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Abstract: Nitrogen (N) addition is an important nutrient strategy for alpine grassland in northwestern
China to improve productivity for livestock needs. A field experiment was conducted in a semi-arid
alpine grassland in northwestern China to investigate the effect of N addition rates on soil N2O
emissions over the growing seasons of 2017 and 2018. Treatments included six N addition rates (0, 10,
30, 60, 120, 240 kg N ha−1 y−1), which were applied before each growing season. The N2O fluxes
increased with N addition rates and showed different episodic changes between the two growing
seasons. In 2017, the maximum N2O flux rate occurred within 2 weeks following N addition. In 2018,
however, the maximum N2O flux rate occurred later in the growing season due to a heavy rainfall
event. Growing season cumulative N2O emissions ranged between 0.32 and 1.11 kg N ha−1, and
increased linearly with N addition rates. Increasing N addition rates over 60 kg N ha−1 yr−1 did
not further increase plant above-ground biomass. The inter-annual variability of N2O flux suggests
the importance of soil moisture in affecting N2O emissions. It is particularly important to avoid
over-applying N nutrients beyond plant needs to reduce its negative effect on the environment while
maintaining livestock productivity. The N2O flux rate increased with soil dissolved organic carbon
(DOC) and soil pH. These results suggest the optimal N addition rate to the livestock grassland in
this region should be 60 kg N ha−1 yr−1.

Keywords: alpine grassland; nitrogen addition; nitrous oxide; emission factor; semi-arid

1. Introduction

Nitrous oxide (N2O) is one of the most important greenhouse gases (GHGs), with
a substantial contribution of 7.9% to the global warming effect [1]. The concentration of
atmospheric N2O has increased from 270 ppb in the preindustrial period to 330 ppb in
recent years, mainly due to anthropogenic industrial and agricultural activities. About one-
third of N2O is mainly derived from human activities, of which agricultural activities are
one of the main driving forces. Nearly 50% of N2O emissions are related to the application
of soil nitrogen (N) fertilizers to agricultural ecosystems [2,3].

Grassland is one of the most widely distributed vegetation types on the land ecosystem.
Grassland covers about one-fifth of the world’s land [4]. In China, grassland accounts
for about 40% of land area [5,6]. In the recent decade, grassland has been the largest
source of N2O emissions after forests and cultivated land [7]. Quantification of N2O
emissions from grassland is necessary to assess the N2O budgets at the regional or global
scales [8]. Nitrogen addition is a conventional means to increase grassland productivity
for animal livestock production, especially for alpine grassland where N commonly limits
plant biomass production. Understanding the mechanism of how N addition affects N2O
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emission from alpine grassland is of great importance for developing reasonable nutrient
management strategies.

The N2O production in the soil is mainly associated with two microbial-driven mech-
anisms: nitrification under aerobic conditions and denitrification under anaerobic con-
ditions [9,10]. Nitrification is the oxidation of ammonium ions by NH2OH aerobic mi-
croorganisms to nitrite and then oxidation to nitrate process. When oxygen is limited,
ammonia oxidants can use NO2

− as an alternative electron acceptor to produce nitrous
oxide. Denitrification is the sequential reduction of nitrate by anaerobic microorganisms
(mainly bacteria) to nitrite, which is then converted to NO, N2O, and N2 [11]. Environ-
mental factors such as soil N and C availability, soil temperature, moisture and pH can
affect these biological processes and further soil N2O emissions [12,13]. Soil moisture
dynamics determine the biogeochemical environment of microorganisms and affect the
availability of soluble nutrients such as organic carbon, ammonium, and nitrate [14]. Soil
temperature affects the activity of related microorganisms during N2O production [15].
Moreover, human activities, such as the addition of fertilizers, can also have significant
impacts [16,17]. As people increasingly consider reducing GHG emissions and reaching net
zero-emission goals [18], the ability to quantify emissions and sources becomes increasingly
important. Many studies with grassland ecosystems have shown that N addition increased
soil N2O emission [4,19,20]. For example, for an alpine grassland in the southern Tian Shan
Mountains of Central Asia, Li et al. [21] found that N addition increased N2O emissions
over the non-fertilized control, but there was no significant difference between different
N rate treatments. Due to different environmental factors, such as inorganic nitrogen,
soil moisture, altitude, and temperature, the response of N2O to N addition varied with
alpine grassland [20–22]. Some studies have shown that N addition had limited effect
on N2O emission in alpine steppe in Tibetan Plateau and semi-arid temperate steppe in
Inner Mongolia [23–25]. Therefore, there is still some controversy about the response of
grassland N2O emission to N addition.

