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Abstract: Methane (CH,), carbon dioxide (CO;) and nitrous oxide (N,O) are known to be major greenhouse
gases that contribute to global warming. To identify the flux dynamics of these greenhouse gases is, therefore, of
great significance. In this paper, we conducted a comparative study on an alpine grassland and alpine wetland at
the Bayinbuluk Grassland Eco-system Research Station, Chinese Academy of Sciences. By using opaque, static,
manual stainless steel chambers and gas chromatography, we measured the fluxes of CH4, N,O and CO, from the
grassland and wetland through an in situ monitoring study from May 2010 to October 2012. The mean flux rates of
CH4, N,O and CO, for the experimental alpine wetland in the growing season (from May to October) were estimated
at 322.4 pg/(m%h), 16.7 ug/(m>h) and 76.7 mg/(m?h), respectively; and the values for the alpine grassland were
—88.2 pg/(m*h), 12.7 pg/(m?h), 57.3 mg/(m?>h), respectively. The gas fluxes showed large seasonal and annual
variations, suggesting weak fluxes in the non-growing season. The relationships between these gas fluxes and
environmental factors were analyzed for the two alpine ecosystems. The results showed that air temperature,
precipitation, soil temperature and soil moisture can greatly influence the fluxes of CH,4, N,O and CO,, but the alpine
grassland and alpine wetland showed different feedback mechanisms under the same climate and environmental
conditions.
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Methane (CHy), carbon dioxide (CO;) and nitrous ox-
ide (N,O) are dominant greenhouse gases (Wan et al.,
2013), contributing to about 60%, 20% and 6% of the
global warming potential, respectively (IPCC, 2007).
Identifying the sources and sinks of greenhouse gases
(GHGsS) in terrestrial ecosystems has become an im-
portant global research concern (Dalal and Allen,
2008; Schrier-Uijl et al., 2010; Merbold et al., 2013).
Wetlands regulate the biogeochemical cycling, play a
significant role in the global carbon budget and have a
great potential for the exchange of greenhouse gases
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with the atmosphere (Bonneville et al., 2008). Under
cool and waterlogged anaerobic conditions, high- lati-
tude wetlands have moderate decomposition rates
relative to rates of primary productivity (Trumbore et
al., 1999; Hirota et al., 2006). Carbon dynamics in
high-latitude wetland ecosystems are thought to re-
spond dramatically to climate changes, such as the
temperature and precipitation changes that are pre-
dicted to occur under global warming conditions
(Oechel et al., 1993).

As a typical temperate arid alpine grassland,
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Bayinbuluk alpine grassland is the second largest of
its kind in China. Recently, a number of studies in
CHj4, N,O and CO, fluxes have been conducted on
grasslands and wetlands (Ma et al., 2012; Morse et al.,
2012; Merbold et al., 2013), yet few researches have
considered the alpine grasslands and wetlands of the
Tianshan Mountains in Xinjiang (Li et al., 2012). In
order to verify the dynamic fluxes of these gases in
alpine wetlands and grasslands, we conducted a series
of comparative studies, which will deepen our under-
standing of greenhouse gas emission processes in al-
pine wetland and grassland ecosystems. In this paper,
we focused on the following two aspects: (1) to com-
pare the variance between the alpine grassland and
alpine wetland in CHy, N,O and CO; fluxes; and (2) to
analyze the impact of meteorological (temperature,
precipitation) and environmental variables (air tem-
perature, soil temperature and soil water content at
10-cm depth) on CHy, N,O and CO, fluxes.

