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ABSTRACT

Increased precipitation during the vegetation periods was observed in and further predicted for Inner
Mongolia. The changes in the associated soil moisture may affect the biosphere-atmosphere exchange of
greenhouse gases. Therefore, we set up an irrigation experiment with one watered (W) and one unwatered
plot (UW) at a winter-grazed Leymus chinensis-steppe site in the Xilin River catchment, Inner Mongolia.
UW only received the natural precipitation of 2005 (129 mm), whereas W was additionally watered after
the precipitation data of 1998 (in total 427 mm). In the 3-hour resolution, we determined nitrous oxide
(N2O), methane (CH4) and carbon dioxide (CO2) fluxes at both plots between May and September 2005,
using a fully automated, chamber-based measuring system. N2O fluxes in the steppe were very low, with
mean emissions (±s.e.) of 0.9±0.5 and 0.7±0.5 µg N m−2 h−1 at W and UW, respectively. The steppe soil
always served as a CH4 sink, with mean fluxes of −24.1±3.9 and −31.1± 5.3 µg C m−2 h−1 at W and UW.
Nighttime mean CO2 emissions were 82.6±8.7 and 26.3±1.7 mg C m−2 h−1 at W and UW, respectively,
coinciding with an almost doubled aboveground plant biomass at W. Our results indicate that the ecosystem
CO2 respiration responded sensitively to increased water input during the vegetation period, whereas the
effects on CH4 and N2O fluxes were weak, most likely due to the high evapotranspiration and the lack of
substrate for N2O producing processes. Based on our results, we hypothesize that with the gradual increase
of summertime precipitation in Inner Mongolia, ecosystem CO2 respiration will be enhanced and CH4 uptake
by the steppe soils will be lightly inhibited.
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1. Introduction

China has about 3.9 million km2 of grasslands, cor-
responding to 40% of its land area (Su, 1994; Kang et
al., 2007). These grasslands mainly cover areas from
the northeastern plain adjacent to Mongolia, to the
southern Tibetan Plateau (Kang et al., 2007). The re-
gion is characterized by low mean, but highly variable

precipitation (Hou and Wulanbater, 2006). Poten-
tial evaporation rates exceed the precipitation by 4–5
times (Liang et al., 2003; Bai et al., 2004). It has been
reported that precipitation can regulate greenhouse
gas (GHG) fluxes well (Verchot et al., 2000; Helle-
brand et al., 2003; Davidson et al., 2004; McLain and
Martens, 2006). The resulting soil moisture changes
directly affect e.g. gas diffusion, the aerobic-anaerobic
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microsite distribution in the soil, substrate availabil-
ity, C and N turnover rates and thus, influence the mi-
crobial production and consumption of GHG (Chris-
tensen et al., 2004; Davidson et al., 2004; McLain and
Martens, 2006; Holtgrieve et al., 2006; Yahdjian et al.,
2006).

Precipitation data over the past 50 years do not
show a clear linear pattern for China as a whole, but
there are distinctive regional and seasonal trends visi-
ble. The summer precipitation significantly increased
in the Yangtze River valley, southeastern coast, Inner
Mongolia, northwestern China and the north part of
northeastern China (Zhang et al., 1994; You et al.,
2002; Gemmer et al., 2004; Zhai et al., 2005). In
broad parts of Inner Mongolia for instance, the an-
nual precipitation has gradually increased since 1950
(You et al., 2002). Thereby a significant summertime
(June–August) precipitation increase by nearly 70%
was observed for this province (as well as for the neigh-
bouring Republic of Mongolia) between 1980 to 1998
(Iwao and Takahashi, 2006). Despite lower summer
means during the following four years, these limited
data are still not sufficient to suppose a reversal of the
observed trend. Increasing summer and annual precip-
itation as well as more frequent extreme precipitation
events were also predicted by modelling for this region
(Gao et al., 2001; Lal and Harasawa, 2001; Gao et al.,
2002; Min et al., 2004; Zhang et al., 2006; IPCC, 2007).
Based on a regional climate model, Gao et al. (2001)
reported that summer precipitation in China would in-
crease by 19% with the scenario that the atmospheric
carbon dioxide (CO2) concentration was doubled. Min
et al. (2004) projected a precipitation increase by 4%–
5% (with larger change in summer precipitation) in the
2080s as compared with 1961–1990 over East Asia, us-
ing a multi-model ensembles method. IPCC (2007)
also predicted a likely increase in annual precipitation
by 9% at the end of the 21st century for East Asia with
the multiple model data. The significant changes in
precipitation frequency, amount and distribution may
affect GHG fluxes in the semi-arid steppes of China,
which, considering the huge steppe area, may cause a
feedback on the global climate change. However, ex-
perimental data, evaluating the influences of increased
precipitation on GHG fluxes in this region, are still
scarce. It was reported that seasonal and inter-annual
variations of nitrous oxide (N2O) fluxes in the steppe
of Inner Mongolia were more influenced by the distri-
bution of effective rainfall than by the total precipi-
tation amount (Du et al., 2006). But low measure-
ment frequencies (twice per week to once per month)
and likely problems with the accurate determination
of N2O concentrations (as discussed in Holst et al.,
2007a) make the evaluation of precipitation effects on

