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It is crucial to understand the effects of enhanced nitrogen (N) deposition on soil methane (CH,4) uptake to
develop a better comprehension of carbon (C) dynamics in terrestrial ecosystems. A two-year field study
was conducted to assess the effects of various forms of N (NHZ and NO3') and associated N deposition
rates (0, 10, 20 and 40 kg N ha~ ' yr— ') on alpine meadow soil CH, fluxes on the Qinghai-Tibetan Plateau,
China. Soil CH4 fluxes, soil temperature, and soil moisture were monitored weekly using the static chamber
technique and gas chromatography. Soil inorganic N pools, soil pH and aboveground biomass were measured
monthly to examine the key controlling factors of soil CHy flux. Our results showed that N addition significantly
promoted plant growth and changed soil water-filled pore space (WFPS), but did not alter soil inorganic N
storages over the short term. Low rates of N addition significantly decreased the seasonal amount of CH, uptake
by 8.6% compared with the control. Soil CH,4 fluxes were mainly determined by soil WFPS, followed by inorganic
N availability. N addition increased the contribution of soil WFPS, pH and soil NO3 storage. The observed reduction
in CH,4 uptake caused by N addition may be largely due to a decrease in physical diffusion, as the biochemical
inhibition effects on methanotrophic bacteria are minor. These results suggest that soil inorganic N is a regulatory
factor of soil CH4 uptake, and its promotion or inhibition to soil CH4 uptake depends on the N status in terrestrial
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ecosystems.
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1. Introduction

Methane (CH4) is a powerful greenhouse gas and contributes to
approximately 17% of global warming, with a relative global warming
potential 23 times that of CO, on a molar basis (Parry, 2007). Over the
past 200 years, human activities such as fossil fuel exploration, rice
production, large-scale animal husbandry of ruminants, biomass
burning and landfill gas emission have resulted in an increase of
atmospheric CH4 concentration by 148%, which is currently increasing
by about 0.9% yr—! (Parry, 2007). Meanwhile, atmospheric CH, reacts
with hydroxyl radicals (OH) in the troposphere and transfers to the
stratosphere, accounting for 84% and 7% of the global CH,4 sink, respec-
tively (Dutaur and Verchot, 2007). Also, uptake of CH,4 by aerobic soils
removes a significant amount from the atmosphere (10-44 Tg yr— 1),
and accounts for up to 10% of the global CH,4 sink (Lowe, 2006). However,
there is evidence that increases of atmospheric nitrogen (N) deposition
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can significantly decrease CH,4 uptake by soils (Liu and Greaver, 2009),
which may also contribute to increasing atmospheric CH4 concentrations.

N addition may increase (Saari et al,, 2004; Veldkamp et al., 2001),
decrease (Domingues et al., 2007; Liebig et al., 2008; Mosier et al.,
1998) or have no effects on (Phillips and Podrebarac, 2009; Sawamoto
et al.,, 2010; Van den Pol-van Dasselaar et al., 1999) CH,4 uptake from
grassland ecosystems, appearing to depend on the form and the rate
of N addition, as well as on soil properties (Rigler and Zechmeister-
Boltenstern, 1999). Serious debates have focused on the role of NHZ
and NOs™ on soil CH4 consumption. Many studies have demonstrated
that elevated soil NHf may significantly reduce CH, oxidation rates
(Bodelier and Laanbroek, 2004). However, several studies reported
that NO3, rather than NHZ, had the greatest inhibitory effect on CH,4
oxidation in forest soils (Reay and Nedwell, 2004; Wang and Ineson,
2003; Xu and Inubushi, 2004; Xu and Inubushi, 2007). Unfortunately,
most studies on the response of soil CH4 uptake to the forms and rates
of N addition have been conducted using soil core incubation in a
laboratory, which differs from N addition experiments done in the
field. Also, all of these studies were focused on temperate forest
ecosystems (Reay and Nedwell, 2004; Wang and Ineson, 2003; Xu
and Inubushi, 2004; Xu and Inubushi, 2007), with no data available
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from alpine meadow ecosystems. Overall, the patterns and intrinsic
mechanisms of how NO3 and NHZ affect CH, uptake in grassland
ecosystems remain unclear.

As the largest grassland unit on the Eurasian continent, the Qinghai-
Tibetan Plateau is averagely situated at 4000 m above sea level, and
covers an area of approximately 2.5 million km? (Yang et al,, 2008).
Soil carbon (C) storage for 1 m in depth is estimated to be 4.68 Pg C,
accounting for about 1/10 of total soil C storage in China (Yang et al.,
2008). Due to an increase in regional economic development as well
as long-range transport of atmospheric reactive N, atmospheric N depo-
sition is very obvious in the eastern Qinghai-Tibetan Plateau, ranging
from 4 to 13.8 kg N ha~ ! yr~! (Liu et al, 2013; Lii and Tian, 2007).
Chronic N deposition can significantly change the soil CH, uptake
over the short term (C. Jiang et al., 2010), and can further offset C se-
questration in the entire alpine meadow ecosystem (Fang et al.,
2012). To clarify CH,4 uptake in the alpine meadow system within
the context of increased N deposition, it is necessary to explore the
responses of soil CH4 uptake by the different forms and the rates of
N addition.

We hypothesized that NO3™ and NHZ played different roles to soil
CH4 uptake. This hypothesis was tested by conducting a two-year N
addition experiment in an alpine meadow on the Qinghai-Tibetan
Plateau. The main purposes of this paper are: (1) to examine the effects
of the forms and rates of N addition on soil variables (soil temperature,
water-filled pore space (WFPS), inorganic N pools and pH) and above-
ground biomass; (2) to quantify the effects of the forms and rates of N
addition on CH,4 uptake in the alpine meadow soil; and (3) to investigate
which factors are responsible for changes in CH, uptake from the alpine
meadow soil induced by N addition.

2. Materials and methods
2.1. Study site

The experiment was conducted at the Haibei alpine meadow
ecosystem research station, Chinese Academy of Sciences (37°37’ N,
101°19’ E), located in the eastern of Qinghai-Tibetan Plateau. The site
is subjected to a plateau monsoon climate. Weather data collected
between 2008 and 2009 at the meteorological station showed a mean
annual air temperature of —0.4 °C, with an overall minimum and
maximum of —23.2 °C (January) and 14.5 °C (July), respectively.
The annual average precipitation was approximately 383.3 mm, of
which 85.6% occurred in May and September (Fig. 1). The vegetation
type is a typical Kobresia humilis meadow. Dominant species are Kobresia
humilis, Saussurea superba, Potentilla saundersiana, Leontopodium nanum,
Lancea tibetica, Festuca ovina, Festuca rubra, Stipa aliena, Elymus nutans,
Helictotrichon tibetica, Koeleria cristata and Poa crymophila (Cao et al.,
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Fig. 1. The annual patterns of the daily average temperature and precipitation of the study
site in 2008 and 2009.

2008). The soils developed in the Kobresia meadow are Mat-Gryic
Cambisol (Cao et al., 2008).

