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a  b  s  t  r  a  c  t

Increased  nitrogen  (N) deposition  within  the  context  of  both  warming  and grazing  is relevant  to under-
stand  the  response  of  greenhouse  gases  fluxes  (GHG)  (i.e.  CO2, CH4 and  N2O fluxes)  for  alpine  meadow
ecosystems  to projected  changes  in the environment.  A previous  controlled  warming  and  grazing  exper-
iment  only  included  no warming  with  no  grazing  (NWNG),  no warming  with  grazing  (NWG),  warming
with  no  grazing  (WNG)  and warming  with  grazing  (WG)  from  2006  to  2010.  N fertilization  was  added  to
the  experimental  setup  to determine  the  effects  of warming,  grazing  and  N  fertilization  on  GHG fluxes  in
an alpine  meadow  on the  Tibetan  Plateau  during  the growing  seasons  from  2010  to 2012.  Sheep  grazing
was  utilized  during  the growing  season  from  2006  to 2010  and  cutting  was  used  as  simulation  of  grazing
during  the  non-growing  seasons  in 2011  and  2012.  Warming  significantly  increased  average  seasonal
CO2 emission  by  10%,  and nitrogen  addition  increased  average  seasonal  CH4 uptake  by  14%  during  the
growing  seasons  in the  dry years  of  2011  and  2012.  Warming  increased  average  seasonal  CH4 uptake  by
32–46%  over  the  3-year  period,  and  grazing  increased  annual  average  N2O emission  by  62%  only  in 2010.
N  fertilization  alone  did  not  significantly  affect  CO2 and  N2O fluxes  during  the experimental  period.  The
interactive  effects  of  warming,  grazing/cutting  and N fertilization  effect  on daily  CH4 or  daily  N2O  flux
depended  on  sampling  date.  Ecosystem  CO2 emission  was  mainly  affected  by  soil  temperature  and  plant
aboveground  net  primary  production  (ANPP),  which  explained  about  55%  and  18%  of its variation.  Soil
moisture  and  ANPP  could  explain  17%  and  8%  of  the variation  of  CH4 uptake  in  the  region.  Our  results

suggest  that  the  stimulating  effect  of  warming  on ecosystem  respiration  still  occurs  in  2011  and  2012
after  warming  for seven  years.  Moreover,  our  results  imply  that  moderate  grazing/cutting  may  be  pre-
ferred  compared  with  no  grazing  or  no  cutting  because  its  negative  effect  on  GHG  fluxes  was  small,  and
interactive  effect  of  warming,  grazing/cutting  and increased  N deposition  on GHG emission  could  be
neglected  in  the  alpine  meadow.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction
Fluctuations in greenhouse gas (GHG) concentrations in the
tmosphere can lead to profound climatic and environmental
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changes (IPCC, 2013). Increasing GHG emissions are expected to
raise global mean temperature by 2–7 ◦C by the end of this century
(Allison et al., 2009). The United Nations Framework Convention on
Climate Change (UNFCCC) was established to limit future climate
change to a mean temperature not exceeding 2 ◦C above preindus-
trial times in 2012. This means that very significant cuts (>80%)
in GHG emissions are needed, largely through reduced non-CO2

emissions over the coming decades (Meinshausen et al., 2009). As
the largest grassland unit on the Eurasian continent which cov-
ers an area of approximately 2.5 million km2 (Zheng et al., 2000),
the release of GHG such as carbon dioxide (CO2), methane (CH4),
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nd nitrous oxide (N2O) from alpine ecosystems has been the focus
f biogeochemical research (Wang et al., 2009; Lin et al., 2009,
011; Hu et al., 2010) due to its great potential contribution to
eedbacks to global warming. Especially, anthropogenic N deposi-
ion can turn N-limited to N-saturated ecosystems, and threaten
he ‘health’ of marine and terrestrial ecosystems (Galloway and
owling, 2002; Liu et al., 2013a,b). China has become a region
ith the third highest rates of N deposition following America

nd Europe with significant increases also found in the Tibetan
lateau and the rates of N deposition will continue increasing
n the coming decades due to economic development (Galloway
nd Cowling, 2002; Liu et al., 2013a,b). Therefore, accurate under-
tanding of the effects of natural and anthropogenic factors on
HG fluxes are necessary for a more complete understanding
f biosphere–atmosphere interactions under a future climate
hange.