Numerous studies have investigated the relationship between the fertilizer N rates
and N2O emissions. Previous studies found that N2O emissions increased linearly with
the increase of N addition rate [26,27]. In recent years, more and more experiments have
proved that the N2O emission is in a nonlinear exponential relationship with the increasing
N addition rate [2,28,29]. For example, Kim et al. [30] conducted a meta-analysis with
26 published studies, and found that the relationship between N2O direct emissions and N
input was nonlinear (exponential or hyperbolic) for 18 datasets, whereas the relationship
was linear for four datasets. They further suggest that the response of N2O emissions
to N input rate could be divided into three stages: (1) linear (N limited soil condition);
(2) exponential; and (3) steady-state (carbon limited soil condition). Shcherbak et al. [2] also
reached the same conclusion after conducting mate-analysis on the data of 78 published
articles. However, these studies were based on agricultural ecosystems or temperate
grasslands. Peng et al. [31] reported that N2O emission increased linearly with N fertilizer
input in a Tibetan alpine steppe. The low temperature on the alpine grassland could limit
the abundance and activity of N2O -producing microorganisms, which further limits the
response of N2O emissions to N supply. Therefore, the exponential N2O emission-N rate
relationship observed in warm regions may not be extrapolated to alpine ecosystems. More
field experiments in different ecosystems are needed to clarify the relationship between
N2O emissions with N addition.

The grassland in the north slope of the Kunlun Mountains is the primary pastoral
area and plays a key role in maintaining the local livestock production and ecological
balance [32]. This grassland ecosystem is located in the transition zone from humid to
extremely arid climate in the mountain area and has a distinct vertical zonal distribution.
Such an alpine grassland ecosystem is characterized by high altitude, low temperature,
and low N availability. The ecosystem is susceptible to global climate and environmental
changes [33]. However, in recent years, due to the expansion of grazing and global climate
change, grassland degradation has resulted in the decline of herbage yield. Nutrient
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addition, especially N addition, has been recommended as an effective strategy to increase
grassland productivity. However, a suitable N addition rate is to be determined to achieve
the win-win goal of livestock production and environmental protection. Previous studies
on N2O emissions from grassland ecosystems in China mainly focused on the semi-arid
grasslands in Inner Mongolia and the alpine grasslands on the Qinghai–Tibet Plateau. The
grassland ecosystem in the current study is unique as it locates in the transition zones from
desert to oasis, and is particularly fragile to environmental changes. So far, few studies
have investigated N2O emissions from the grassland ecosystem on Kunlun Mountains.

This study aimed to find out the optimal N addition rate at which the highest grassland
production can be achieved with less N2O emissions. The specific objectives were (1) to
explore the linear or non-linear relationship between N2O emission and N addition rates;
and (2) to identify the key environmental factors that determine N2O emissions for the
semi-arid alpine grassland on Kunlun Mountain.

2. Materials and Methods
2.1. Field Site and Experimental Design

This study was performed from 2017 to 2018 on the National Field Observation and Re-
search Station of Grassland Ecosystem in Xinjiang of China. The experimental site (80◦35′08′′ E,
36◦08′02′′ N) is a long-term grassland study site established in 2007 and located at the northern
slope of Kunlun Mountain (Figure 1). The study site has an altitude of 3236 m and belongs to
an alpine grassland. The climate is semi-arid with a mean annual air temperature of 8.5 ◦C
and annual precipitation of 350 mm, which mainly occurs in May–September. The study site is
entirely populated by indigenous vegetation and without exposure to animal grazing since
2007. A native and non-grazed grassland site was selected in this study to focus on the impact
of N addition and avoid any potential interactions from animal grazing. The vegetation cover-
age rate is 60–80%, with the dominant species being Stipa capillata and Alpine silk, and the main
associated species being Allium ramosum, Astragalus membranaceus, and Leymus chinensis [32].
Before the study in 2017, soil core samples (0–20 cm depth, 2.5 cm diameter) were collected and
analyzed to determine the basic characteristics. The soil had a texture of sandy loam (clay 96,
silt 579, and sand 326 g kg−1), organic matter content 10.8 g kg−1, total N content 0.57 g kg−1,
total phosphorus (P) 0.67 g kg−1, and total potassium (K) 18.5 g kg−1, NaHCO3 extractable
P (Olsen-P) 2.7 mg kg−1, NH4OAc extractable K 121 mg kg−1, pH 8.0, dissolved organic
carbon (DOC) 0.23 mg g−1, bulk density 1.23 g cm−3, NO3

−-N 22.4 mg kg−1, and NH4
+-N

9.1 mg kg−1. Analyses of soil were based on Carter [34]. Weather data of precipitation and air
temperature were obtained using an onsite weather station.