GHG exchange highly uncertain.
Therefore, we set up an irrigation experiment

to simulate a wet vegetation period at a winter-
grazed Leymus chinensis-steppe site in Inner Mongo-
lia, China, and conducted continuous, high frequency
measurements (3-hour interval) of N2O, methane
(CH4) and CO2 fluxes at one watered and one un-
watered plot during the vegetation period (May–
September) in 2005. Our objective was to characterize
the effects of increased water supply on N2O, CH4 and
CO2 fluxes in the semi-arid steppe.

2. Materials and methods

2.1 Experimental site and field treatments

Our measurements were conducted in the Xilin
River catchment, Inner Mongolia, at a so called winter-
grazed site (WG01) (43◦33.0′N, 116◦40.2′E). This site
(40 hm2) was set up for a long-term ecosystem study
in 2001 and is under management of the Inner Mongo-
lia Grassland Ecosystem Research Station (IMGERS:
43◦37.8′N, 116◦42.3′E). Here, grazing is forbidden dur-
ing growing seasons (May–September), but approxi-
mately 4–5 sheep hm−2 graze in the daytime between
November and April. Before 2001, the area was year-
round grazed with an intensity of < 2 sheep hm−2 for
more than 20 years.

WG01 is covered by a Leymus chinensis-steppe,
which is a typical semi-arid grassland type in North-
ern China. Stipa grandis P. Smirn. is the most
abundant species here. The soil is a calcic cher-
nozem, with a soil organic carbon content of ap-
proximately 25.9± 4.5 mg g−1, a total N content of
2.72± 0.44 mg g−1, a C:N ratio of around 9.5±0.4, a
mean bulk density of 1.09± 0.08 g cm−3 and, a pH of
approximately 6.7 ± 0.3 (±standard deviation) in the
uppermost 4 cm (Steffens et al., 2008). More details
about the experimental site and further soil charac-
teristics are described by Zhao et al. (2007) and Stef-
fens et al. (2008). In this area, the growing season
usually lasts from the end of May to late September
(Liang et al., 2001). The mean annual air tempera-
ture is 0.7◦C (1982–2005), with a monthly mean max-
imum of 19.0◦C in July and a minimum of −21.1◦C
in January. The total annual precipitation was 166
mm in 2005, of which approximately 80% fell between
June and August. During 1982–2005, the total annual
precipitation varied between 166 and 507 mm, with a
mean of 335 mm. 2005 was the driest year in last two
decades (meteorological data by IMGERS).

We set up two treatments to investigate the effects
of different water supply on CO2, CH4 and N2O fluxes.
One plot (110 m2) was additionally watered since June
13 (hereinafter referred as W), the other served as
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a control and only received the natural precipitation
(unwatered, UW). Irrigation water was taken from a
nearby well of a farmer. We manually irrigated using
watering pot during nightfall. W and UW were situ-
ated within a relatively flat area and 3–5 m away from
each other. In this way, we tried to minimize spatial
heterogeneity effects, so that soil conditions and likely
water flow patterns can be assumed to be compara-
ble at both plots. The watering followed the rainfall
amount and frequency of 1998. The amount of the
additional applied water was 298 mm (June: 28 mm;
July: 184 mm; August: 78 mm; September: 8 mm), so
that the total water supply (by natural precipitation
and irrigation) was 427 mm at W during the water-
ing period (13 June–30 September) in 2005. This is
approximately 231% higher as compared to UW (129
mm) and 72% higher than the average precipitation
during the same periods in 1982–2005 (average: 248
mm, range from 129 to 393 mm; data by IMGERS).