The Tibetan Plateau provides an excellent natural laboratory for
nvestigating the effects of climate change (i.e. warming), human
ctivity (i.e. grazing) and N deposition on GHG fluxes. Historical
limate records show that the Tibetan Plateau has experienced
much greater than average’ increases in surface temperatures (i.e.,
.32 ◦C per decade) (Liu and Chen, 2000; IPCC, 2013), and it likely
ill continue in the future. Warming is also predicted to increase
-deposition in high latitude and mountain regions because of

ncreased precipitation (Hole and Engardt, 2008). In particular,
he background of N deposition is low (i.e. total N deposition
s 7.0–10.0 kg N ha−1 yr−1) (Zou et al., 1986; Lü and Tian, 2007)
nd N atmospheric deposition rates will increase another two-
r three-fold in the coming years (Galloway and Cowling, 2002).
oreover, previous results indicate that alpine steppe may  be N-

aturated above an average N load of 40 kg N ha−1 yr−1 in the terms
f the responses of biotic characteristics (biomass N concentra-
ion, biomass N:P ratio, N-uptake efficiency and N-use efficiency)
Liu et al., 2013a,b). Meanwhile, grazing is a main land use in the
egion. Hence the study of the impacts of increased N deposi-
ion within the context of both warming and grazing is relevant
o understand the response of GHG fluxes for the alpine meadow
cosystems to N deposition changes in this environment. In our
revious studies we reported the effects of warming and grazing on
cosystem respiration (Lin et al., 2011), N2O flux (Hu et al., 2010)
nd CH4 flux (Lin et al., 2015) in the region from 2006 to 2008.
he aim of this study was to determine the combined effects of
nhanced N deposition, warming and grazing on GHG fluxes using
he same manipulation experiment from 2010 to 2012 in the alpine

eadow.

. Materials and methods

.1. Experimental site

Details of the experimental site and design of the warming
nd grazing were described by previous reports (Wang et al.,
012). In brief, the experiment was conducted at the Haibei Alpine
eadow Ecosystem Research Station (HBAMERS), located at lat-

tude 37◦37′ N and longitude 101◦12′ E. The mean elevation of
he valley bottom is 3200 m.  Mean temperature was 8.9, 8.1 and
.3 ◦C and total rainfall was 412.6, 307.8 and 330.4 mm during
he growing seasons from 1 May  to 30 September in 2010, 2011
nd 2012, respectively (Fig. S1). Compared to average rainfall dur-
ng the growing season for 40-year in the region (i.e. approx.
50 mm),  2010 can be classified as an average year, whereas 2011

nd 2012 were slightly drier, with 24% and 32% less rainfall than
verage, respectively. The plant community at the experimental
ite is dominated by Kobresia humilis,  Festuca ovina, Elymus nutans,
oa pratensis, Carex scabrirostris, Scirpus distigmaticus, Gentiana
eorology 214-215 (2015) 506–514 507

straminea,  Gentiana farreri,  Blysmus sinocompressus and Potentilla
nivea.

2.2. Controlled warming and grazing or cutting experiment

The design of the controlled warming (i.e. free-air temper-
ature enhancement (FATE) system with infrared heaters) with
grazing experiment was described previously by Kimball et al.
(2008) and Wang et al. (2012). In brief, in May  2006 eight hexag-
onal arrays of Mor  FTE (1000 W,  240 V) infrared heaters were
deployed over the vegetation canopy that had previously been
heavily grazed by sheep during the cool seasons from October to
May  of prior years at HBAMERS, with eight dummy  arrays with-
out heaters over reference plots. The heaters were controlled using
the proportional-integral-derivative-outputs (PID) control system
so as to ensure constant warming between heated and reference
plots. The set point differences of the vegetation canopy between
heated and corresponding reference plots were 1.2 ◦C during day-
time and 1.7 ◦C at night in summer (Kimball et al., 2008). Warming
was for a whole year before 2010, but it has been heating dur-
ing the growing season from early of April to end of October since
2011 because warming in cold seasons had small effects on the
alpine meadow based on ecosystem respiration due to too low
environmental temperature (unpublished data). A two-way facto-
rial design (warming and grazing) was used with four replicates of
each of four treatments (Wang et al., 2012): no-warming with no-
grazing (i.e. NWNG), no-warming with grazing (NWG), warming
with no-grazing (WNG), and warming with grazing (WG). In total,
16 plots of 3-m diameter were fully randomized throughout the
study site.