1 Materials and methods

1.1 Study area

Our study was conducted in the Bayinbuluk Grassland
Eco-system Research Station, Chinese Academy of
Sciences, which is situated on the southern slope
(2,500 m asl) of the Tianshan Mountains, Xinjiang
Uygur autonomous region of China. We established
our sample plots in an alpine grassland and wetland in
the Bayinbuluk region at 42°52.83'N, 83°42.12'E and
42°53.02'N, 83°43.28'E, respectively. The average
annual precipitation reaches 265.7 mm, with 78.1%
occurring in the growing season. The annual average
temperature is —4.8°C, with a lowest monthly value of
—27.4°C in January and a highest monthly value of
11.2°C in July. Soil freezing—thawing processes occur
regularly from early April to early May and from early
October to early November. These processes last
about one month for each period.

1.2 Methods

Flux measurements were conducted in two typical
alpine ecosystems (an alpine wetland and alpine
grassland) of the Tianshan Mountains, which were
grazed under a grazing intensity of 4.3 sheep/hm’. The
wetland, which is seasonally inundated, is dominated

by Carex melantha. The grassland is dominated by
Stipa purpurea. Air samples were collected in a
stainless steel airtight chamber with opaque materials
at the top (50 cmx50 cmx10 cm). The external surface
of each chamber was covered with white plastic foam
to minimize the impact of direct radiative heating
during sampling. Four replicated chambers were used
at each site. Gas from the chamber was sampled at
intervals of 0, 15 and 30 minutes and after that the
chamber was closed and transferred immediately into
a pre-evacuated 50-mL air bag using a 60-mL plastic
syringe (Hede Inc., Dalian, China). Over the three-
year period from 2010 to 2012, CH4, N,O and CO,
fluxes were sampled four times each month during the
growing season (May—October) and twice each month
during the non-growing season (November—April),
with the exception of several winter months when
samples were not collected due to extremely cold
weather conditions. CH4, N,O and CO; concentrations
of the gas samples (stored in specific air bags) were
analyzed by gas chromatography (Agilent 4890D,
Agilent Technologies, Wilmington, DE) within one
week. The calculation of CHy, N,O and CO, fluxes
were done according to the description of Zhang et al.,
(2005). Average gas fluxes and standard errors were
calculated from four replicates for each site.

Air temperature (T,;), soil temperature at 10-cm
depth (Ts) and soil water content (SWC) at 10-cm
depth were monitored when gas samples were col-
lected. The calculation of average gas fluxes and sta-
tistical analysis were carried out with SPSS 12.0 for
Windows (SPSS Inc., Chicago, IL) and SigmaPlot
version 10 (SyStat Software Inc., San Jose, CA). Lin-
ear regression analysis was used to identify significant
positive or negative correlations between environ-
mental variables and CHy4, N,O and CO, fluxes.

2 Results

2.1 Meteorological environment

Seasonal dynamics of both precipitation and air tem-
perature produced one-peak patterns, which were
higher in the growing season and lower in the
non-growing season (Fig. 1). The annual precipita-
tions in 2010, 2011 and 2012 were 389.9, 337.5 and
264.4 mm, respectively. Similar with precipitation,
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there were some differences in average annual or sea-
sonal air temperature among 2010, 2011 and 2012.
For all the three years, minimum monthly average
temperatures were observed in January. The minimum
monthly average temperature in 2011 (—33.5°C) was
significantly lower than those in 2010 (-23.9°C) and
2012 (-25.3°C). All maximum monthly average tem-
peratures were observed in August. The maximum
monthly average temperature in 2012 (16.4°C) was
higher than those in 2011 (14.6°C) and 2010 (11.5°C).
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Fig. 1 Monthly mean precipitation and monthly mean air tem-

perature of the study area from 2010 to 2012

2.2 CH, fluxes

The patterns of CH4 emission rates are shown in Fig. 2.

The alpine wetlands and alpine grasslands of the
Tianshan Mountains serve as the sources and sink of
CH,, respectively. CHy fluxes of the alpine wetland
showed obvious and regular seasonal patterns in the
study area. The CH4 emissions during the growing
season accounted for 92.2% of the fluxes of the whole
year, while the emissions from May to August con-
tributed 87.8% of the total annual fluxes. Dynamics of
the CHy fluxes in the growing season and cumulative
seasonal fluxes are shown in Table 1.