2.2 Measurement of CO2, CH4 and N2O fluxes

The biosphere-atmosphere exchange of N2O, CH4

and CO2 was continuously measured from 12 May to 9
September 2005, using a six-chamber automated mea-
suring system as described by Butterbach-Bahl et al.
(2004) and Werner et al. (2006). Three chambers were
used for each treatment. All chambers were fixed on
stainless steel frames, reaching around 10 cm into the
soil. To minimize chamber effects, all chambers were
moved between alternative positions on a bi-weekly
basis. Air samples were automatically taken from the
closed measuring chambers. CO2 concentrations were
analyzed using an infrared gas analyzer (LI-COR 820,
LICOR, Lincoln, USA). CH4 and N2O concentrations
were determined with a gas chromatograph (Texas In-
struments SRI 8610C, Torrance, CA, USA), equipped
with a flame ionization detector (FID) and an electron
capture detector (ECD). N2 (99.999% purity) served
as a carrier gas. In order to avoid cross-sensitivity of
N2O and CO2 inside the ECD cell, a pre-column filled
with CO2-absorbing ascarite (Sigma Aldrich, Munich,
Germany) was installed upstream of the detector and
renewed weekly. N2O, CH4 and CO2 concentrations
were calibrated every 1.5 hours, using a standard gas
(Air Liquide, Munich, Germany). Each calculated flux
was based upon five gas concentrations determined
during a 75-minute chamber enclosure period. After
calibration (15 min), all measuring chambers stayed
open for 1.5 hours and thus, we obtained a 3-hour
flux resolution. Daily mean CH4 and N2O fluxes were
calculated for each spatial replica as the arithmetic
mean of 8 fluxes per chamber, and for each plot as
the arithmetic mean of daily mean fluxes at 3 spatial
replicas. Due to the sensitive plant response to in-

creased air temperatures inside the closed translucent
chambers (photorespiration, stomata closure), CO2

fluxes were distorted during daytime. Thus, we only
present nighttime mean fluxes (2100–0400 LST) for
CO2, which were calculated for each spatial replica as
the arithmetic mean of 2 fluxes per chamber, and for
each plot as the arithmetic mean of nighttime mean
fluxes at 3 spatial replicas.

2.3 Auxiliary measurements

The air temperature (30 cm) inside of a chamber
was continuously recorded using a PT100 thermocou-
ple, attached to the automated measuring system. Soil
moisture contents (0–6 cm) were daily measured at
both plots, using a portable Theta Probe (ThetaKit,
Delta-T Devices, Cambridge, UK). Daily precipitation
and air pressure data were obtained from the mete-
orological station at IMGERS. Air pressure and air
temperature data were used for correcting N2O, CH4

and CO2 fluxes. We also determined the aboveground
plant biomass (dry weight) for both plots at the end
of the vegetation period (30 September).

2.4 Statistical analysis

Software packages SPSS 8.0 (SPSS Inc., Chicago,
USA) and Origin 7.0 (Origin Lab Corporation, USA)
were used for statistical data analysis. Linear or non-
linear regression was used to describe relationships
between soil moisture or air temperature and GHG
fluxes. Significance was tested by using an F -test
(for regressions) or by using the General Linear Model
for Repeated Measures to analyze differences in GHG
fluxes between W and UW.

3. Results

There was no significant difference in soil moisture
between the two plots until the start of the irrigation
on June 13 (Fig. 1a). Afterwards, the soil moisture at
W was significantly higher than at UW (volume water
content: 18.9 versus 9.0 vol%, p < 0.01; Table. 1).
Extremely low soil water contents (<3 vol%) occurred
at UW for 27 days during the observation period, but
never at W (Fig. 1b). The daily mean air tempera-
tures varied between 7.7◦C and 35.4◦C (Fig. 1c), with
a mean (±standard error) of 21.0◦C±0.5◦C. The high
water input at W significantly increased the above-
ground plant biomass as compared to UW (302.1±14.5
versus 160.9±26.4 g m−2, p < 0.01).