All experimental sheep were fenced into 3 additional 5 m × 5 m
fenced plots for a day before the beginning of the grazing experi-
ment to help them adapt to small plots. Two  adult Tibetan sheep
were fenced for approximately 1 h in each of the grazing plots on
the mornings of 7 July and 23 August in 2010. The annual cumula-
tive forage utilization rate during the growing season was  50–57.7%
for NWG  and WG treatments in 2010 (Wang et al., 2012). However,
there was  no grazing during growing seasons in 2011 and 2012, and
grazing was replaced by cutting about 50% removal of litter biomass
in October and next March each year. Because alpine meadows in
the region are generally divided into two  grazing seasons, i.e. warm
season grazing from June to September and cold season grazing
from October to May  (Cui et al., 2014). Our previous results in the
same experimental platform showed the effects of warming and
grazing on GHG fluxes during the growing seasons (Lin et al., 2011,
2015; Hu et al., 2010), thus, here is that it was grazing during grow-
ing season as compared to winter grazing during the non-growing
seasons.

2.3. Nitrogen (N) fertilization

A change in species composition under different treatments
had been found before beginning the fertilization experiment in
2010 (Wang et al., 2012). In order to eliminate the mixed effect
between species composition and N fertilization on ANPP and GHG
fluxes, N fertilization and no-fertilization treatments using PVC
tubes were conducted in each of the 16 plots for NWNG, NWG,
WNG  and WG treatments. Two PVC tubes (i.e. one for N fertiliza-
tion (F) and another one for no-fertilization (NF) treatment in each
plot) with an inner diameter of 30 cm were installed in each plot in
early May  2010, i.e. in total 32 PVC tubes were used. The chambers
were inserted into the soil to a depth of 40 cm,  and only 5 cm pro-

truded above the soil surface. Observed wet N deposition ranges
from 7 kg N ha−1 yr−1 in Tibet Autonomous Region (on the west-
ern Tibetan Plateau) to 10.0 kg N ha−1 yr−1 in Qinghai Province (on
the eastern Tibetan Plateau) (Zou et al., 1986; Lü and Tian, 2007).
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oreover, previous results indicated that alpine steppe might be
-saturated above an average N load of 40 kg N ha−1 yr−1 in the

erms of the responses of biotic characteristics (biomass N concen-
ration, biomass N:P ratio, N-uptake efficiency and N-use efficiency)
Liu et al., 2013a,b). Thus, in total, 3 fertilization events were per-
ormed, with 1, 1 and 2 g N m−2 (totally 40 kg N ha−1 yr−1) on 7 and
4 July and 23 August in 2010 as NH4NO3–N applied uniformly
s a solution, dissolved in 20 ml  of deionised water, to the vegeta-
ion canopy. Similar, 4 fertilization events were performed with 1,
, 1 and 2 g N m−2 (totally 50 kg N ha−1 yr−1) as NH4NO3–N in the
iddle of May, June, July and August in 2011 and 2012. For the

on-fertilized treatment, equal amounts of deionized water were
pplied. The plant community selected inside the PVC tubes was
he same as that of the treated plot.

.4. Soil temperature and soil moisture measurements

Soil temperature and soil moisture at 10 cm below the soil sur-
ace were monitored at each PVC tube when gas samples were
ollected. Soil temperature was measured using a digital tem-
erature sensor (JM624 digital thermometer, Living-Jinming Ltd.,
hina) and volumetric soil moisture was measured using a Time
omain Reflectometer (JS-TDR300, Meridian Measurement, USA).
here was no monitoring in 2010 for the fertilization treatment.

.5. Aboveground net primary production (ANPP)

In 2011 and 2012, maximum aboveground living present
iomass (APB) was harvested inside the PVC tube of each plot in
he mid  of September 2011 and 2012, then dried at 65 ◦C for 48 h
nd weighed. The APB was used as ANPP because there was no
razing during the growing seasons.