2.2. Experimental design

The N addition experiment is a split plot design with N levels defining
the main plots and N forms as subplots. Three N fertilizers (NH4Cl,
(NH4)2S04 and KNO3) were applied as three levels (10, 20 and 40) of
kg Nha='yr~'. A control (0 kg N ha~'yr~!) was set at each plot
and each N treatment had three replicates. Each plot had an area of
9m? (3m x 3 m) and a 2 m isolation band was set between plots.
The N addition experiment started on May 1, 2007. N fertilizer solutions
were sprayed on the plots once a month, totally 12 equal applications
over the year. Control plots received equivalent applications of water
only. All plots are in the winter pastures, not grazed in the growing
season, and grazed in non-growing season.

2.3. CHy flux measurement

Over the two growing seasons (from May to September) of 2008 and
2009, the soil CH,4 fluxes were determined using the static chamber and
gas chromatography method (Wang and Wang, 2003). At each plot, a
stainless square box (length x width x height = 50 cm x 50 cm X
50 cm), made up of one collar and one chamber, was installed. Gas
samples were collected weekly between 9:00 AM and 11:00 AM
(China Standard Time, CST) by fitting the chambers to the collars and
removing headspace samples at ten-minute intervals over a 30-min
period. Within 24 h following gas collection, the CH4 concentrations
were analyzed on a gas chromatograph (HP Series 4890D, Hewlett
Packard, USA), equipped with a flame ionization detector (FID). The
CH, fluxes were calculated, using chamber air temperature, barometric
air pressure and the slope of the temporal change in CH4 concentration
within the chamber headspace (Wang and Wang, 2003). The seasonal
amount of CH4 uptake can be calculated using the following equation
(J. Jiang et al., 2010):

n
ZO.S x (Fi+ Fiyq) x (ti1—t;) x 24
i1

1000

ECH4 =

where, Ecpy is the seasonal amount of CH, uptake (g CHs m™2), F; and
F; 4 1 are the CH4 fluxes of the i-th and i + 1-th measurement (mg
CH, m—2h™"), the term of (t; . ; — t;) denotes the days between
two adjacent days of the measurements, n is the total times of the
measurements, and 24 is the number of hours per day.

Parallel to the flux measurements, soil temperature was recorded at
the soil surface, 5 cm, and 10 cm belowground. Soil moisture was
recorded at the 10 cm depth. Due to the proximity of the four subplots
(<10 m apart) and the simultaneous collection of air samples, soil
temperature in the four subplots is considered to be the same. Volumetric
soil moisture was transformed to water-filled pore space (WFPS):
WEFPS = volumetric soil moisture / (1 — bulk density / 2.65) (C. Jiang
et al, 2010).

24. Field sampling and measurements

On the 15th day of each month during the two growing seasons,
cores of mineral soil nearby the gas chambers were taken at 10 cm
intervals to a depth of 50 cm using an auger (2.5 cm in diameter).
Four core sets were collected at each plot and like depths were
homogenized to obtain a sample. Soils were immediately passed
through a 2 mm sieve to remove roots, gravel and stones. Sub-
samples of each depth interval were extracted to determine NHZ -N
and NO3-N concentrations using a continuous-flow autoanalyzer
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(Bran Luebbe, Germany). Soil inorganic N storages (SIN, g m~2) at each
plot were calculated using the following equation:

5
SIN =" C;x BD; x 0.1

i=1

where, SIN is the storage of inorganic N at a plot (mg m~2), G; is the
concentration of inorganic N in the i-th horizon (mg kg~ '), BD; is soil
bulk density of the i-th horizon (g cm~3), and 0.1 is the conversion
factor.

Soil pH was determined in a 1:2 soil:water suspension using a stan-
dard pH meter (Mettler Toledo, Switzerland). In addition, aboveground
biomass at each plot was measured by clipping vegetation at the ground
level, drying plants at 60 °C to a constant mass, and weighing.

2.5. Statistical analysis

Repeated measurement analysis of variance was used to test the
differences of soil temperature, WFPS, pH, inorganic N storages,
aboveground biomass and CH,4 fluxes among the different forms
and rates of N addition. Comparisons of the means were conducted
using the Tukey's HSD test. Simple and multiple stepwise regression
analyses were used to examine the relationships between soil CHy
fluxes and related environmental variables. All statistical analyses
were conducted using the SPSS software package (version 16.0).
Statistical significant differences were set with p values < 0.05 un-
less stated otherwise.

3. Results
3.1. Soil CH, uptake

The alpine meadow ecosystem behaved as a net sink of atmospheric
CH,4 during the growing seasons in 2008 and 2009. Soil CH4 fluxes
varied as a single-peak pattern, and the maximum occurred in
early August 2008 (Fig. 2a-c). However, in 2009, the seasonality of
soil CH, fluxes weakened (Fig. 2a-c). In the control plots, the CHy4
uptake fluxes from the alpine meadow ecosystem averaged
31.1 + 3.5 ug CHy m—2 h™ !, which was converted into the seasonal
amount of 104.69 + 5.60 g CH; m~2 (Table 1). N addition tended to
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Fig. 2. Seasonal variations of soil CH4 fluxes in low (a), medium (b), and high (c) N
treatments.

inhibit soil CH4 uptake, especially in medium N treatments (Table 1).
N addition decreased the seasonal amount of CH, uptake by —1.9% to
18.5% without considering N addition types, with a mean of 8.6%
(Table 1).

3.2. Soil temperature and WFPS

During the entire growing season, the soil surface temperature
fluctuated greatly (Fig. 3a-c). Soil temperature at the 5 cm and
10 cm depths exhibited a mono-peak change, ranging from 3.2 to
15.9 °C (Fig. 3a-c). The maximum soil temperature occurred at the
end of July (Fig. 3a-c). There was no significant difference in soil
temperature from the surface, 5 cm or 10 cm depths among the
different N addition rates (Table 1).

In contrast to soil temperature, soil WFPS exhibited an overall
single-pit pattern in 2008. The high WFPS values were recorded in
early May and at the end of September, and fluctuated violently in the
other months (Fig. 4a-c). Among the different types of nitrogenous
fertilizers, soil WFPS showed a similar trend, with low and high
rates of N addition trending to decrease soil WFPS, while medium
N significantly increased soil WFPS (Table 1). In addition, the effect
of NO3 -N fertilizer on soil WFPS seemed to be stronger than those
of NHf -N fertilizers (Table 1).

3.3. Soil NHf -N and NO3 -N pools

The pool of soil NHf-N peaked in June, and either August or
September, and obviously dropped in July (Fig. 5a-c). In the control
plots, soil NHZ -N storage in the alpine meadow ranged from 1.83 to
7.86 ¢ m~2, with an average of 4.01 + 0.30 g m~2 (Fig. 5a-c). N addi-
tion was seen to both deplete and accumulate soil NHZ -N pool, despite
the fertilizer form, but the difference between N addition plots and
control plots was not significant after three-year N addition (Table 1).