Daily mean N2O fluxes were close to zero at both
plots, showing net emissions as well as net uptake (Fig.
2a). They ranged from −7.4 to 17.3 µg N m−2 h−1,
without high variations within the measuring period.
Before and after the start of the watering, fluxes at
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Fig. 1. Temporal course of (a) precipitation and irriga-
tion, (b) soil moisture (0–6 cm soil depth) at the wa-
tered (W) and unwatered (UW) plots, (c) air tempera-
ture (chamber height: 30 cm).

both plots were not significantly different (Fig. 2a).
We observed mean emissions of 1.0±0.9 and 1.3±0.6 µg
N m−2 h−1 at W and UW before 13 June. After-
wards, mean emissions were 0.9±0.5 and 0.7±0.5 µg N
m−2 h−1 at W and UW, respectively, corresponding
to 0.08±0.04 and 0.06±0.04 kg N hm−2 yr−1 (Table
1). We did not find significant correlations between
soil moisture or air temperature and daily mean N2O
fluxes for the two plots, despite the fact that both en-
vironmental parameters varied over a large range (vol-
ume water content: 0.7–36.5 vol%; air temperature:
7.7◦C–35.4◦C).

The daily mean CH4 fluxes at both plots were well
below zero, and thus, both always functioned as CH4

sinks during the measuring period (Fig. 2b). The
uptake rates ranged from 6.7 to 51.0 µg C m−2 h−1,
showing a clear temporal variation. During the first
week of the measuring period, the uptake rates were
low (< 25 µg C m−2 h−1). High uptake rates were
observed between the end of May and the middle of

July. At the end of the measuring period, the uptake
rates sharply decreased at UW, whereas they increased
at W (Fig. 2b). Before 13 June, the mean uptake
was 34.7±4.6 and 35.7±8.9 µg C m−2 h−1 at W and
UW, respectively. Afterwards, the mean uptake was
24.1±3.9 and 31.1±5.3 µg C m−2 h−1 at W and UW,
respectively, corresponding to 2.1±0.3 and 2.7±0.5 kg
C hm−2 yr−1 (Table 1). The uptake rates at W were
slightly lower than at UW during the watering period
(Fig. 2b). However the differences were not statis-
tically significant. We occasionally (16–19 July, 9–11
August and 25 August–9 September) observed low up-
take rates at UW, coinciding with long periods of ex-
treme low soil moisture contents (<3 vol%) (Fig. 1b;
Fig. 2b, shaded regions). Excluding these low uptake
rates at UW, we found significantly linear correlations
between daily mean CH4 uptake and soil moisture at
both plots (p < 0.001) (Fig. 3a). Changes of soil mois-
ture explained 41% and 19% of the variations in daily
mean uptake at W and UW, respectively. We did not
find significant correlations between air temperature

 

 
Fig. 2. Temporal course of (a) daily mean N2O fluxes,
(b) daily mean CH4 uptake and (c) night-time mean CO2

emissions at the watered (W) and unwatered (UW) plots.
The arrow indicates the start of the irrigation. The net-
ted regions show the periods when drought stress inhib-
ited CH4 uptake at UW.
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Table 1. Mean N2O, CH4 and CO2 fluxes at both unwatered (UW) and watered (W) plots during the vegetation periods
in 2004 and 2005.

Year Treatment Water supply Soil moisture N2O fluxes CH4 fluxes CO2 fluxes
(mm) (vol%) (µg N m−2 h−1) (µg C m−2 h−1) (mg C m−2 h−1)

2005 UW 129 9.0 (0.9) 0.7 (0.5) −31.1 (5.3) 26.3 (1.7)

11.0 (1.1)a −35.9 (6.5)a

2004 UW 266 16.7 (0.6)b 1.2 (0.1)c −31.1 (5.4)b 41.3 (1.7)d

2005 W 427 18.9 (1.0) 0.9 (0.5) −24.1 (3.9) 82.6 (8.7)

a Values when drought stress on CH4 oxidation did not occur. bValues adapted from Liu et al. (2007). cValues adapted from Holst

et al. (2007a). dunpublished data. Data without superscript are observed by the study. Values in parentheses indicate standard

errors.

