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Abstract: The alpine meadow of Zoige Plateau plays a key role in local livestock production of cattle
and sheep. However, it remains unclear how animal grazing or its intensity affect nitrous oxide (N2O)
emissions, and the main driving factors. A grazing experiment including four grazing intensities (G0,
G0.7, G1.2, G1.6 yak ha−1) was conducted between January 2013 and December 2014 to evaluate the
soil nitrous oxide (N2O) fluxes under different grazing intensities in an alpine meadow on the eastern
Qinghai–Tibet Plateau of China. The N2O fluxes were examined with gas collected by the static chamber
method and by chromatographic concentration analysis. N2O emissions in the growing seasons (from
May to September) were lower than that in non-growing seasons (from October to April) in 2013,
1.94± 0.30 to 3.37 ± 0.56 kg N2O ha−1 yr−1. Annual mean N2O emission rates were calculated as
1.17± 0.50 kg N2O ha−1 yr−1 in non-grazing land (G0) and 1.94± 0.23 kg N2O ha−1 yr−1 in the grazing
land (G0.7, G1.2, and G1.6). The annual mean N2O flux showed no significant differences between
grazing treatments in 2013. However, there were significantly greater fluxes from the G0.7 treatment
than from the G1.6 treatment in 2014, especially in the growing season. Over the two years, the soil
N2O emission rate was significantly negatively correlated with soil water-filled pore space (WFPS) and
dissolved organic carbon (DOC) content as well as positively correlated with soil available phosphorus
(P). No relationship was observed between soil N2O emission rate and temperature or rainfall. Our
results showed that the meadow soils acted as a source of N2O for most periods and turned into a weak
sink of N2O later during the sampling period. Our results highlight the importance of proper grazing
intensity in reducing N2O emissions from alpine meadow. The interaction between grazing intensity and
N2O emissions should be of more concern during future management of pastures in Zoige Plateau.

Keywords: Qinghai–Tibet Plateau; grassland; greenhouse gases; nitrogen cycling

1. Introduction

Grassland ecosystems are an important ecosystem type in China and cover approxi-
mately twenty percent of the global terrestrial surface [1], which contributes to 10% of the
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atmosphere N2O flux on a global scale [2]. The Qinghai–Tibet Plateau (QTP) is the largest
grassland area in the Eurasian continent and, also, the largest natural grassland area in
China [3]. Alpine meadow takes up probably 31.3% of the total grassland area of Tibet [4].
The Qinghai–Tibet Plateau has a history of seasonal grazing dating thousands of years.
Overgrazing, due to the rapid growth of population and food demand, is a major cause
of grassland degradation in the QTP in recent years [5]. However, it remains unclear how
animal grazing or its intensity affect N2O emissions, and the underlying mechanisms.

Grazing activities influence the emission of N2O mainly through two aspects. Firstly,
the animal excrements, unevenly distributed on the grassland, can provide additional
nitrogen inputs. On the other side, treading and trampling by the animals can result in the
soil compaction and thus decrease soil aeration, probably leading to changes in the soil N
transformation and N2O emission rates [6]. Generally, grazing promotes the emission of
N2O in grassland ecosystem due to enhanced N cycling rate, with the results highly depen-
dent on environmental factors. For example, Luo et al. [7] found that grazing increased
the nitrogen input and the mineral (nitrogen) N content of the soil through the excrements
of animals and, thus, increased the emission of N2O in New Zealand dairy farm systems.
Saggar et al. [8] also found that N2O flux in grazing land was obviously higher than that
in non-grazing land, mainly on account of the nitrogen inputs of animal excrements and
higher soil WFPS. One study [9] on an alpine grassland of Kunlun Mountain also found
positive relationships of daily N2O flux with WFPS, temperature, and DOC, indicating an
important role of environmental factors in determining the grazing enhancement of N2O
emissions from alpine grasslands. In contrast, a recent study on Inner Mongolia grassland
found that grazing activities may significantly decrease, rather than increase, the emission
of N2O in natural grasslands due to the reduction in microbial biomass, inorganic nitro-
gen production, and winter time water retention [10]. A global meta-analysis also found
that heavy grazing reduced N2O emissions by nearly 40% as compared to non-grazing,
on account of soil moisture and substrate availability reduction but at the cost of plant
productivity and soil fertility [11]. These inconsistent results indicate the uncertainty of
grazing impact on N2O, which could vary with different grazing intensities, climate, and
grassland types.