The monthly variation of soil NO3 =N pools was not consistent with
that of soil NHZ -N pools. The peaks of soil NO3 -N pools occurred in
June or July, and minimum values occurred in August or September
(Fig. 6a-c). In the control plots, soil NO3 =N pools in the alpine meadow
soils ranged from 0.59 to 3.14 g m~2, with an average of 1.47 +
0.12 g m~2, which was significantly lower than that of soil NHf -N
pool (Table 1). In 2008 and 2009, soil NO3 -N pool accumulated in a
positive trend with N addition; moreover, the cumulative effect of
NO3 -N fertilizer was slightly higher than those of NHZ -N fertilizers
(Table 1). However, the difference between N addition treatments and
control was not significant (Table 1).

3.4. Aboveground biomass

Aboveground biomass was lowest in May, then gradually increased
and reached its maximum in August, after which it began to decrease
(Fig. 7a-c). In the control plots, aboveground biomass in the alpine
meadow ranged from 147.6 to 581.3 g m~2, with an average of
356.4 4+ 9.9 g m~ 2 (Fig. 7a—c). Three levels of N addition consistently
increased aboveground biomass during the growing seasons of 2008
and 2009; moreover, the positive effect of N addition on plant growth
significantly increased with the N addition rate (Table 1).

3.5. Soil pH

Throughout the growing season, soil pH did not vary dramatically
(Fig. 8a-c). In 2008, N addition tended to decrease soil pH, especially
in the high N plots (Fig. 8a-c). In 2009, N addition significantly
decreased soil pH values in the forms and levels of nitrogenous fertilizer
addition (Fig. 8a—c). The decline of soil pH caused by N addition ranged
from 0.07 to 0.21 units without considering N addition forms (Table 1).
Moreover, the decrease of soil pH values caused by NO3 -N fertilizer
was higher than that caused by NHf -N fertilizers (Table 1).
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Table 1
The seasonal amount of soil CH, uptake and relevant soil properties in different N treatments over the two growing seasons of 2008 and 2009.
N level N form Seasonal CHy4 Soil temperature (°C)* Soil WFPS Soil NHf -N Soil NO3 -N Aboveground Soil pH*
uptake (m®>m—3)? pool pool biomass
(g CH, m—2)° Surface 5cm 10 cm (g m=2)* (g m=2)* (g m=2)
Control Control 10469 + 560a 137+ 07a 924+ 06a 93+07a 0374+002b 401 +030ab 147 +012a 3564 +99b 737 4+ 002a
Low N NH,CI 10668 + 1.56a 130+ 08a 92+ 06a 92+06a 0354+003b 381 +056b 153+ 016a 3760+ 72ab 7.29 4 0.09ab
Low N (NH4)2SO4  103.83 + 6.99 a 035+ 003c 430+ 061lab 158 +0.17a 3971 +£76a 730+ 007ab
Low N KNO; 104.52 + 3.19a 0344 003c 381 +£056b 178+ 0.18a 3906+ 73ab 7.24 £0.17ab
Medium N NH4Cl 85314+ 9.76b 135+ 05a 944+ 06a 93+07a 0394 002ab 423 +£060ab 144 4+0.18a 3783 +6.7ab 7.30 £ 0.08 ab
Medium N (NH4),SO4  93.78 + 691 ab 039 + 003ab 428 4+ 062ab 1.65 £ 0.19a 398.8 4 6.9a 7.32 £+ 0.08 ab
Medium N KNOs 87.37 £ 087b 040 + 002a 420+ 064ab 1.68 +£020a 4048 +81a 7.15+0.13b
High N NH,CI 9459 4+ 822ab 138+ 09a 964+ 05a 95+07a 0364 002bc 454+ 061a 1.624+0.18a 39074+ 7.0ab 7.28 £ 0.03ab
High N (NH4)2SO4  94.17 + 1.18 ab 035+ 003c 4154+ 058ab 158 £ 0.17a 4008 & 7.7a 7.27 £+ 0.05 ab
High N KNO; 91.05 + 4.22 ab 034 +£002c 385+ 056b 1.66 + 0.16a 4098 + 7.1a 719 £ 0.10b

@ Data are shown as means with standard errors; different lower case letters in a column indicate significant differences between treatments at p < 0.05.

3.6. Relationships between soil CH, fluxes and environmental variables

Soil CH4 fluxes were positively correlated with soil temperature at
the 5 cm depth, while negatively correlated with soil WFPS at the
10 cm depth (Fig. 9a-b). The relationships between soil CH, fluxes
and soil WFPS could be well fitted with an exponential decay equation
(Fig. 9b). Although soil CH4 uptakes were positively correlated with
soil NO3-N and NH{-N pools, only the relationships between CH,
fluxes and soil NO3 -N pools were significant (Fig. 9c-d and Table 2).
These results showed that soil drought and NO3-N accumulation
contributed to soil CH4 consumption. Also, the relationships between
soil CH4 fluxes and aboveground biomass values were fitted by a
quadratic equation (Fig. 9e-f), suggesting that vegetation has positive
and negative effects on soil CH, uptake. Except for control plots, soil
CH,4 fluxes at the N addition plots were positively correlated with soil
pH, suggesting that soil acidification caused by N addition could inhibit
soil CH,4 uptake. In the control plots, soil WFPS, temperature, above-
ground biomass and NO3 -N pool could explain 38.5%, 23.4%, 12.7%
and 3.7% of the variation of soil CH4 uptakes, respectively (Table 2). N
addition tended to increase the contributions of soil WFPS, pH and
NO3 pool to CH4 uptake, which could be reflected by regression
coefficient (R?) values (Table 2). Multiple stepwise regression analysis
indicated that soil CH, fluxes were mainly controlled by soil WEPS,
followed by soil NHZ -N and NO3 -N pools at the control plots
(Table 2). However, only soil WFPS and NO3 -N pool dominated
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Fig. 3. Monthly variation of soil temperature in low (a), medium (b), and high (c) N
treatments.

soil CH4 uptakes at the N addition treatment plots (Table 2). Therefore,
our results suggest that the decreasing physical diffusion by soil WFPS
rather than biochemical inhibition by other variables was responsible
for the decrease in soil CH, uptake.

