13 0.03 0.47 0.91 3.83 0.78 2.32 0.51 8.35
2000 0.04 0.22 0.04 0.11 0.03 0.45 0.76 3.87 0.77 1.93 0.61 7.94
2010 0.04 0.25 0.04 0.07 0.04 0.44 0.79 4.32 0.78 1.31 0.65 7.85
Decrease® -50.0% -13.8% -50.0% -68.2% 0.0% -371% -428% -168% -477% -67.7% -44% -38.6%
Total 1950 2.88 0.60 0.33 0.37 0.33 4.50 13.64 9.97 4.15 5.87 1.97 35.60
Wetland 1980 213 0.53 0.29 0.34 0.22 3.50 10.91 9.23 3.84 4.62 1.35 29.96
1990 1.95 0.45 0.18 0.27 0.18 3.03 8.64 7.25 2.55 3.51 1.09 23.04
2000 117 0.45 0.17 0.21 0.16 217 6.16 7.3 218 2.7 1.13 19.47
2010 1.20 0.47 0.16 0.18 0.14 215 5.88 7.52 214 2.04 1.05 18.63

Decrease® -58.3% -23.3% -515% -514% -57.6% -522% -56.9% -24.6% -484% -65.3% -46.7% -47.7%

2 The average CH, fluxes of three consecutive years (including 1950-1952, 1979-1981, 1989-1991, 1999-2001 and 2008-2010) were used to calculated
regional CH, emissions. For example, regional CH4 emissions in 1980 were the production of the area of 1980 and the average CH, fluxes from 1979 to 1981.
5 Data of 1980, 1990, 2000 and 2010 were from the remote sensing data (Niu et al., 2012). The area of 1978 and 2008 were regarded as the area of 1980 and
2010, respectively.

¢ Decrease means the reduce fraction in 2010 compared with 1950.

It, less than 0.0001; nw, no wetland.
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Table 2. Estimation of CH, emissions from natural wetland in China.

Region This study Other studies References
CH, (Tg) Period Area (Mha) CH, (Tg) period Area (Mha)
China® 3.0 1990 23.0 2.2 1988-2000 Nm Wang et al. (1993)
China® 3.0 1990 23.0 1.7 1988 Nm Khalil et al. (1993)
China® 3.0 1990 23.0 2.0 1996 18.7 Jin et al. (1999)
China® 3.0 1990 23.0 10.5 1990s 38.0 Wang et al. (2012)
China® 3.0 1990 23.0 6.65 1990 35.5 Cai (2012)
China® 2.2 2000 19.5 5.71 2000 30.5 Cai (2012)
China® 2.2 2000 19.5 3.15 2000 Nm Chen et al. (2013)
China® 2.2 2000 19.5 4.76 2003-2009 9.0 Zhang et al. (2013)
China® 3.5 1950 20.3 3.2 1950 17.9 Xu and Tian (2012)
China® 2.7 1980 17.4 2.3 1980 13.0 Xu and Tian (2012)
China® 2.4 1990 13.5 2.0 1990 11.0 Xu and Tian (2012)
China® 1.6 2000 10.6 1.9 2000 9.4 Xu and Tian (2012)
China® 1.6 2010 10.0 1.9 2008 9.4 Xu and Tian (2012)
China® 1.6 2000 10.6 1.9 1995-2004 9.4 Tian et al. (2011)
China” 1.6 2000 10.6 1.8 1995-2004 9.4 Ding et al. (2007)
NYC® 2.8 1950 12.3 2.2 1950 10.1 Xu and Tian (2012)
NYCP® 1.2 2010 5.1 1.2 2008 4.7 Xu and Tian (2012)
NYC® 1.1 2000 5.4 1.2 2001-2002 2.8 Ding et al. (2004)
NYCP 1.1 2000 5.4 0.9 2000 Nm Chen et al. (2013)
QHT® 0.3 1950 4.8 0.07 1950 0.8 Xu and Tian (2012)
QHT® 0.2 2008 3.2 0.06 2008 0.6 Xu and Tian (2012)
QHT? 0.45 1990 7.3 0.8 1996 3.5 Jin et al. (1999)
QHT® 0.23 2000 3.4 0.56  2001-2002 4.8 Ding et al. (2004)
QHT® 0.23 2000 3.4 1.25 2000 Nm Chen et al. (2013)

& Natural wetland.

Natural wetland exclude coastal wetland, lakes and rivers.
Nm, not mentioned in the literature.

NYC, Northeast China.

QTH, Qinghai Tibetan Plateau.
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Soil moisture,
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CH4D’IODwetland

Estimated CH4 emissions from 1950 to 2010

Figure 1. Framework of simulating CH, emissions from natural wetlands between 1950 and
2010. CH4MOD,,¢yanq is @ biogeophysical model to simulate CH, fluxes from natural wetlands.
TEM is a process-based biogeochemistry model that couples carbon, nitrogen, water, and
heat processes in terrestrial ecosystems to simulate ecosystem carbon and nitrogen dynamics.
TOPMODEL is a conceptual rainfall-runoff model that is designed to work at the scale of large

watersheds using the statistics of topography.
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Figure 3. Methane fluxes from inland and coastal wetlands between 1950 and 2010 in: (a)
Region [; (b) Region II; (¢) Region lll; (d) Region 1V; (e) Region V. (f) China.
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Figure 4. Impact of the climate factors on CH, fluxes from 1950 to 2010 in: (a) Region I; (b)
Region 1I; (¢) Region llI; (d) Region 1V; and (e) Region V. The red triangles, blue circles and
the black stars are 5year average CH, fluxes (the same data as in Fig. 3), air temperature and
precipitation, respectively. The slope represents the significant linear rate (p < 0.05). CH, vs.
Tair: the correlation coefficient between the annual mean CH, fluxes and air temperature at
a significantly. CH, vs. P: the correlation coefficient between the annual mean CH, fluxes and
the precipitation. Only correlations with statistical significance are shown (p < 0.05).
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