.6. GHG measurements

Details of measurements were reported by Lin et al. (2009, 2011,
015) and Hu et al. (2010). In brief, during the growing seasons from
010 to 2012, the GHG was measured every 7–10 days from 6 July in
010, 21 June in 2011 and 13 May  in 2012 to 31, 18 and 11 October

n 2010, 2011 and 2012 respectively using opaque, static, manual
tainless steel chambers (Lin et al., 2009). Hence the total samplings
ere 15, 18 and 16 times in 2010, 2011 and 2012, respectively. The
imension (40 cm × 40 cm × 40 cm)  and architecture of the cham-
ers were the same as those reported by Hu et al. (2010) and Lin
t al. (2011, 2015). The PVC tubes with 30 cm diameter were the
enter of the basement of chamber, and the area of outside PVC
ubes was covered by plastic which was inserted into soil about

 cm surrounding the PVC tubes due to smaller area for the PVC
ubes relative to the basement of the sampling chamber (Fig. S2).
he GHG fluxes between 9:00 and 11:00 a.m. local time represent
ne-day average fluxes (Lin et al., 2009). Chambers were closed for
alf an hour and gas samples (100 ml)  were collected every 10 min
sing plastic syringes. The mixing ratios of CH4, CO2, and N2O were
imultaneously analyzed within 24 h following gas sampling using

 modified gas chromatograph (Agilent 6820, Agilent Co., Santa
lara, CA, USA) equipped with N2 carrier gas, a flame ionization
etector (FID) and an electron capture detector (ECD) (Wang and
ang, 2003).
The GHG fluxes were calculated as the following equation

rom Wang and Wang (2003): F = M
Vo

P
Po

To
T

�c
�t H, where: F is a

HG flux; �c/�t  is the slope of the linear regression for gas

oncentration gradient through time; M the molecular mass of
ach gas; P the atmospheric pressure; T the absolute temperature
uring sampling; Vo, To, and Po are the gas mole volume, abso-

ute air temperature, and atmospheric pressure under standard
eorology 214-215 (2015) 506–514

conditions, respectively; and H is the height of chamber during
sampling.

2.7. Data analysis

Linear mixed models with repeated measurements was  used for
analysis of variance with SPSS version 22.0 (SPSS Inc. Chicago, USA)
to test the effects of the main factors (i.e. warming, grazing/cutting
and N application) on soil temperature and soil moisture at 10 cm
depth, ANPP and GHG fluxes (repeated-measures) by sampling
date. Type III sum of squares was adopted due to different samples
sizes in 2011 and 2012. The data in 2010 was  analyzed separately
due to different warming and grazing patterns. For the warming
and grazing experiment with a nested fertilization, plot (i.e. soil
block) was taken as subject, warming, grazing and fertilization
were between-subject factors, year, month and day were within-
subject factors. Multi-comparison of least standard difference (LSD)
was conducted for all measured variables within each sampling
date and each soil depth using a two-way ANOVA. The influences
of warming, grazing and fertilization on mean monthly, and sea-
sonal GHG fluxes during growing seasons were investigated using
a three-way ANOVA, in which warming, grazing and fertilization
were crossed. Simple correlation analysis was  performed to test
the possible dependency of GHG on soil temperature, soil moisture
and/or ANPP in 2011 and 2012. All significances mentioned in the
text were at the 0.05 level.

3. Results

3.1. Soil temperature and soil moisture

Similar to previous reports before 2010 (Luo et al., 2010; Wang
et al., 2012), soil temperature and soil moisture were significantly
affected by warming and/or cutting, year, month and sampling date
and interactions between warming and them during the growing
season in 2011 and 2012 (Tables S1 and S2). Generally, warming
reduced soil moisture by average 17% and 20% but increased soil
temperature by 1.1 and 1.5 ◦C at 10 cm depth during the growing
season in 2011 and 2012, respectively, and cutting only signifi-
cantly increased soil temperature at 10 cm about 0.5 ◦C in 2012.