4. Discussion
4.1. Comparisons with other studies

Under natural conditions, the alpine meadow ecosystem is a sink
of atmospheric CH4. The average CH, uptake flux during the
study period (31.1 & 3.5 ug CH; m~2 h™") is close to the values
(26-30 pg CHy m~2 h™!) reported by other studies at the same
site (Cao et al., 2008; Lin et al.,, 2009). However, the fluxes of CH, uptake
are lower than fluxes reported in alpine steppe grasslands in the middle
Tibetan Plateau, China (63.4-70.2 ug CH; m~2 h™!, Wei et al, 2012),
the alpine grassland of the Tianshan Mountains, China (54.2 +
6.9 ug CHy m~2 h™!, Li et al,, 2012) and the alpine dry meadow in
the Eastern Alps (41.7-87.5 ug CH; m~2 h™!, Koch et al,, 2007).
CH,4 fluxes are significantly correlated with soil moisture (Fig. 9),
and the difference in moisture availability is likely to be the most impor-
tant driver of soil CH, fluxes in these alpine grasslands (Sjogersten
et al., 2012). The soil moisture in the Haibei alpine meadow (37%)
was higher than those in the above study sites (less than 30%),
which is the main reason for the lower soil CH4 uptake.
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Fig. 4. Monthly variations of soil WFPS in low (a), medium (b), and high (c) N treatments.
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Similar to many N addition experiments in grassland ecosystems
(Domingues et al., 2007; Liebig et al., 2008; Mosier et al., 1998), CH,
uptake in the alpine meadow system is significantly inhibited by N
addition over the short-term. This differs from some studies saying
that N addition does not significantly affect or promote soil CH4 uptake
(Phillips and Podrebarac, 2009; Sawamoto et al., 2010; Van den Pol-van
Dasselaar et al., 1999). Moreover, the rates of N addition in our study
were lower than those in the above studies, suggesting that the alpine
meadow ecosystem is very sensitive to increased N deposition. The
fact that N addition is inhibiting the CH, uptake implies that the Tibetan
Plateau may remove less CH4 under future increased nitrogen deposition
conditions.
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4.2. Effects of soil WFPS on CH,; uptake

Theoretically, the variation of soil moisture content depends on the
dynamic balance between the input by precipitation and the loss by
ecosystem evapotranspiration in semiarid alpine meadow ecosystems.
In the study, precipitation was the same among the plots, and thus the
differences in soil moisture content among the different N addition
plots could be attributed to differences in ecosystem evapotranspiration
among the plots. Ecosystem evapotranspiration is positively correlated
with soil moisture (St Clair et al,, 2009). N fertilizer application generally
not only increases plant primary production and decreases species
diversity, but also increases evapotranspiration (Sonnleitner et al.,
2001). Our study showed that low and high N addition tended to
decrease soil moisture, which could be related to the increase of
ecosystem evapotranspiration. However, the responses of soil moisture

70 | —e— Control —=— (NH4)»S0y4
+ NHyCl o KNOj3

Soil pH

08/5
08/6
08/7
08/8
08/9
08/10
08/11
09/5
09/6
09/7
09/8
09/9

Measuring date

Fig. 8. Monthly variations of soil pH in low (a), medium (b), and high (c) N treatments.
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Fig. 9. Relationships between soil CH, fluxes and soil temperature, WFPS, inorganic N pools, pH and aboveground biomass.

to N addition are ambiguous—including positive (Fang et al., 2012),
negative (Inouye, 2006), and neutral (Xia et al., 2009) results. Therefore,
the driving mechanism behind this pattern needs to be examined
further.

Because diffusion of CH, in water is 104 times slower than in air
(Marrero and Mason, 1972), soil moisture controls the mass flow of
air and diffusion of atmospheric CH, into the soil by altering the WFPS
of soils (Domingues et al., 2007; Lin et al., 2009). The temporal variation
in CH4 uptake from each plot was consistent with that of soil WFPS
(Figs. 2 and 4). Moreover, the fluxes of CH, uptake from N addition
plots and control plots were significantly related to soil WFPS (Fig. 8b
and Table 2). N addition usually stimulates vegetation growth in terres-
trial ecosystems, and the subsequent changes in evapotranspiration
enhance or lower soil WFPS, leading to higher or lower diffusion of
CH4 and O, into the soil (Veldkamp et al., 2001). In our study, medium
N addition significantly increases soil WFPS, which corresponds to the
significant decrease in soil CH4 uptake (Table 1). Compared with other
variables, soil WFPS plays a more important role in CH4 uptake based
on multiple regression results. This implies that physical diffusion
dominates the direction and magnitude of the CH4 uptake variation
caused by N addition. Moreover, the determination coefficient (R?)
between CH, uptake fluxes and soil WFPS values increases from
38.5% at control plots to 43.4-47.2% at N addition plots (Table 2),
suggesting an increasing contribution of soil WFPS to the variation
of CH,4 uptake induced by N addition.

4.3. Effects of soil NHf -N variation on CH, uptake

Previous studies have shown that CH,4 oxidation in grassland soils
can be inhibited by the addition of NHf-N fertilizers (Chan and
Parkin, 2001; Dittert et al., 2005; Jacinthe and Lal, 2006), probably
because (1) NHi competes with CH, for the same active site on
the CH, monooxygenase of methanotrophs (Carlsen et al,, 1991). (2)
NHZ oxidizes to the intermediate hydroxylamine (NH,OH) by CH,4
monooxygenase, or to its further oxidation by other enzyme systems
of the methanotrophs to the end product nitrite (NO3 ). Hydroxylamine
and nitrite in turn might lead to intoxication of CH,4 oxidizers (Schnell
and King, 1994). (3) Indirect effects of N-treatments, such as high
osmotic pressure, could have killed methanotrophs (Bodelier and
Laanbroek, 2004). Generally, the oxidation of methanotrophic bacte-
ria is optimally active at low osmotic stress (Saari et al., 2004). (4) N
addition probably increases soil CH4 emission to offset CH, uptake.
Higher litter input under N enrichment alleviates C limitation to
microbes (Bodelier and Laanbroek, 2004). As a result, the activities
of methanogenic archaea are enhanced and more CH, is produced
(Bodelier and Laanbroek, 2004).

However, in this study, it seems that decreased CH, uptake is likely
to be unrelated to any competitive inhibition of monooxygenase by
NHZ4 and toxic inhibition by hydroxylamine or nitrite. The relatively
insignificant or positive effect of NHf on CH, uptake observed here
may be attributed to the following aspects. First, the alpine meadow
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Table 2
Regression model between soil CH, fluxes and environmental variables.

N addition rates®  a b c d p R?

(a) Fena = a=Ts + b

Control 2.04 11.03 <0.0001 0.234
Low N 227 6.20 <0.0001 0.266
Medium N 2.26 7.04 <0.0001 0210
High N 2.54 3.12 <0.0001 0253

(b) Feng = a + exp(—b « WFPS)

Control 7227 1.62 <0.0001 0.385
Low N 86.51 233 <0.0001 0434
Medium N 82.74 2.00 <0.0001 0472
High N 85.36 215 <0.0001 0449
(c) Fcng = a+«NHf +b

Control 04341  0.0006
Low N 0.1508 0.0154
Medium N 0.1436  0.0165
High N 0.3034 0.0011
(d) Fena = a+ NO3 + b

Control 271 26.92 0039 0037
Low N 3.54 20.77 0029 0042
Medium N 3.76 22.63 0010  0.062
High N 220 26.77 0014 0057
(e)Feus = a+AB> +b+AB + ¢

Control —0.0001 0128 971 0003 0127
Low N —0.0001 0104 722 0008  0.085
Medium N —0.0001 0.073 1331 0.005 0.118
High N —0.0001 0128 2851 0009  0.161
(f) Fena = a+pH + b