To access the effect of grazing intensity on N2O emissions, a two-year field experiment
was carried out measuring the N2O flux and the soil, vegetation, and environmental factors.
The aims of this study were to (1) determine the seasonal and annual changes in soil
N2O fluxes in response to the increasing grazing intensities; (2) better understand the
relationships between the N2O fluxes and the environmental and biological factors.

2. Materials and Methods
2.1. Study Site

This study was conducted in a grazing plot located in Hongyuan county (102◦06′ E,
34◦54′ N) in Aba Autonomous Prefecture in Sichuan, China. The average elevation was
3480 m.a.s.l. The area has a typical mainland monsoon climate. The precipitation period is
between May and August, with an annual mean of approximately 831 mm in the study
period (Figure 1). The annual mean air temperature in Hongyuan county is 1.4 ◦C, with
a minimum of −10.1 ◦C in January and a maximum of 11 ◦C in July [12]. The dominant
species are Elymus sibiricus Linn. The accessory species are Kobresia setchwanensis, Saussurea
nigrescens, Leontopodium nonum, and Potentilla bifurca Linn.

During the sampling period, the air temperature was consistent with the seasonal
pattern, with relatively large temporal variability (Figure 1A). In 2013, the annual mean
temperature was 2.33 ◦C with a maximum of 12.8 ◦C in July and a minimum of −9.9 ◦C in
December. In 2014, the annual mean temperature was 2.54 ◦C, with a maximum of 12 ◦C in
July and minimum of −8.4 ◦C in January.

Most of the precipitation occurred in the growing seasons from May to September and
decreased greatly in the winter (Figure 1B). Annual cumulative precipitation was 753 mm
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in 2013 and 908 mm in 2014. Separately, the maximum of monthly cumulative precipitation
was 188 mm in July 2013 and 212 mm in September 2014.
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Figure 1. Monthly cumulative precipitation (black column) and air temperature (blue line) in 2013(A) and 2014(B) for the 106 
grazing experimental site. Values shown in each panel are total annual precipitation and mean temperature. 107 
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Figure 1. Monthly cumulative precipitation (black column) and air temperature (blue line) in 2013 (A) and 2014 (B) for the
grazing experimental site. Values shown in each panel are total annual precipitation and mean temperature.

2.2. Treatments

The grazing experiment was established in 2010. Four treatments were determined:
G0.7 for light grazing intensity, G1.2 for moderate grazing intensity, G1.6 for heavy grazing
intensity, and G0 for the control. Grazing intensity as 0, 0.7, 1.2, 1.6 yak ha−1 was calculated
as the ratio of yak amount to the block area. The respective forage utilization rate of
different treatments was 0%, 30%, 50%, and 70%. The grazing grassland was divided for
ten blocks, with three replications for each grazing treatment and one block for the control.
The block area of different treatments was partitioned as 1.6 ha (G0), 4.2 ha (G0.7), 2.5 ha
(G1.2), and 1.9 ha (G1.6). Three yaks were grazed in each block for G0.7 to G1.6 and none
for G0 from May to October.

2.3. Measurement of N2O Fluxes

Soil N2O fluxes were measured using the static chamber method. The chambers were
made of polyvinylchloride (PVC) pipe with a length of 40 cm and an internal diameter
of 20 cm. A pedestal was placed into the soil to a depth of 10 cm for each plot. Three
replicate chambers were randomly deployed in each block, resulting in a total of 9 chambers
per grazing treatment and 3 chambers for control. Gas samples were collected from
9:00 to 12:00 a.m. monthly from January 2013 to December 2014. Gas samples were
collected at intervals of 0, 5, 10, and 15 min in 10 mL disposable vacuum tubes after the
chambers were closed. Air temperature inside the chamber at 0 and 15 min was recorded
for calculation of N2O flux. The N2O concentrations of all the samples were analyzed using
gas chromatography (Agilent 7890A, Agilent Technologies Limited Co., Wilmington, DE,
USA) equipped with an electron capture detector (ECD) operating at 350 ◦C. The flux of
N2O was calculated as