Fig. 3. Correlations of (a) daily mean CH4 fluxes and (b)
night-time mean CO2 fluxes with soil moisture (0–6 cm)
at the watered (W) and unwatered (UW) plots. Fitting
lines: (a) F = −35.5+0.6 M (n = 94, r2=0.41, p <0.001)
for W; F = −40.5 + 0.5 M (n = 80, r2 = 0.19, p < 0.001)
for UW. (b) F = 15.5 + 3.6 M (n = 90, r2 = 0.68, p <
0.001) for W; F = 13.0 + 1.4 M (n = 98, r2 = 0.42, p <
0.001) for UW. (F : CH4 or CO2 fluxes; M : soil mois-
ture, % by volume; n: sample number; r: Spearman rank
correlation coefficient; p: probability value)

and daily mean CH4 uptake for both plots.
As expected, we observed CO2 emissions during

night (Fig. 2c). Nighttime mean fluxes ranged from
10.3 to 166.8 mg C m−2 h−1 at W, and from 4.3 to
78.2 mg C m−2 h−1 at UW. They showed a clear sea-
sonal pattern at both plots. Low mean emissions (<30
mg C m−2 h−1) were determined for more than one
month until 15 June, when the first heavy rain event

occurred (precipitation > 10 mm d−1). Thereafter,
a sharp increase in CO2 emission was observed, with
high emissions between the middle of June and the be-
ginning of August. At the end of the measuring period,
CO2 emissions decreased (Fig. 2c). Before 13 June,
nighttime mean emissions were not significantly differ-
ent between the two plots (18.2 ± 2.0 and 15.9 ± 3.0
mg C m−2 h−1 for W and UW). During the watering
period, emission rates were significantly higher at W
than at UW (p < 0.01). We observed mean emissions
of 82.6±8.7 and 26.3±1.7 mg C m−2 h−1 at W and
UW, respectively, corresponding to 7235.8±762.1 and
2303.9± 148.9 kg C hm−2 yr−1 (Table 1). This corre-
sponds to a difference of 214.1% between W and UW
(p < 0.01). We found linear correlations between soil
moisture and nighttime mean CO2 emission for both
plots (p < 0.001) (Fig. 3b). However, the value of
each parameter of the regression line for W was higher
than that for UW (intercept: 15.5 vs. 13.0 mg C m−2

h−1; slope: 3.6 vs. 1.4 mg C m−2 h−1 10−2; Square of
spearman rank correlation coefficient: 0.68 vs. 0.42,
p < 0.1). We also found a significant exponential cor-
relation between air temperature and nighttime mean
CO2 emission for W (Fig. 4), whereas such a correla-
tion could not be found in case of UW.

4. Discussion

Previous studies have reported that high precipita-
tion significantly increases N2O and soil CO2 emissions
and decreases CH4 uptake in arable lands, forests and
pastures (Billings et al., 2000; Verchot et al., 2000;
Hellebrand et al., 2003; Davidson et al., 2004). In our
study, different water supply (129 and 427 mm) did not
result in a significant change in N2O fluxes. This re-
sult is further confirmed by considering the mean flux
at WG01 during the vegetation period 2004. Holst
et al. (2007a) determined N2O fluxes at WG01 in the
“normal” wet year, 2004 (total precipitation between
13 June and 30 September: 266 mm). As compared
with the dry year, 2005, the precipitation was 107%
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  Fig. 4. Correlations of night-time mean CO2 emissions
with air temperature (chamber height: 30 cm) at the
watered plot.