Control 467 —0.258 0.109  0.020
Low N 8.19 —29.08 0011  0.066
Medium N 10.54 —43.32 0004 0087
High N 1138 —47.83 0.002  0.103

(g) Fous = a = WFPS + b« NHf + ¢+ NO3y +d

Control —44.39 —1.72 213 58.48 <0.001 0433
Low N —53.22 397 4745 <0.001 0458
Medium N —44.61 2.03 4944 <0.001 0430
High N —46.05 2.62 4943  <0.001 0428

2 T is soil temperature at 5 cm depth, WFPS is soil water-filled pore space at 10 cm
depth, NHZ and NO3 are soil NHf -N and NO3 -N storages at 50 cm depth, and AB is
aboveground biomass.

soil in our study site is N-limited and has a strong capacity to immobilize
exogenous NHZ (Song et al., 2007). The NHZ immobilization by soil
organic and mineral materials rapidly removes applied NHZ, which
would protect methanotrophs from exposure to NH3 and accordingly
mitigate the inhibition of methanotrophs. Second, the increasing nitrifi-
cation by N addition would to some degree alleviate the inhibition of
inorganic N to CH, oxidation (Chan et al., 2005). Although NHZ -oxidizing
bacteria are capable of oxidizing CH, at rates lower than methanotrophs,
CH,4 oxidation is dominated by nitrifiers (Steudler et al., 1996). Thus, N
addition enhances the availability of NHZ to nitrifiers, which would
accordingly decrease the extent to which CH,4 consumers are exposed
to NHf (Chan et al.,, 2005). Finally, the ratio of NH3:NHJ in soils is
decreased by N addition. Gulledge et al. (1997) suggested that NHs,
rather than NHZ, was the key determinant of this inhibition, because
the decreased soil pH induced by N addition would decrease the ratio
of NH3:NHJ of soils. This is likely to decrease the degree of inhibition
linked to N addition; however, no such clear regulation of NHZ" inhibition
through pH has so far been identified (Gulledge et al., 1997; Hiitsch,
1996).

4.4. Effects of soil NO3 -N variations on CH, uptake

Similar with NHZ, NO3™ also showed a very strong inhibitory effect in
some forest ecosystems (Rigler and Zechmeister-Boltenstern, 1999).
Moreover, some studies suggest that NO3™ may have a greater importance
in the inhibition of CH,4 oxidation in forest soils than that attributed to

NHf (Wang and Ineson, 2003; Xu and Inubushi, 2004; Xu and
Inubushi, 2007). Generally, NO3™ has been found inhibitory only in very
high concentrations, which likely give rise to osmotic effects (Bodelier
and Laanbroek, 2004). The other reason is that added NO3™ and NO3
produced via NO3™ reduction in anaerobic ‘microsites’ are probably toxic
to CHy-oxidizing bacteria (Schnell and King, 1994; Xu and Inubushi,
2004; Xu and Inubushi, 2007).

However, our study showed that NO3™ accumulation could signifi-
cantly promote CH,4 uptake in soil (Fig. 9 and Table 2). Bodelier and
Laanbroek (2004) proposed a schematic explanation about the stimula-
tion of CH,4 oxidation by NHZ or NO3 addition to soils. For one thing,
atmospheric methanotrophic bacteria are limited by N because they
have a relatively high N requirement during C assimilation (Megmw
and Knowles, 1987). N addition enhances soil mineralization rates and
C and N availability for soil microbes (Rigler and Zechmeister-
Boltenstern, 1999). Besides utilizing CH, in the atmosphere and in
soil pores, it has been demonstrated that atmospheric CH,4 consumers
can profit from and even depend on some non-methane substrates
such as methanol, formate, and acetate (Bodelier and Laanbroek,
2004; Jensen et al., 1998). The improved availability of these C sources
would promote CH4 consumption by aerobic soils. Also, during the
rainy season, the alpine meadow soils may become partially anoxic
following high precipitation events and begin producing CH,. The
methanotrophic bacteria can profit from this enhanced CH,4 flux
and grow when sufficient N is present (Bodelier and Laanbroek,
2004). However, in our study, N addition decreased overall soil CH,4
uptake. The promotion produced by NO3 accumulation is almost
masked by the inhibition associated with decreasing WFPS.

4.5. Effects of other associated ions on CH, uptake

Besides NHZ or NO3, the associated ions of nitrogenous salts can
also partly explain the different inhibition patterns. Some studies
suggest that salt-effect may be a more reasonable explanation for
reduced CH,4 oxidation than the specific NHF or NO3 effect (Borken
and Brumme, 2009; King and Schnell, 1998; Whalen, 2000). A laboratory
study showed that high concentration of CI~ has a strong inhibitory
effect on CH, oxidation by comparing the difference in ability to do so
between N-salts (NH4Cl and NaNO3) and non-N-salt (NaCl) (Whalen,
2000). In the field, however, various N treatments ((NH4),SO4,
NHg4-acetate, urea, NH4Cl, NaNO3, NH4NO3; and KNO3) added at a
same rate of 30 kg N ha—! had little or no effect on CH, uptake within
one year (Borken and Brumme, 2009). The rates of N addition (10-
40 kg N ha=' yr~!) in our study are comparable to that of Borken
and Brumme (2009), so added K*, SO~ and CI~ could have little
contribution to the decrease in CH4 uptake. Also, the K* can exchange
NHZ from the exchange sites in the soil and thus released NH; could
then inhibit CH,4 oxidation. If K+ was the responsible component of
the added salt in the current study, ion exchange should result in a
higher NHJ concentration. However, the soil NH4 pool did not accu-
mulate significantly, and even declined in the low and high KNO5 addi-
tion plots (Table 1). Thus, the salt effects could not be a main reason for
the CH,4 uptake in our study.

4.6. Effects of vegetation on CH, uptake

Plant communities affect soil CH, uptake through the following
three ways: (1) increased N input to grasslands can increase soil mois-
ture among the fine root biomass (Magill et al., 1997), which may
decrease air-filled porosity and limit rates of diffusion and atmospheric
CH,4 oxidation. Our data on soil WFPS and aboveground biomass partly
supports this deduction (Figs. 4 and 7). (2) Plant-derived CH4 emission
can indirectly offset the CH,4 uptake of the entire ecosystem (Cao et al.,
2008; Ferretti et al., 2007; Keppler et al., 2006; Keppler et al., 2008).
However, serious debates and questions on CH, emission by living
plants under aerobic conditions are raised. Dueck et al. (2007) reported
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that there was no evidence for substantial aerobic CH, emission by
plants. Moreover, aerobic CH4 emission by plants is highly uncertain,
and depends on species (Cao et al., 2008; Kirschbaum and Walcroft,
2008; Wang et al., 2007). Based on regression analysis results, CH4 emis-
sion by alpine vegetation could have a small effect on ecosystem net CH,
flux, although a significant relationship between CH, uptake and above-
ground biomass is observed (Table 2 and Fig. 9e).