J =
dc

dt
· P

P0
· M

V0
· T0

T
· H

where dc/dt is the rate of concentration change; P is the atmosphere pressure of the sampling
site; M is the molar mass of N2O; T is the absolute temperature of the sampling time; V0, P0,
and T0 is the molar volume, atmosphere pressure, and absolute temperature, respectively,
under the standard condition; and H is the chamber height over the soil surface [13].
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2.4. Measurements of Ancillary Factors
2.4.1. Climate Factors

Monthly accumulated precipitation and mean temperature data from Jan/2013 to
Dec/2014 were collected from an automatic meteorological station from Hongyuan Weather
Bureau (data from the Chinese National Meteorological Information Center, http://www.
nmic.gov.cn/).

2.4.2. Soil Characteristics Analysis

Soil samples were collected from three random positions in each block (to the depth
of 15 cm) in mid-August in 2013, and then stored at the laboratory at 4 ◦C. The fresh soil
was air-dried at natural temperature and attributed through a 0.25 mm sieve for chemical
analysis. The concentrations of NH4

+-N, NO3
−-N, available phosphorus and dissolved

organic carbon (DOC) were measured using a continuous flow analyzer of San++ (SKALAR,
Breda, Netherlands).

Soil temperature at 5 and 10 cm depth was measured using a handheld digital ther-
mometer (SP-E-17 thermometer, Jinzhengmao Instruments China Inc., Beijing, China)
around each chamber on the gas sampling date. Soil pH was measured using a pH meter
(PB-10, Sartorius Instruments Inc., Goettingen, Germany). Soil water content was expressed
as water-filled pore space % (WFPS).

The WFPS was calculated as:

WFPS = Vol/(1− SBD/2.65)

Vol is volumetric water content (%), SBD is soil bulk density (g cm−3), and 2.65 is the
density of quartz (g cm−3) [14].

2.4.3. Aboveground Biomass

In 2013, we randomly located three 20 cm × 20 cm quadrat frames in each block of
grazing treatment (G0.7, G1.2, and G1.6) and nine quadrat frames for control (G0) at the
end of August for biomass sampling. Therefore, 36 plots all together were selected for
sampling. All the plants inside the frame were cut off from the bottom and oven-dried for
48 h at 65 ◦C to constant weight to calculate the aboveground biomass.

2.5. Statistical Analysis

One-way ANOVAs and LSD tests were used to determine the effects of grazing
intensities on soil factors and plant factors. For each month, the means and standard error
(SE) of N2O and different factors were calculated. Linear regression models were used
to detect the relationships between N2O flux and the key factors. The effect of a certain
variable was considered statistically significant for p < 0.05. The above analyses were
performed with the SPSS 21.0 for Windows (IBM, Chicago, IL, USA).

3. Results
3.1. Soil Characteristics

The soil parameters over different grazing intensities during the experiment are shown
in Table 1. The soil DOC showed decreased tendency with the grazing pressure in 2013, and
the grazing plots (G0.7, G1.2, and G1.6) had significantly lower soil DOC content compared
to the control (p < 0.05). The soil phosphorus in both G0.7 and G1.6 treatments were
significantly higher than in G0 and G1.2 treatments (p < 0.01). Soil NO3

−-N content was
significantly higher in all grazing plots than in the control. The soil WFPS in G0.7 treatment
was significantly (p < 0.05) higher than that in G0 and G1.2 treatments and not significantly
different with that in the G1.6 treatment. However, no significant difference was found in
soil pH, NH4

+-N content, and soil bulk density among different grazing intensities. The
non-grazing plot (G0) had significantly (p < 0.01) more aboveground biomass compared to
the grazing plots, and it tended to decline along the grazing intensities.

http://www.nmic.gov.cn/
http://www.nmic.gov.cn/
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Table 1. Soil factors, pH, and AGB (aboveground biomass) in grasslands under different grazing intensities in 2013.