3.2. Aboveground net primary production (ANPP)

Although warming significantly increased ANPP and grazing did
not affect it in 2010 (Wang et al., 2012), warming, cutting and fer-
tilization alone did not significantly affect ANPP in 2011 and 2012.
However, significant interactions were found between warming
and year, between warming and cutting and between fertilization
and year on ANPP (Table S3). For example, warming significantly
increased ANPP by 12% only in 2012 (Fig. 1A), cutting increased
ANPP by 18% only in 2011 (Fig. 1B) and fertilization increased ANPP
by 4% only in 2012 (Fig. 1C).

3.3. GHG fluxes

Generally, GHG fluxes varied with treatment, sampling day
and year (Figs. S3–S5). In 2010, only interactions between warm-
ing or grazing and sampling dates significantly affected CO2 flux
(Table S4). CH4 flux was affected by warming alone and the inter-
action with warming, grazing, fertilization and sampling date; and
N2O flux was affected by grazing alone and the interaction between
grazing and sampling date (Table S4). 6 out of 15 samplings for

warming and 3 out of 15 samplings for grazing significantly affected
CO2 flux during the growing season of 2010 (Fig. S6). Especially,
warming significantly increased CO2 flux in September and October
(p < 0.05) and it marginally decreased CO2 flux in August (p = 0.089)
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Fig. 1. Change of plant aboveground net primary production (ANPP) under different treat
fertilization; F: nitrogen fertilization. Data are averages of ANPP and standard error of the
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ig. 2. Effect of warming on CO2 flux under different months in 2010. NW:  no warm-
ng; W: warming. Data are averages of CO2 flux and standard error of the mean.
ifferent letters represent were significant difference at p < 0.05.
ompared with no warming (Fig. 2). Generally, fertilization alone
id not significantly affect CH4 flux (Fig. 3A), but warming alone
verage increased CH4 uptake by 46% compared with no warming
egardless of grazing and fertilization during the growing season

ig. 3. Effects of warming, grazing and nitrogen fertilization on CH4 (A and B) and N2O (C)
WNGF: no warming, no grazing and N fertilization; NWGNF: no warming, grazing and no
o  grazing and no N fertilization; WNGF: warming, no grazing and N fertilization; WGNF: w
W:  no warming; W:  warming; NG: no grazing; G: grazing. Data are averages of CH4 (A and
ere  significant difference at p < 0.05.
ments. NW:  no warming; W:  warming; NG: no grazing; G:  grazing; NF: no nitrogen
 mean. Different letters represent were significant difference at p < 0.05.

(Fig. 3B). Although the effect of grazing on N2O flux varied with
sampling day (Fig. S7), grazing significantly increased N2O emis-
sion by 62% compared with no grazing during the growing season
regardless of warming and fertilization (Fig. 3C).

In 2011 and 2012, CO2 flux was  significantly affected by warm-
ing, year and sampling date (Table S5). Warming increased average
CO2 flux by 10% (Fig. 4A) and average seasonal CO2 flux increased by
13% in 2012 compared with 2011 (Fig. 4B). CH4 flux was affected by
warming, fertilization and sampling dates and interaction between
warming, cutting and sampling day (Table S5). Warming and fertil-
ization alone significantly increased average CH4 uptake by 32% and
14% (Fig. 5A and B), respectively, and average seasonal CH4 uptake
increased by 27% in 2012 compared with 2011 (Fig. 5C). Winter
cutting significantly decreased CH4 uptake only on 28 August in
2011 and increased it only on 30 June in 2012 under warming

(Fig. S8). Warming, winter cutting and N fertilization alone did not
significantly affect N2O flux (Table S5), and the interactive effect
between cutting and N fertilization on N2O flux varied with year
(Fig. 6).

 fluxes in 2010. NWNGNF: no warming, no grazing and no nitrogen (N) fertilization;
 N fertilization; NWGF: no warming, grazing and N fertilization; WNGNF: warming,
arming, grazing and no N fertilization; WGF: warming, grazing and N fertilization;

 B) and N2O fluxes and their standard errors of the mean. Different letters represent
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Fig. 4. Effect of warming on CO2 flux in 2011 and 2012. NW:  no warming; W:  warming. Data are averages of CO2 flux and standard error of the mean. Different letters
represent were significant difference at p < 0.05. There were no significant differences among different treatments in 8 and 9 months in Fig. 3A.
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ig. 5. Effects of warming and fertilization on CH4 flux in 2011 and 2012. NW:  no wa
f  CH4 flux and standard error of the mean. Different letters represent were signific