4.7. Soil acidification and CH,; uptake

N addition can, to some degree, result in soil acidification in the
alpine meadow, and the NO3 -N fertilizer seemed to have a stronger
effect than the NHZ -N fertilizer. Generally, soil H" mainly originates
from acid deposition, microbial decomposition of organic matter, and
soil nitrification (Arnold et al., 1994; Sun et al.,, 2006). The oxidation of
soil NHF to NO3 (NH + 20, — 2H" + NO3 + H,0) can produce
H™, so ammonium fertilizer application will directly result in soil
acidification. Soil acidification caused by NO3 -N fertilizer addition
is attributed to the exchange between the accompanied cations,
such as K* and H™, on soil particle exchange sites (Fang et al.,
2012; Gao et al., 2013). Compared with NH4Cl and (NH4),SO4, the
effects of KNOs fertilizer on soil acidification were stronger, indicating
the different effects of NH{ and NO3 on soil acidification. The added
NH is partly absorbed by plants, immobilized by soil microbes, fixed
by clay minerals and lost through ammonia volatilization. Only the
NHZ involved in the N mineralization and nitrification can produce
H™. On the contrary, most of the added NO3 can be replaced by an
H* due to negligible leaching and denitrification.

In some forest soils, negative effects of soil acidification on soil physical
parameters and bioturbation have the potential to reduce CH, uptake
(Borken and Brumme, 2009). However, stepwise regression analysis
showed that pH was not a key factor in the control of CH, uptake,
suggesting that: (1) soil pH plays a minor role in determining CHy
oxidation compared with other variables, and (2) methanotrophs
in the alpine meadow soils can tolerate low pH (Saari et al., 2004).

5. Conclusions

This study emphasizes the appropriateness of using realistic levels
rather than saturating levels of N-inputs in attempts to simulate increased
N deposition. Our study suggested that low rates of N addition
had significantly reduced the CH,4 sink of alpine meadow on the
Qinghai-Tibetan Plateau over the short term. This indicates that the
alpine meadow has low potential to consume more CH,4 under future
elevated N deposition conditions on the Tibetan Plateau. Soil CH, uptake
was primarily driven by soil moisture. The observed reduction in CHy
uptake induced by N addition may mainly result from the decrease in
physical diffusion, which is different from those in N-rich ecosystems
or in high-dose N addition experiments. Overall, N is a regulatory factor
of CH,4 uptake in the alpine meadow ecosystems. To elucidate the
complex mechanisms by which inorganic N affects soil CH, uptake,
further investigation should be carried out to determine the biochemical
inhibition effects of NHf and NO3 accumulation on soil methanotrophic
bacteria.

Acknowledgments

This research was funded by the National Natural Science Foundation
of China (31130009, 31070435, 41071166 and 31290222), the
National Key Research and Development Program (2012CB417103,
2010CB833502 and 2010CB833501 ), Bingwei's Funds for Young Talents
of the Chinese Academy of Sciences (No. 2011RC202) and the Knowledge
Innovation Project of the Chinese Academy of Sciences (2011RC202). We
are grateful to Dr. Yuanhe Yang for language check.

References

Arnold, G., Van Beusichem, M., Van Diest, A., 1994. Nitrogen mineralization and H™
transfers in a Scots pine (Pinus sylvestris L.) forest soil as affected by liming.
Plant Soil 161 (2), 209-218.

Bodelier, P.L., Laanbroek, H,J., 2004. Nitrogen as a regulatory factor of methane oxidation
in soils and sediments. FEMS Microbiol. Ecol. 47 (3), 265-277.

Borken, W., Brumme, R., 2009. Methane uptake by temperate forest soils. Functioning and
Management of European Beech Ecosystems.Springer 369-385.

Cao, G.M,, Xu, X.L, Long, RJ., Wang, Q.L., Wang, C.T,, Du, Y.G., Zhao, X.Q., 2008. Methane
emissions by alpine plant communities in the Qinghai-Tibet Plateau. Biol. Lett. 4
(6), 681-684.

Carlsen, H.N., Joergensen, L., Degn, H., 1991. Inhibition by ammonia of methane utilization
in Methylococcus capsulatus (Bath). Appl. Microbiol. Biotechnol. 35 (1), 124-127.
Chan, A, Parkin, T., 2001. Methane oxidation and production activity in soils from natural

and agricultural ecosystems. ]. Environ. Qual. 30 (6), 1896-1903.

Chan, AS., Steudler, P.A.,, Bowden, R.D., Gulledge, J., Cavanaugh, C.M., 2005. Consequences
of nitrogen fertilization on soil methane consumption in a productive temperate
deciduous forest. Biol. Fertil. Soils 41 (3), 182-189.

Dittert, K, et al., 2005. Short-term effects of single or combined application of mineral N
fertilizer and cattle slurry on the fluxes of radiatively active trace gases from grassland
soil. Soil Biol. Biochem. 37 (9), 1665-1674.

Domingues, T.F.,, Martinelli, LA., Ehleringer, ].R., 2007. Ecophysiological traits of plant
functional groups in forest and pasture ecosystems from eastern Amazonia, Brazil.
Plant Ecol. 193 (1), 101-112.

Dueck, T.A., De Visser, R., Poorter, H., Persijn, S., Gorissen, A., De Visser, W., Schapendonk,
A., Verhagen, ], Snel, ]., Harren, F.J., 2007. No evidence for substantial aerobic methane
emission by terrestrial plants: a '*C-labelling approach. New Phytol. 175 (1), 29-35.

Dutaur, L., Verchot, LV., 2007. A global inventory of the soil CH, sink. Global Biogeochem.
Cycles 21 (4), GB4013. http://dx.doi.org/10.1029/2006gb002734.

Fang, HJ., Cheng, S.L, Yu, GR, Zheng, JJ., Zhang, P.L, Xu, MJ,, Li, Y.N,, Yang, X M., 2012.
Responses of CO, efflux from an alpine meadow soil on the Qinghai Tibetan Plateau
to multi-form and low-level N addition. Plant Soil 351 (1-2), 177-190.

Ferretti, D.F., Miller, ].B., White, ] W.C., Lassey, K.R., Lowe, D.C., Etheridge, D.M., 2007.
Stable isotopes provide revised global limits of aerobic methane emissions from
plants. Atmos. Chem. Phys. 7 (1), 237-241.

Gao, W.L,, Cheng, S.L, Fang, HJ., Chen, Y., Yu, G.R,, Zhou, M., Zhang, P.L., Xu, M.J.,
2013. Effects of simulated atmospheric nitrogen deposition on inorganic nitrogen
content and acidification in a cold-temperate coniferous forest soil. Acta Ecol. Sin.
33(2), 114-121.

Gulledge, J., Doyle, A.P., Schimel, ].P., 1997. Different NH -inhibition patterns of soil CH,4
consumption: a result of distinct CHy-oxidizer populations across sites? Soil Biol.
Biochem. 29 (1), 13-21.

Hiitsch, B.W., 1996. Methane oxidation in soils of two long-term fertilization experiments
in Germany. Soil Biol. Biochem. 28 (6), 773-782.