G0 G0.7 G1.2 G1.6

pH 5.57 ± 0.05a 5.51 ± 0.08a 5.50 ± 0.07a 5.55 ± 0.05a
DOC (mg kg−1) 207.05 ± 0.68a 177.74 ± 8.05b 170.76 ± 48.67b 151.64 ± 11.03b

P (mg kg−1) 0.86 ± 0.04A 1.74 ± 0.08C 1.14 ± 0.04A 1.42 ± 0.12B
NO3

−-N (mg kg−1) 0.07 ± 0.004a 0.12 ± 0.006b 0.10 ± 0.008b 0.12 ± 0.010b
NH4

+-N (mg kg−1) 1.26 ± 0.08a 1.13 ± 0.06a 1.22 ± 0.06a 1.37 ± 0.11a
Aboveground biomass (g m−2) 451.83 ± 66.54A 199.19 ± 17.03B 135.17 ± 11.76C 132.19 ± 15.74C

WFPS % 17.39 ± 2.84a 51.82 ± 5.21b 35.72 ± 5.51a 38.97 ± 6.05ab
Soil bulk density (g cm−3) 0.78 ± 0.16a 0.77 ± 0.07a 1.00 ± 0.08a 0.92 ± 0.06a

Note: Different superscript letters after means indicate significant difference between sites at p < 0.05 (a, b) and at p < 0.01 (A, B, C). There is
no significant difference between treatments in pH, NH4

+-N, and bulk density.

3.2. Seasonal and Annual Responses of N2O Fluxes to Grazing Intensities

During the sampling period, the temporal variation in N2O flux was observed in all
grazing intensities (Figure 2). During the sampling period, the grassland soils acted as a
source of N2O for most periods and turned into a weak sink of N2O in the last few months.
In the two years, the peak of soil N2O emissions was 0.099 mg N2O m−2 h−1 from the G0
treatment in April 2013, and the peak of N2O absorption was −0.085 mg N2O m−2 h−1

from the G1.2 treatment in August 2014.
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Annual mean N2O emission rates were calculated as 1.17 ± 0.50 kg N2O ha−1 yr−1 in
non-grazing land(G0) and 1.94 ± 0.23 kg N2O ha−1 yr−1 in grazing land (G0.7, G1.2, and
G1.6). The mean annual N2O flux showed no significant differences between grazing treat-
ments in 2013 (Figure 3). However, there were significantly (p < 0.05) greater fluxes from
the G0.7 treatment than from the G1.6 treatment in 2014, especially in the growing season.

The pattern of N2O emissions from growing season and non-growing season between
2013 and 2014 differed substantially (Figure 4). In 2013, the grassland soils released
more N2O in non-growing season than in growing season, consistently among all grazing
treatments. However, in 2014, the G0 and G0.7 treatments had higher emissions in growing
season than in non-growing season, and the grassland soil in growing season turned into a
sink of N2O from the G1.2 and G1.6 treatments.
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3.3. Effect of Driving Factors on N2O Fluxes under Different Grazing Intensities

The relationships between the soil N2O fluxes and driving factors (including climate
factors, soil, and biological factors) were shown in Table 2. Across all the treatments
(Figure 5), soil N2O emission rate was shown to be significantly positively correlated
with the soil phosphorus content (R2 = 0.2579, p = 0.007), whereas significantly negative
correlations were observed between N2O emission rate and soil DOC content. There were
significantly positive linear relationships between soil N2O flux and soil pH (R2 = 0.987,
p < 0.01) in all treatments. In contrast, there were negative relationships between soil N2O
flux and soil WFPS (R2 = 0.756, p < 0.01) in grazing treatments and aboveground biomass
(R2 = 0.709, p < 0.01) in G1.2 treatment.

Table 2. Pearson relationships between climate factor (rainfall and chamber temperature), soil factor (DOC, P, NO3
−-N,

NH4
+-N, SBD, WFPS, pH) biological factor (aboveground biomass), and the monthly mean flux rates of N2O under different

grazing intensities.