higher in 2004. However, the observed N2O fluxes are
not significantly different between the two years (Table
1). Obviously, the precipitation amount did not play
a significant role for N2O emissions during the veg-
etation periods. Generally, the observed fluxes were
always very low at this steppe site as compared to
other ecosystems (e.g., Huang et al., 2003; Tang et al.,
2006; Gu et al., 2007). Several reasons are to be con-
sidered. First, the soil total N content, which almost
exclusively consists of organic N (Holst et al., 2007a;
Steffens et al., 2008), is quite low in this steppe as com-
pared to many other ecosystems (Huang et al., 2003;
Horváth et al., 2006; Hyde et al., 2006). The perma-
nent removal of biomass-N by grazing and the lack of
additional N application might partly contribute to the
low soil N content. N-deficiency may inhibit microbial
N2O producing process and thus, N2O fluxes as well as
microbial nitrification and denitrification were not sen-
sitive to the changes of temperature or soil moisture.
Nitrification is the main source for N2O production
in the semi-arid steppe (Du et al., 2000; Xu-Ri et al.,
2003). In our previous work (Holst et al., 2007a), we
observed the nitrification rates at WG01 during the
growing seasons of the wet year, 2004, and the dry
year, 2005. The mean soil moisture content in 2004
was 9.1 vol% higher than in 2005 (p < 0.01). However,
nitrification rates were not significantly different be-
tween the two years (0.8±0.2 and 0.5±0.1 mg N kg−1

SDW d−1; SDW: soil dry weight). Secondly, other pro-
cesses, e.g., plant and microbial NH+

4 -immobilization
(Schimel et al., 1986; Del Prado et al., 2006) and, at W,
N losses via NH3 volatilization (Milchunas et al., 1988;
Del Prado et al., 2006) might play an important role
in this steppe ecosystem and thus, prevent a further
turnover of ammonium via N2O producing processes.
Plant immobilization is probably especially high at W,
since the aboveground plant biomass almost doubled

there as compared to UW (302 and 161 g m−2 for W
and UW). Thirdly, the N2O (from atmosphere or soil
microbial production) might be consumed by denitri-
fying bacteria within anaerobic soil microsites, and is
then further metabolized to N2. At high soil NO−3
concentrations, NO−3 is preferred to N2O as an elec-
tron acceptor (Singh, 2000). However, N2O can be
an alternative electron acceptor in soils with low NO−3
contents and high O2 availability (Robertson et al.,
1995; Wrage et al., 2001). Rosenkranz et al. (2006)
observed uptake or low emissions of N2O in a Mediter-
ranean pine forest soil with low NO−3 content (0–5 cm,
< 1 mg N kg−1 SDW). The authors assumed that aer-
obic denitrification consumed N2O in the soil, which
resulted in the net uptake or low emissions. In our
case, the soil NO−3 content (0–6 cm) was also very low
(mean during vegetation period: 1.59±0.15 mg N kg−1

SDW, Holst et al., 2007a). We suppose that the aer-
obic N2O consuming process might also occur in the
steppe soil.

Increased water supply slightly decreased CH4 up-
take rates at W, which is probably due to hampered
substrate availability for CH4 oxidation in the soil. It
has been reported that gas diffusion rates are 10,000
times slower in water than in air (Boeckx and van
Cleemput, 2000) and thus, CH4 oxidizing bacteria lack
of sufficient CH4 and O2 supplies in a wet soil. This
conclusion is also confirmed by other studies (Helle-
brand et al., 2003; Werner et al., 2006). To evaluate
the effect of different precipitation amounts on CH4

uptake in this steppe region, we took, besides the CH4

data of 2005, uptake rates at WG01 in 2004 (Liu et
al., 2007) into our considerations. It is clear that the
mean CH4 uptake does not significantly differ between
plots and years, despite the highly varying precipita-
tion (Table 1). One might assume that drought stress,
which occurred at UW in 2005 (Fig. 2b), inhibited the
physiological activity of CH4-oxidizers and thus, pre-
vented a higher mean uptake in such a low water input
condition. This kind of CH4 suppression is well known
(e.g., Schnell and King, 1996; van den Pol-van Dasse-
laar et al., 1998; Borken et al., 2006). Under exclusion
of these drought stress periods, we observed slightly,
but significantly decreased mean uptake rates with in-
creased precipitation (p < 0.1) (Table 1). However,
the uptake differences are still small (see error bars;
Table 1). This almost insignificant effect of even a 300
mm precipitation difference on the CH4 uptake can
be explained with the high evapotranspiration rates in
this steppe region. Here, the annual potential evap-
oration is approximately 1700 mm, five times higher
than the annual precipitation (Liang et al., 2003; Bai
et al., 2004). Due to the much higher plant biomass at
W, the transpiration may also be higher at W as com-
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pared to UW. Thus, a significant part of the increased
water input is lost by evapotranspiration. In our study,
the water input was 231% higher at W as compared to
UW, but this only caused a by 110% higher soil mois-
ture at W (corresponds to an increase of 9.9 vol%).
The low soil moisture increase is obviously not enough
to cause a strong decrease in CH4 uptake due to gas
diffusion inhibition.