2.3 CO;fluxes

The patterns of CO, emission rates in growing and
non-growing seasons of the alpine grassland and wet-
land are shown in Fig. 3. The CO, emission fluxes of
the alpine wetland showed large seasonal variations in
the study area, and there were significant differences
in the CO, emission rates between the growing season
and non-growing season. During the growing season,
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Fig. 2 Monthly average CH,fluxes in the alpine grassland and
wetland of the study area from 2010 to 2012
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Fig. 3 Monthly average CO;fluxes in the alpine grassland and
wetland of the study area from 2010 to 2012

the CO, emissions accounted for 96.6% of the annual
fluxes, and emissions from May to August accounted
for 88.1% of the annual fluxes. The CO, emission
fluxes in the alpine grassland also showed fluctuant
curve and the peak fluxes observed during growing
season. The maximum monthly average CO, fluxes
were 86.7+6.6, 122.8+11.4 and 171.2+45.4 mg/(m>h)
in the three years, respectively. The monthly average
CO, emission fluxes and cumulative annual CO,
emissions also showed large variations. However,
CO; fluxes of the grassland and wetland showed dif-
ferent variations. The cumulative annual CO, fluxes for
2010 and 2011 were 217.8 and 303.8 g/rn2 (Table 2).

2.4 N,O fluxes

The grassland and wetland are both sources of N,O
(Fig. 4). The N,O emission fluxes of the grassland and
wetland presented large seasonal variations, suggesting
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Table 1

Dynamics of CH,4 emission fluxes in the growing season (May to October) and the cumulative seasonal CH, fluxes

Land type Year

CH, emission fluxes (ug/(m*h))

Cumulative CH, fluxes (mg/m?)

Maximum Minimum Average Growing season Non-growing season Annual
Wetland 2010 777.1£146.7 40.5+9.0 404.7+290.6 1,632.6 199.2 1,831.8
2011 556.1+138.9 41.6+8.2 254.1+157.1 1,078.8 139.4 1,218.2
2012 814.7+204.4 51.1£12.3 308.3+195.0 1,377.3 - -
Average 3224 1,362.9 169.3 1,525.0
Grassland 2010 -113.4+13.4 —52.2413.8 -85.7+£19.5 -339.9 -61.9 -401.8
2011 -212.6+£33.4 -81.3£27.4 —120.2+45.5 —511.5 -51.2 -562.7
2012 —71.2+18.9 —39.8+10.7 —58.6+10.8 —231.5 - -
Average —88.2 -361.0 —56.6 —482.3

Table 2 Dynamics of CO,emission fluxes in the growing season (May to October) and the cumulative seasonal CO, fluxes

CO, emission fluxes (mg/(m*h))

Cumulative CO, fluxes (g/m?)

Land type Year
Maximum Minimum Average Growing season Non-growing season Annual
2010 156.5+35.4 22.343.6 93.8+50.7 365.3 33.0 3983
Wetland
2011 105.6+22.6 5.7+2.0 61.8+36.1 260.4 30.1 290.5
2012 185.5+49.2 43+1.1 74.4+41.0 307.1 - -
Average 76.7 3109 31.6 344.4
2010 86.7+6.6 6.7+1.3 47.8+29.1 194.6 252 217.8
Grassland
2011 122.8+11.4 6.8+2.4 66.2+39.6 280.6 232 303.8
2012 171.2+45.4 5.5+1.5 57.8434.5 240.8 - -
Average 57.3 238.7 24.2 260.8
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Fig. 4 Monthly average N,O fluxes in the alpine grassland and
wetland of the study area from 2010 to 2012

a strong source during the growing season and a weak
source during the non-growing season. The N,O emis-
sion fluxes of the grassland and wetland during the
growing season accounted for 88.3% and 83.6% of the
annual fluxes, respectively. The cumulative annual
N,O emissions were 67.0 and 64.8 mg/m” in 2010 and
2011, respectively (Table 3).

tionships. With regard to CO, emissions in the al-
pine grassland and wetland, both N,O and CO,
fluxes showed positive linear correlations with
SWC.