.4. Relationships between GHG fluxes and soil temperature, soil
oisture and ANPP

Generally, CO2 flux increased with soil temperature (Fig. 7A)
nd ANPP (Fig. 7B). Soil temperature and ANPP could explain about
5% and 18% of CO2 flux variation, respectively. Significant positive
nd negative correlations were found between daily CH4 flux and
oil moisture (Fig. 7C) and between seasonal CH4 flux and ANPP
Fig. 7D). Soil moisture and ANPP explained about 17% and 8% of
aily CH4 flux variation, respectively. There were no significant
orrelations between N2O and soil temperature, soil moisture and
NPP (data not shown). Moreover, warming reduced the tempera-

ure sensitivity (i.e. exponential index) of CO2 regardless of grazing
nd fertilization, but the effects of grazing and fertilization on it
ere small (Fig. S9). Warming enhanced the dependency (i.e. slopes
f regression equations) of CH4 flux on soil moisture under no fer-
ilization regardless of grazing (Fig. S10A, B, E and F), but opposite
rends were found for warming under fertilization regardless of
razing (Fig. S10C, D, G and H).

ig. 6. Effect of different treatments on N2O flux in 2011 and 2012. NCNF: no cutting
nd  no nitrogen (N) fertilization; NCF: no cutting and N fertilization; CNF: cutting
nd  no N fertilization; CF: cutting and N fertilization. Data are averages of N2O
ux and standard error of the mean. Different letters represent were significant
ifference at p < 0.05.
; W:  warming. NF: no nitrogen (N) fertilization; F: N fertilization. Data are averages
fference at p < 0.05.

4. Discussion

4.1. Effect of warming on GHG fluxes

Consistent with previous results for first 3 years of warming
from 2006 to 2008 (Lin et al., 2011), we found that warming still
did not significantly affect CO2 flux during the growing season in
2010 (Table S4). However, it significantly increased CO2 flux dur-
ing the growing seasons in 2011 and 2012 in our study (Table S5,
Fig. 4A). Our result were obviously different from previous studies
(Oechel et al., 2000; Luo et al., 2001; Rustad et al., 2001; Melillo
et al., 2002; Eliasson et al., 2005; Bradford et al., 2008), which
reported that the initially elevated rates of CO2 flux in warmed soils
returned to even lower CO2 flux than those of the control soils over
continuous warming time. This difference may  be caused by the
following. Firstly, soil substrate was not depleted because warm-
ing increased plant production (Fig. 2; Wang et al., 2012), litter
decomposition (Luo et al., 2010) and soil dissolved organic carbon
(DOC) (Luo et al., 2009; Rui et al., 2011) in the study. Secondly,
the effect of temperature on CO2 flux was  over the effect of soil
moisture in the region (Fig. 7A; Lin et al., 2011) although decrease
in soil moisture concomitant with increase in temperature due to
no significant correlation between CO2 flux and soil moisture in
our study, which was  consistent with Lin et al. (2011). Probably
indirectly because there were positive and negative correlations
between soil temperature and soil moisture and plant production
(Wang et al., 2012). Thirdly, there does not appear to be a temper-
ature adaptation of soil microbial communities over warming time
(Hartley et al., 2007, 2008, 2009). Warming significantly altered
the functional structure of soil microbial community (Zhou et al.,
2012), and could increase C-decomposition genes, such as cellu-
lose and chitin-degradation genes (Yergeau et al., 2012; Zhou et al.,
2012) because this presumably refers to the early period of this

warming experiment.