Grazing Intensity G0 G0.7 G1.2 G1.6

Climatic Rainfall 0.00017 −0.319 −0.14 −0.186
Chamber Temperature −0.092 −0.338 0.023 −0.154

Soil DOC −0.455 −0.482 ** −0.610 ** −0.519 **
P 0.664 ** 0.503 ** 0.497 ** 0.548 **

NO3
−-N 0.312 0.392 * 0.433 * 0.128

NH4
+-N 0.354 −0.088 0.257 0.17

SBD −0.225 −0.488 * −0.304 −0.021
WFPS −0.743 −0.756 ** −0.774 ** −0.854 **

pH 0.987 ** 0.895 ** 0.961 ** 0.955**

Biological Aboveground biomass 0.648 0.09 −0.709 ** −0.466

* p < 0.05; ** p < 0.01
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4. Discussion
4.1. N2O Emission Rates—Comparison with Other Studies

In our study, the alpine meadow acted as a strong source of N2O in 2013 but a weak
sink in the last few months of 2014 (Figure 2). The sink in 2014 may be caused by the
intensive rainy season that year, which induced the saturation of water-filled pore space
and a stronger N2O uptake during the period [15]. The annual mean N2O emission rates
were calculated as1.17 ± 0.50 kg N2O ha−1 yr−1 in non-grazing land and 1.94 ± 0.23 kg
N2O ha−1 yr−1 in the grazing land in the sampling periods, which were coincidently much
larger than those in other alpine meadows in Qinghai–Tibet Plateau [16,17] or semiarid
grasslands in Inner Mongolia [18].The difference compared to the semiarid grassland may
be due to the higher nitrogen mineralization rates in the moister environments in the alpine
meadow in Qinghai–Tibet Plateau (Table 3).

Table 3. Comparisons of annual mean N2O fluxes with other studies in different grassland types.

Grassland Type Country Location Elevation (m) N2O Flux (kg N2O ha−1 y−1) Reference

Semiarid grassland China 43◦32′ N, 116◦40′ E 1100~1200 0.73 [18]

Alpine shrubland China 37◦29–45′ N, 101◦12–24′ E 2703~5153 0.30 [17]

Alpine wetland China 37◦29–45′ N, 101◦12–25′ E 2703~5154 0.02 [17]

Alpine meadow China 37◦29–45′ N, 101◦12–23′ E 2703~5152 0.50 [17]

Alpine meadow China 37◦37′ N, 101◦120′ E 3250 −0.18~0.50 [16]

Alpine meadow China 33◦06′ N, 102◦35′ E 3480 1.17 (G0) This study
2.79 (G0.7)
2.17 (G1.2)
0.85 (G1.6)

1.74 (average)

Seasonal variations in N2O emissions indicated that N2O emissions in the growing
seasons (from May to September) were lower than that in non-growing seasons (from
October to April), 1.94 ± 0.30 to 3.37 ± 0.56 kg N2O ha−1 yr−1 in 2013. This was not
consistent with other studies with more N2O emissions in the growing seasons [19]. We
assumed that the rainfall pattern and soil water content can best explain the variations
in N2O emissions. N2O production in the surface soils is mostly driven by microbial
processes, including nitrification and denitrification. Soil with high water content can
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promote microbial activities. In addition, with the decrease of oxygen concentration in soil,
high denitrification rates can be induced under anaerobic conditions.

A peak of N2O emissions was also observed in April of 2013, especially in the G0
and G0.7 plots, likely due to freezing and thawing processes. Teepe et al. [20] reported
that both the duration of freezing and the soil water content could critically affect the N2O
emissions during the thawing process, probably owing to the increased nutrient release
or increased amounts of denitrifying bacteria changing from aerobic to anaerobic activity
with increasing freezing time.

4.2. Responses of Soil N2O Fluxes to Grazing Intensities

In our study, the grazed grassland was a source of soil N2O persistently in 2013 and
2014. The intensity of grazing substantially promoted the emission of soil N2O in alpine
meadow. This is consistent with the results of other studies [7,8,21]. However, our results
negate that the alpine meadow is a constant source of N2O for the atmosphere. In certain
conditions, it can turn to be a weak sink of N2O.