3 Discussion

In this study, we observed that the alpine grassland
absorbed CHy4, while the alpine wetland emitted CHy.
Tomomichi et al. (2011) reported that the average CHy4
emission per unit area from the wetland was at least
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Table 3 Dynamics of N,O emission fluxes in the growing season and the cumulative seasonal N,O fluxes

N,O emissions fluxes (ug/(m*-h))

Cumulative N,O fluxes (mg/m?)

Land type Year
Maximum Minimum Average Growing season Non-growing season Annual
2010 31.9+£7.8 8.542.5 21.5¢7.7 86.6 18.4 105.0
Wetland
2011 22.0£2.8 0.2+0.1 14.3+6.9 55.8 10.4 66.2
2012 29.1+£3.6 49+1.4 14.2+5.4 59.3 - -
Average 16.7 67.2 14.4 81.6
2010 23.5+3.7 5.440.8 13.0+£5.9 54.2 12.8 67.0
Grassland
2011 25.3+7.0 0.8+0.5 13.5+8.5 54.1 10.7 64.8
2012 20.2+5.6 3.8+1.1 12.5£7.0 52.9 - -
Average 12.7 53.7 11.8 65.5
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Fig. 5 Relationships between CH,4, N,O and CO; fluxes and T at 10-cm soil depth, T, and SWC at 10-cm soil depth of the grassland

100 times larger than the average CH,4 uptake per unit
area by the grasslands on the Qinghai-Tibet Plateau.
In our work, the average CH4 emission from the wet-
land was normally several (sometimes up to ten) times
higher than that from the grassland. The pattern and
magnitude of CHy fluxes in the alpine grassland and
wetland were markedly different, which may be at-
tributed to completely different soil moisture condi-

tions and different responses of microbial activity in
soil substrate to temperature changes (Van den Bos,
2003). For the grassland, CH4 consumption was sig-
nificantly correlated with air temperature, soil tem-
perature and topsoil (0-10 cm) moisture. CH, uptake
is determined by two important factors: (1) soil tem-
perature (Daulat and Clymo, 1998), since CH,4 oxida-
tion is a microbe-driven process; and (2) gas transport
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Fig. 6 Relationships between CH,4, N,O and CO; fluxes and T at 10-cm soil depth, T, and SWC at 10-cm soil depth of the wetland

resistance, which is influenced by soil wetness and
structure. Drier and warmer soil favored CH; oxida-
tion, and the optimum soil moisture and temperature
for CH4 consumption were 21%—-24% and 5°C-10°C,
respectively (Castro et al., 1995; Dasselaar et al.,
1998). For the wetland, soil moisture and temperature
strongly control methane dynamics because CHy4 pro-
duction occurs under anaerobic conditions and thus
requires saturated soils (Jones et al., 2005), while CH,4
consumption is obligatory aerobic and requires un-
saturated soils (Gulledge and Schimel, 1998).

In our study, distinct seasonal variations were ob-
served in CH4 and CO, fluxes, as well as in precipita-
tion and air temperature. Such seasonal variations
were also observed by other researchers (Hirota et al.,
2010; Wang et al., 2010; Hao et al., 2011). We attrib-
uted these results to the obvious variations in weather
conditions at our study sites (Fig.
changes in CH4 and CO, fluxes are usually related to
air temperature, soil moisture and temperature, soil