Some researchers showed no effect of warming on CH4 uptake
for forests (Christensen et al., 1997; Rustad and Fernandez, 1998)
and even decreases CH4 uptake in a semiarid grassland (Blankinship
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Fig. 7. Relationships between CO2 and CH4 fluxes and soil temperature (A), s

t al., 2010a,b; Dijkstra et al., 2011). However, consistent with pre-
ious warming studies (Sjögersten and Wookey, 2002; Hart, 2006;
ang et al., 2009; Carter et al., 2011, 2012), warming significantly

ncreased in CH4 uptake rates in our study. Probably warming
educed soil moisture which was negatively correlated with CH4
ptake rate (Fig. 7C), because CH4 diffusion could be controlled by
oil moisture in the alpine meadow (i.e. semi-humid soil) (Dunfield,
007; Carter et al., 2011; Dijkstra et al., 2011). Meanwhile, Zheng
t al. (2012) found that warming promoted the abundance of
ethanotrophs which could contribute to increased CH4 uptake.

robably when fewer soil pores are water filled, more atmospheric
H4 could reach methanotrophic microorganisms, which might
espond positively to the temperature increase (Pearce and Clymo,
001; Zhuang et al., 2007).

Nitrous oxide flux to the atmosphere is likely to increase under
ost scenarios of climate change (Dijkstra et al., 2012; Xu et al.,

012), whereas Carter et al. (2011) found that warming decreased
2O flux or had no effect on N2O fluxes (Carter et al., 2012). Our pre-
ious results showed that the effect of warming on N2O flux varied
ith season and year (Hu et al., 2010). However, we found that
arming did not significantly affect N2O fluxes from 2010 to 2012

n the study (Tables S4 and S5). Probably the effects of increased
oil temperature and decreased soil moisture on N2O production
rocesses were offset (Hu et al., 2010). Xu et al. (2003b) reported
hat denitrification was the main process for N2O formation and
ould explain about 64–88% of the variation of total N2O emis-
ion in the Inner Mongolia steppe. Lower soil moisture induced
y warming probably increases O2 diffusion within the soil which
ould lead to smaller anaerobic microsites and thereby decreased
2O production via denitrification (Smith et al., 2013; Goldberg
nd Gebauer, 2009; Carter et al., 2012). However, there were no
ignificant correlations between N2O and soil temperature and soil
oisture (data not shown) in our study, suggesting that other fac-

ors may  affect N2O production processes, such as soil N availability

Xu et al., 2003a,b; Ma  et al., 2006; Lin et al., 2009). The N applica-
ion rates to this low N system may  be small, so N uptake by plants
s perhaps more likely than N2O emission, unless there might be
ptimal conditions as seen on the first measurement date (Fig. S5).
isture (C) and plant aboveground net primary production (ANPP) (B and D).

4.2. Effect of grazing/cutting on GHG fluxes

Many studies showed that grazing/cutting reduced CO2 flux
(Bergner et al., 2004; Owensby et al., 2006; Polley et al., 2008) or
increased it (Bahn et al., 2006). Similar to previous results in the
same experiment (Lin et al., 2011), we found that grazing/cutting
alone did not significantly affect CO2 flux during the growing sea-
sons in our study (Tables S4 and S5). The net effects of grazing on it
will be determined by the balance of negative and positive effects
of grazing on ecosystem respiration processes (Zhou et al., 2007;
Lin et al., 2011). For example, removal of plant biomass through
grazing reduced plant autotrophic respiration (Raiesi and Asadi,
2006), but increased soil temperature which in turn increased soil
respiration (Bahn et al., 2006). The small effect of winter cutting
on CO2 flux in 2011 and 2012 in our study was  probably because
winter cutting did not significantly affect plant production during
the growing period in the region (Cui et al., 2014) and its effect on
soil may  be small due to freezing at that time.

Consistent with previous reports from the same experiment (Hu
et al., 2010), grazing significantly increased N2O flux during the
growing season in 2010 (Table S1), but winter cutting alone did
not affect it in 2011 and 2012 (Table S2). Meanwhile, there was  a
great difference in N2O flux between 2010 (i.e. wetter year) and
2011 and 2012 (i.e. drier years). Previous studies showed that drier
weather decreased N2O production due to reduced denitrification
(Smith et al., 2013; Goldberg and Gebauer, 2009; Carter et al., 2012).
Although generally we found there were no significant correlation
between N2O flux and soil moisture in our study, greater N2O flux
was found on 6 July in 2010 which caused larger average seasonal
N2O flux relative to 2011 and 2012 because more rain fell dur-
ing that period compared with 2011 and 2012 (Fig. S1). The result
implies that winter mowing could have no effect on N2O flux in the
alpine meadow.