Thus, there are two opposite effects of higher pre-
cipitation on CH4 uptake in the steppe. On one hand,
higher precipitation will reduce the CH4 uptake due
to gas diffusion inhibition, since clear correlations be-
tween uptake rates and soil moisture were also found
for our plots. On the other hand, it will reduce the like-
lihood of drought stress events in this area and thus
increase CH4 uptake during dry periods.

Increased water supply significantly increased the
nighttime CO2 emissions. We observed maximum
emissions up to 167 mg C m−2 h−1, which were com-
parable to emissions measured by the eddy covari-
ance technique in this area (Hao et al., 2006). Water
is the main limiting factor for the vegetation in the
semi-arid Inner Mongolian steppe (Xiao et al., 1995,
1996). Higher water availability resulted in signifi-
cantly increased aboveground, and certainly also be-
lowground biomass at W as compared to UW (above-
ground biomass: 302 versus 161 g m−2), inducing en-
hanced plant respiration. Higher water availability
may also stimulate microbial decomposition rates in
semi-arid soils (Yahdjian et al., 2006), and thus the
CO2 production. Therefore, the high nighttime CO2

emissions at W should be the result of enhanced plant
and microbial respiration.

The water amounts, received by UW and W in our
study, represent the lower and approximately the up-
per borders of precipitation in the region during the
vegetation periods (1982–2005: 129–393 mm). We ob-
served the different responses of N2O, CH4 and CO2

fluxes to the different water availability. The effects of
increased summertime precipitation on N2O emissions
are negligible, probably due to a general lack of sub-
strate availability for N2O-producing processes in the
semi-arid steppe (Holst et al., 2007b). It seems possi-
ble that the CH4 uptake by soils will be lowered with
further increasing summertime precipitation. How-
ever, the total decrease in sink strength will probably
not be very intensive, since the evaporation in this re-
gion is very high and increased plant biomass (under
higher water availability) will also result in enhanced
transpiration. A considerable part of the increased
precipitation will get lost by evapotranspiration. Fur-
thermore, the reduced drought stress on CH4 oxidation
in high precipitation conditions will also partly com-
pensate for the reduction. The ecosystem respiration

will be enhanced with the increase of water availabil-
ity. Considering the much higher aboveground plant
biomass at W, we also assume that the net ecosystem
CO2 uptake will be facilitated with increasing precip-
itation.

5. Conclusion

We set up an irrigation experiment and conducted
high frequency measurements (at a 3-h interval) to in-
vestigate the effects of different water supply on fluxes
of N2O, CH4 and CO2, since increasing precipitation
was observed and further predicted for the Inner Mon-
golian steppe region. Increased water supply signifi-
cantly increased nighttime CO2 emissions and lightly
inhibited CH4 uptake, whereas effects on N2O fluxes
were not detectable. Higher water availability in this
semi-arid region is positive for plant growth and mi-
crobial activity, and therefore resulted in an enhanced
CO2 respiration. The CO2 sink strength may also in-
crease during the vegetation period since the above-
ground plant biomass was significantly higher under
high water supply in this area. The reduction of CH4

uptake in the high precipitation case was not intensive,
due to high evaporation and likely enhanced transpi-
ration rates under wetter conditions. The reduction
may also be partly compensated by reduced drought
stress on CH4 oxidation in the high precipitation sce-
nario. The missing response of N2O fluxes to different
water supplies is attributed to N substrate deficiency
for N2O-producing processes and N2O consuming by
aerobic denitrification.
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