Our results demonstrate that light grazing increased soil N2O fluxes in our research
site. This is consistent with previous studies [19,22] as elevated nitrogen input from
the excrements could stimulate the denitrification processes and lead to enhanced N2O
emissions in grazing grasslands [23]. However, the soil N2O fluxes tended to decrease
with the grazing intensity increasing (Figure 3), which is consistent with the results of
other studies [24,25], but in contrast with other reports where it is believed that grazing
increases soil N2O fluxes [26]. Several possible reasons could explain the differences
between our results and those of previous studies. Firstly, grazing changes the vegetation
structure and plant species composition through the gnawing processes of yaks. In our
study, the aboveground biomass significantly decreased along with the grazing intensities,
except for the G1.6 treatment (Table 1). Similar results in this site were also found by
Yang et al. [27], that grazing prohibition could significantly increase the aboveground
biomass and vegetation coverage and decrease the root–shoot ratio. Compared to non-
grazing plots, the lower plant height and less aboveground biomass can result in increased
soil temperature and decreased snow cover during winter time in grazed plots. Differences
in soil temperature and moisture can have a significant influence on soil microbial N cycling
and induce lower N2O emission rates in grazing plots [28]. Secondly, grazing changes
the soil structure and aeration, thus affecting the oxygen content and soil moisture and
resulting in higher soil compaction, which may be another factor resulting in lower N2O
emissions in grazing plots. Moreover, grazing can increase soil bulk density and decrease
the water-filled pore space (Table 1) through animal trampling, which can result in the
restriction of soil N2O production [1]. Ding et al. [29] also reported that soil moisture
dominantly controls the gene abundance of soil microorganisms along the precipitation
gradient, including nitrification and denitrification processes. Thirdly, indirect effects of
grazing on the nutrient allocation between the above- and belowground of plants may
be responsible for the lower emission rate in higher grazing intensity. It was found in a
previous study [30] of this research site that the vegetation distributed more nutrients into
the aboveground tissues and induced higher TN and TP concentrations in the aboveground
than those belowground in grazed plots. Such distribution pattern between above- and
belowground tissues was contrast with those in other studies [31] and may mean different
resource acquisition strategies of specific plant compositions [30].

4.3. Responses of Factors toward Controlling N2O Fluxes and Grazing Intensity

We found that the N2O flux was significantly positively correlated with the soil
phosphorus content, which was consistent with the report by Rui et al. [32]. Phosphorus
(P), one of the main soil nutrients in grassland ecosystem, is essential for plant growth. It is
in short supply in many ecosystems and may limit the net primary production (NPP) and
nitrogen fixation. It was indicated that grazing could increase the mineralization of organic
P and soil phosphatase activities and stimulate soil microbial activities. Moreover, other
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studies [33] found that the increase in soil NO3
−-N content due to grazing activity could

positively influence phosphatase activity and P mineralization.
Moreover, significant negative correlations were observed between N2O flux and

soil WFPS in all grazing lands in our study. This is consistent with previous studies [1],
as grazing can alter soil structure. As a result of animal trampling, grazing can increase
the soil bulk density and compaction, reduce the soil pore diameter, and decrease the
water-filled pore space which, in turn, restrict the rates of N2O production from soil.

Our analysis showed that grazing significantly increased the soil nitrate content and
N2O emissions were significantly positively correlated with the soil NO3

−-N content
in light and moderate grazing treatments, which were consistent with previous studies.
Other studies also found that the nitrate N concentrations had good relationships with the
denitrification rate and N2O emissions. High water content and concentration of nitrate
nitrogen could promote a high denitrification rate owing to oxygen diffusion and carbon
availability. However, when the water content is low, the diffusion of nitrate nitrogen could
be limited, and the availability of the nitrate nitrogen may influence the denitrification
process and N2O emissions [34,35].

5. Conclusions

This study, to our best knowledge, has taken the lead in examining the effects of
grazing on N2O emissions in alpine meadows. There were differences in temporal patterns
of N2O flux in the sampling periods for different grazing intensities. The natural source
of N2O in alpine meadow can be turned into a weak sink in certain conditions by the
interaction of grazing activities and soil moisture. Significant negative linear relationships
were found between soil N2O fluxes and soil WFPS and DOC content over the period of
the experiment. This paper provides evidence for better understanding the mechanisms of
grazing effects on N2O emissions, and soil nitrate and organic carbon concentrations are
mostly likely to affect N2O emissions in alpine meadows.
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