Inouye, R., 2006. Effects of shrub removal and nitrogen addition on soil moisture in
sagebrush steppe. J. Arid. Environ. 65 (4), 604-618.

Jacinthe, P, Lal, R, 2006. Methane oxidation potential of reclaimed grassland soils as
affected by management. Soil Sci. 171 (10), 772.

Jensen, S., Priemé, A., Bakken, L., 1998. Methanol improves methane uptake in starved
methanotrophic microorganisms. Appl. Environ. Microbiol. 64 (3), 1143-1146.

Jiang, C, Yu, G, Fang, H,, Cao, G,, Li, Y., 2010. Short-term effect of increasing nitrogen
deposition on CO,, CH4 and N,O fluxes in an alpine meadow on the Qinghai-Tibetan
Plateau, China. Atmos. Environ. 44 (24), 2920-2926.

Jiang, J., Hu, Z., Sun, W,, Huang, Y., 2010. Nitrous oxide emissions from Chinese cropland
fertilized with a range of slow-release nitrogen compounds. Agric. Ecosyst. Environ.
135 (3), 216-225.

Keppler, F., Hamilton, J.T., Braf3, M., Réckmann, T., 2006. Methane emissions from terrestrial
plants under aerobic conditions. Nature 439 (7073), 187-191.

Keppler, F., Hamilton, J.T.G., McRoberts, W.C,, Vigano, I, Bra8, M., Rockmann, T., 2008.
Methoxyl groups of plant pectin as a precursor of atmospheric methane: evidence
from deuterium labelling studies. New Phytol. 178 (4), 808-814.

King, G., Schnell, S., 1998. Effects of ammonium and non-ammonium salt additions on
methane oxidation by Methylosinus trichosporium OB3b and Maine forest soils.
Appl. Environ. Microbiol. 64 (1), 253-257.

Kirschbaum, M., Walcroft, A, 2008. No detectable aerobic methane efflux from plant
material, nor from adsorption/desorption processes. Biogeosciences 5 (40), 2773-2794.

Koch, 0., Tscherko, D., Kandeler, E., 2007. Seasonal and diurnal net methane emissions
from organic soils of the Eastern Alps, Austria: effects of soil temperature, water
balance, and plant biomass. Arct. Antarct. Alp. Res. 39 (3), 438-448.

Li, KH., Gong, Y.M,, Song, W., He, G.X., Hu, Y.X, Tian, CY., Liu, XJ,, 2012. Responses of CHy,
CO, and N,O fluxes to increasing nitrogen deposition in alpine grassland of the
Tianshan Mountains. Chemosphere 88 (1), 140-143.

Liebig, M., Kronberg, S., Gross, J., 2008. Effects of normal and altered cattle urine on short-
term greenhouse gas flux from mixed-grass prairie in the northern Great Plains.
Agric. Ecosyst. Environ. 125 (1), 57-64.

Lin, X.W.,, Wang, S.P.,, Ma, X.Z., Xu, G.P., Luo, C.Y., Li, Y.N,, Jiang, G.M., Xie, Z.B., 2009. Fluxes
of CO,, CHy, and N0 in an alpine meadow affected by yak excreta on the Qinghai-
Tibetan plateau during summer grazing periods. Soil Biol. Biochem. 41 (4), 718-725.

Liu, L., Greaver, T.L, 2009. A review of nitrogen enrichment effects on three biogenic
GHGs: the CO, sink may be largely offset by stimulated N,O and CH, emission.
Ecol. Lett. 12 (10), 1103-1117.

Liu, X,, Zhang, Y., Han, W., Tang, A,, Shen, ]., Cui, Z., Vitousek, P., Erisman, J.W., Goulding, K.,
Christie, P., 2013. Enhanced nitrogen deposition over China. Nature 494 (7438),
459-462.

Lowe, D.C,, 2006. Global change: a green source of surprise. Nature 439 (7073), 148-149.


http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0005
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0005
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0005
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0010
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0010
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0305
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0305
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0020
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0020
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0020
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0025
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0025
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0030
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0030
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0035
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0035
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0035
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0040
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0040
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0040
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0045
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0045
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0045
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0050
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0050
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0050
http://dx.doi.org/10.1029/2006gb002734
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0060
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0060
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0060
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0065
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0065
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0070
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0070
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0070
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0075
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0075
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0075
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0075
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0075
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0075
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0080
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0080
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0085
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0085
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0090
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0090
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0095
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0095
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0100
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0100
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0100
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0100
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0100
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0100
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0105
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0105
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0105
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0110
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0110
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0115
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0115
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0120
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0120
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0120
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0125
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0125
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0130
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0130
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0130
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0135
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0135
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0135
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0135
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0135
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0135
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0140
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0140
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0140
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0145
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0145
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0145
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0145
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0145
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0145
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0150
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0150
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0150
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0150
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0150
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0150
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0155
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0155
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0160

452 H. Fang et al. / Geoderma 213 (2014) 444-452

Lii, C, Tian, H., 2007. Spatial and temporal patterns of nitrogen deposition in China:
synthesis of observational data. . Geophys. Res. Atmos. 112 (D22), D22S05. http://
dx.doi.org/10.1029/2006jd007990.

Magill, AH., Aber, ].D., Hendricks, JJ., Bowden, R.D., Melillo, ].M., Steudler, P.A.,, 1997.
Biogeochemical response of forest ecosystems to simulated chronic nitrogen deposition.
Ecol. Appl. 7 (2), 402-415.

Marrero, T., Mason, E.A., 1972. Gaseous Diffusion Coefficients. America Chemical Society
and the American Institute of Physics.

Megmw, S., Knowles, R., 1987. Active methanotrophs suppress nitrification in a humisol.
Biol. Fertil. Soils 4 (4), 205-212.

Mosier, A., Parton, W., Phongpan, S., 1998. Long-term large N and immediate small N
addition effects on trace gas fluxes in the Colorado shortgrass steppe. Biol. Fertil.
Soils 28 (1), 44-50.

Parry, M.L.,, 2007. Climate Change 2007. Impacts, Adaptation and Vulnerability. Working
Group I Contribution to the Fourth Assessment Report of the IPCC, 4. Cambridge
University Press.

Phillips, R.L, Podrebarac, F., 2009. Net fluxes of CO,, but not N,O or CH, are affected
following agronomic-scale additions of urea to prairie and arable soils. Soil Biol.
Biochem. 41 (9), 2011-2013.

Reay, D.S., Nedwell, D.B., 2004. Methane oxidation in temperate soils: effects of inorganic
N. Soil Biol. Biochem. 36 (12), 2059-2065.

Rigler, E., Zechmeister-Boltenstern, S., 1999. Oxidation of ethylene and methane in forest
soils—effect of CO, and mineral nitrogen. Geoderma 90 (1), 147-159.

Saari, A, Rinnan, R, Martikainen, P.J., 2004. Methane oxidation in boreal forest soils:
kinetics and sensitivity to pH and ammonium. Soil Biol. Biochem. 36 (7), 1037-1046.