Grazing/cutting alone did not significantly affect CH4 fluxes in

our study (Tables S4 and S5), which is consistent with other results
(Zhou et al., 2008; Chen et al., 2011). Some reports indicated that
grazing reduced CH4 flux (Liu et al., 2007; Saggar et al., 2007) due to
trampling resulting in soil compaction may  decrease O2 diffusion
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nto the soil and limiting CH4 and O2 availability for the oxidation
rocess (Saggar et al., 2007; Liu et al., 2007). However, the tram-
ling effect could be limited due to two times of grazing under the
oderate grazing or winter cutting in our study. These conflicting

esponses of CH4 uptake to grazing/cutting may  be due to differ-
nces in grazing intensity and climate condition.

.3. Effect of nitrogen fertilization on GHG fluxes

Previous studies showed that N fertilizer application depresses
O2 flux (Ladd et al., 1994; Smolander et al., 1994; Ma  et al., 1999;
icks et al., 2004; Al-Kaisi et al., 2008), whereas small increases or

o effect were observed under N addition (Craine and Gelderman,
011; Entry et al., 1996; Conti et al., 1997; Willson et al., 2001; Kaye
t al., 2005; Zhang et al., 2007, 2012). In line with other observa-
ions (Micks et al., 2004; Jiang et al., 2010; Carter et al., 2012), we
ound that N addition did not alter CO2 flux for 3-year in our study
Tables S1 and S2). The response of CO2 flux to N addition may
e related to soil N availability and amount of N addition (Carter
t al., 2011). Our previous study indicated that warming did not
ignificantly change soil N net mineralization rate in the alpine
eadow and N could not limit plant production (Wang et al., 2012).
eanwhile, the annual N-application rates in our study were lower

han other studies (Craine and Gelderman, 2011), which may  limit
mpact on the N-status and associated processes because high N
ddition could remove N constraints on microbial metabolism and
mprove litter quality (Carter et al., 2012). Moreover, N addition

ay  enhance plant respiration due to increase of N uptake (Jassal
t al., 2011), but it also can reduce the microbial biomass and activ-
ty which may  reduce soil respiration (Mo  et al., 2008). Thus, the
et effects of N addition on CO2 flux may  be offset by the opposite
rocesses.

There was an inconsistent effect of N application on the sink
trength of CH4, including suppression (Bodelier and Laanbroek,
004; Jiang et al., 2010) and little or no effect (Lessard et al.,
997) even to increased soil CH4 oxidation (Bodelier and Laanbroek,
004). These contradictory results suggest that the effects of

ncreased N availability on CH4 exchange are dependent on site spe-
ific properties (Carter et al., 2012). Our results indicated that there
as no response of CH4 uptake to N addition in the humid year (i.e.

010) (Table S4), but it was increased by N addition during the drier
ears in 2011 and 2012 (Table S5 and Fig. 5B). Probably because the
ffect of N addition on it depends on the net effect between CH4
xidation (Chan and Parkin, 2001; Bodelier and Laanbroek, 2004;
enyailo et al., 2008) and production (Christopher and Lal, 2007)

epending on soil moisture.
N fertilizer application can lead to substantial N2O emis-

ion through nitrification-denitrification processes (Robertson and
itousek, 2009). However, we found that N addition alone did
ot significantly affect N2O flux during the experimental period
Tables S4 and S5), probably because denitrification could be
imited by low temperature (Ambus et al., 2006; Curtis et al., 2006;
iu and Greaver, 2009) or low soil moisture in most sub-humid
pland soils in the northern China (Ju et al., 2009) because reduced
oil moisture decreased the N2O efflux (Dobbie and Smith, 2003;
arter et al., 2012).

. Conclusions

Warming significantly increased ecosystem respiration during
he dry years in 2011 and 2012 and CH4 uptake during the grow-

ng seasons over 3-year period. Grazing during the growing season
n 2010 stimulated N2O emission, but winter cutting did not sig-
ificantly affect it in 2011 and 2012. N fertilization alone had no
ignificantly effect on GHG fluxes and the interactive effect of
eorology 214-215 (2015) 506–514

warming, grazing/cutting and N fertilization on GHG fluxes was
small. Therefore, our results suggest that increased N deposition
could not affect GHG fluxes under future warming with grazing in
the alpine region.
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