1). Seasonal

nutrients, biomass and vegetation types (Jia et al.,
2005; Pen-Mouratov et al., 2006). In this study, re-
gression analysis showed that CO, fluxes were sig-
nificantly correlated with air temperature as well as
with soil temperature and moisture at a 10-cm depth.
Our findings are in line with the results of previous
reports (Mikha et al., 2005; Gao et al., 2011). Plant
productivity and the growth of micro-organisms,
which depend heavily on air temperature and varia-
tions in climate (Hirota et al., 2004), are relatively low
in alpine ecosystems because of the short growing
season and severe weather conditions (Korner, 2003).
Hence, seasonal changes of climate and environmental
factors can contribute to seasonal changes of CO,
fluxes. In our study, CO, emission rates were lower in
grassland soil than in wetland soil, indicating that
wetland soil can emit more CO, than grassland soil.
The aboveground biomass in the alpine wetland was
much higher than in the alpine grassland because of
affluent soil moisture and soil nutrients (Braun et al.,
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2013). More plants produce more CO, through respi-
ration. Humid conditions of wetlands are very condu-
cive to the growth of micro-organisms, which will
produce more CO, through anaerobic respiration. This
might be due to the fact that aerobic respiration is
more efficient for CO, emission than anaerobic respi-
ration (Melling et al., 2005).

Average N,O fluxes were smaller than those re-
corded from previous studies conducted in two alpine
grasslands, which gave a 3-year average of 39.4-51.6
N>O pg/(m*h) (Du et al., 2008). The N,O flux for the
alpine grassland was generally stable throughout 2010,
2011 and 2012, and averaged 13.0 pg/(m*h) during
growing season. This pattern compared well with the
results for the N,O fluxes of the wetland, which fluc-
tuated strongly from 21.5+7.7 to 14.2+5.4 pg/(m*h)
over the three years. The production of soil N,O is
primarily the result of micro-organism mediated nitri-
fication and denitrification processes (Bremner, 1997;
Barnard et al., 2005; Liu et al., 2007) as well as cou-
pled nitrification and denitrification (Kremen et al.,
2005). It was well documented that because both
aerobic and anaerobic microsites can be found within
soil aggregates (Renault and Stengel, 1994), nitrifica-
tion and denitrification processes can occur simulta-
neously in different microsites of the same soil.
Therefore, the magnitude of fluxes between soil and
atmosphere depends largely on soil temperature, soil
water content and O, availability, and biochemistry
processes in substrate (Farquharson and Baldock,
2008). Due to considerable differences in soil chemi-
cal property and soil microbial quantity between the
alpine grassland and wetland, mechanism of N,O
production from the two soil types must be different.
Therefore, the alpine grassland and wetland performed
different seasonal and annual variations.

4 Conclusions

The mean flux rates of CHy, N,O and CO, for the al-
pine wetland (from May to October) were estimated to
be 322.4 pg/(m>h), 16.7 pg/(m*h) and 76.7 mg/(m>h),
respectively, in the growing season. The values for the
alpine grassland were —88.2 ug/(mz-h), 12.7 ug/(mz-h)
and 57.3 mg/(m>h), respectively. Both the alpine
grassland and the alpine wetland showed large sea-

sonal and annual variations in greenhouse gas fluxes,
suggesting strong fluxes during the growing season
and weak fluxes during non-growing periods. The
proportions of CHy, N,O and CO,; fluxes in the wet-
land during the growing season were 92.2%, 96.6%
and 88.3% of their respective annual total, with 87.8%,
88.1% and 71.4% absorbed or emitted from May to
August, respectively.

Linear equations describing Tsuy, T and SWC
showed a good fit to CH4 emission changes for the
alpine grassland. T, Tair, CO; fluxes and N,O fluxes
showed positive exponential relationships. With re-
gard to CO, emissions in the alpine grassland and
wetland, both N,O and CO, fluxes showed positive
linear correlations with SWC. In the future, further
studies should focus on the relative contribution of
N0, CO, and CH,4 emissions from alpine grasslands
and wetlands to global greenhouse gas budgets and
the indirect effects of elevated N deposition and cli-
mate change on greenhouse gas emission in alpine
ecosystems.
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