Sawamoto, T., Yoshida, R., Abe, K., Matsunaka, T., 2010. No significant difference in N,O
emission, fertilizer-induced N,O emission factor and CH, absorption between
anaerobically digested cattle slurry and chemical fertilizer applied timothy
(Phleum pratense L.) sward in central Hokkaido, Japan. Soil Sci. Plant Nutr. 56
(3), 492-502.

Schnell, S., King, G.M., 1994. Mechanistic analysis of ammonium inhibition of atmospheric
methane consumption in forest soils. Appl. Environ. Microbiol. 60 (10), 3514-3521.

Siogersten, S., Llurba, R, Ribas, A., Yanez-Serrano, A., Sebastia, M.-T., 2012. Temperature
and moisture controls of C fluxes in grazed subalpine grasslands. Arct. Antarct. Alp.
Res. 44 (2), 230-246.

Song, M.H,, Xu, X.L,, Hu, Q.W., Tian, Y.Q., Ouyang, H., Zhou, C.P., 2007. Interactions of plant
species mediated plant competition for inorganic nitrogen with soil microorganisms
in an alpine meadow. Plant Soil 297 (1-2), 127-137.

Sonnleitner, M.A., Gunthardt-Goerg, M.S., Bucher-Wallin, LK., Attinger, W., Reis, S.,
Schulin, R., 2001. Influence of soil type on the effects of elevated atmospheric CO,

and N deposition on the water balance and growth of a young spruce and beech
forest. Water Air Soil Pollut. 126 (3-4), 271-290.

St Clair, S.B.,, Sudderth, E.A., Fischer, M.L, Torn, M.S,, Stuart, S.A, Salve, R, Eggett, D.L,
Ackerly, D.D., 2009. Soil drying and nitrogen availability modulate carbon and
water exchange over a range of annual precipitation totals and grassland vegetation
types. Glob. Chang. Biol. 15 (12), 3018-3030.

Steudler, P.A., Melillo, ].M,, Feigl, BJ., Neill, C., Piccolo, M.C., Cerri, C.C., 1996. Consequence
of forest-to-pasture conversion on CH, fluxes in the Brazilian Amazon Basin.
J. Geophys. Res.-Atmos. 101 (D13), 18547-18554.

Sun, B, Huy, Z., Li, J,, Zhou, L., Xu, C., 2006. Nutrient leaching and acidification of Southern
China coniferous forest red soil under stimulated N deposition. Chin. J. Appl. Ecol. 17
(10), 1820-1826.

Van den Pol-van Dasselaar, A., Van Beusichem, M., Oenema, 0., 1999. Effects of nitrogen
input and grazing on methane fluxes of extensively and intensively managed grasslands
in the Netherlands. Biol. Fertil. Soils 29 (1), 24-30.

Veldkamp, E., Weitz, AM.,, Keller, M., 2001. Management effects on methane fluxes in
humid tropical pasture soils. Soil Biol. Biochem. 33 (11), 1493-1499.

Wang, Z.-P., Ineson, P., 2003. Methane oxidation in a temperate coniferous forest soil:
effects of inorganic N. Soil Biol. Biochem. 35 (3), 427-433.

Wang, Y., Wang, Y., 2003. Quick measurement of CH4, CO, and N,O emissions from a
short-plant ecosystem. Adv. Atmos. Sci. 20 (5), 842-844.

Wang, Z.-P.,, Han, X.-G., Wang, G.G., Song, Y., Gulledge, ]., 2007. Aerobic methane emission
from plants in the Inner Mongolia steppe. Environ. Sci. Technol. 42 (1), 62-68.

Wei, D., Wang, Y., Wang, Y., Liu, Y., Yao, T., 2012. Responses of CO,, CH4 and N0 fluxes to
livestock exclosure in an alpine steppe on the Tibetan Plateau, China. Plant Soil 359
(1-2), 45-55.

Whalen, S., 2000. Influence of N and non-N salts on atmospheric methane oxidation by
upland boreal forest and tundra soils. Biol. Fertil. Soils 31 (3-4), 279-287.

Xia, J,, Niu, S., Wan, S., 2009. Response of ecosystem carbon exchange to warming and
nitrogen addition during two hydrologically contrasting growing seasons in a
temperate steppe. Glob. Chang. Biol. 15 (6), 1544-1556.

Xu, X., Inubushi, K., 2004. Effects of N sources and methane concentrations on methane
uptake potential of a typical coniferous forest and its adjacent orchard soil. Biol. Fertil.
Soils 40 (4), 215-221.

Xu, X,, Inubushi, K., 2007. Effects of nitrogen sources and glucose on the consumption of
ethylene and methane by temperate volcanic forest surface soils. Chin. Sci. Bull. 52
(23), 3281-3291.

Yang, Y.H., Fang, ].Y., Tang, Y.H,, Ji, CJ., Zheng, C.Y., He, ].S., Zhu, B., 2008. Storage, patterns
and controls of soil organic carbon in the Tibetan grasslands. Glob. Chang. Biol. 14 (7),
1592-1599.


http://dx.doi.org/10.1029/2006jd007990
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0165
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0165
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0170
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0170
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0175
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0175
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0180
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0180
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0180
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0315
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0315
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0315
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0190
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0190
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0190
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0190
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0190
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0190
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0195
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0195
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0200
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0200
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0200
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0205
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0205
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0210
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0210
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0210
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0210
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0210
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0210
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0210
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0210
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0215
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0215
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0220
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0220
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0220
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0225
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0225
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0225
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0230
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0230
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0230
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0235
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0235
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0235
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0240
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0240
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0240
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0240
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0245
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0245
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0245
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0250
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0250
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0250
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0255
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0255
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0270
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0270
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0260
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0260
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0260
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0260
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0260
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0265
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0265
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0275
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0275
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0275
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0275
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0275
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0275
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0280
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0280
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0285
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0285
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0285
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0290
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0290
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0290
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0295
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0295
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0295
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0300
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0300
http://refhub.elsevier.com/S0016-7061(13)00288-7/rf0300

	Low-level nitrogen deposition significantly inhibits methane uptake from an alpine meadow soil on the Qinghai–Tibetan Plateau
	1. Introduction
	2. Materials and methods
	2.1. Study site
	2.2. Experimental design
	2.3. CH4 flux measurement
	2.4. Field sampling and measurements
	2.5. Statistical analysis

	3. Results
	3.1. Soil CH4 uptake
	3.2. Soil temperature and WFPS
	3.3. Soil NH4+–N and NO3−–N pools
	3.4. Aboveground biomass
	3.5. Soil pH
	3.6. Relationships between soil CH4 fluxes and environmental variables

	4. Discussion
	4.1. Comparisons with other studies
	4.2. Effects of soil WFPS on CH4 uptake
	4.3. Effects of soil NH4+–N variation on CH4 uptake
	4.4. Effects of soil NO3−–N variations on CH4 uptake
	4.5. Effects of other associated ions on CH4 uptake
	4.6. Effects of vegetation on CH4 uptake
	4.7. Soil acidification and CH4 uptake

	5. Conclusions
	Acknowledgments
	References