Treatments were six N addition rates (0, 10, 30, 60, 120, 240 kg N ha−1 yr−1), which
were arranged in a randomized block design with four replicates, for a total of 24 plots.
These addition rates were adopted from a previous study in an alpine grassland in north-
western China and covered a range of levels used for the local grassland management [35].
The area of each plot is 2 × 3 m, with a 1-m buffer zone being set between every two plots
to avoid the marginal effects. Nitrogen was broadcasted on soil surface in the form of urea
(46-0-0) on 22 April 2017, and 20 April 2018, respectively. According to the local weather
forecast, the application dates were set 1–2 d before an expected rainfall.

2.2. N2O Flux Determination

The N2O gas sampling was conducted using the static vented chamber method [36].
The chamber was composed of a polyvinyl chloride cylinder base collar (0.18 m i.d. and
0.12 m deep) and a fitting lid. A small hole was drilled on the lid to connect with a
three-way valve for gas collection. In each plot, one chamber was installed in the center
area by inserting the base collar into the soil at 5 cm depth, and left open through the
growing seasons except for gas sampling. The sampling frequency was usually once a
week following N addition, and decreased to once every two weeks in late growing seasons.
During gas sampling, the chamber was sealed by fastening the lid into the bottom collar,
and reinforced with rubber bands to ensure closure. A 30-mL syringe was used to collect
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gas samples manually through the three-way valve at 0, 15, 30, and 45 min after closing.
The syringe was pumped back and forth for three times before each collection to mix the
gas. Gas sample was then transferred into a 12-mL pre-evacuated vial until analysis. A gas
chromatograph (Shimadzu GC-2014C, Shimadzu Scientific, Kyoto, Japan) fitted with an
electron capture detector was then used to analyze N2O concentration in the gas sample.
When measuring gas samples, the standard gas (purity of 99.999%, Dalian Date Gas Co.,
Ltd., Dalian, China) was used for instrument calibration.
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The N2O flux rate was calculated using the HMR package in the R program by linear
or non-linear simulations of the N2O concentration over the sampling times [37,38]. The
linear interpolation gap-filling method was used to calculate the N2O flux rate for the
missing sampling days. The growing season cumulative N2O emission (ΣN2O, kg N ha−1)
for each chamber was then calculated as the summation of daily estimates over the moni-
toring periods, assuming that the measured or linear-interpolated N2O emission rate was
representative of the average daily N2O emission rate on that day. The N2O emission
factors (EF, %) for the N receiving treatments represents the percentage of N input emitted
as N2O gas, and was calculated as:

EF(%) =
EN − EC

Applied N
× 100 (1)
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where EN and EC are the ΣN2O (kg N2O-N ha−1) from N addition treatments and unfertil-
ized control, respectively, and the Applied N is the N addition rate (kg N ha−1).

2.3. Soil and Plant Sampling

In each growing season of 2017 and 2018, soil core samples of 0–20 cm were collected
once a month. In each plot, three core samples were collected and composited into one
sample for analysis. The fresh samples were screened (2-mm) to remove impurities of
roots and stones and then analyzed for NO3

−, NH4
+, pH, and DOC. Soil NO3

− and NH4
+

concentrations were determined using a continuous flow analyzer (Auto analyzer 3 SEAL,
Bran and Luebbe, Norderstedt, Germany) after being extracted using 0.1 M CaCl2. Soil
pH was determined on soil: water ratio of 1:5. Soil DOC was determined using a total
organic carbon analyzer (Aurora1030, OI Analytical, College Station, TX, USA) after being
extracted in a 1:5 soil: water solution.

In each plot, plant above-ground biomass of four 0.5 × 0.5 m quadrats was obtained
in June, July, and August in 2017. At each sampling, the above-ground plants in a different
quadrat were clipped at ground level and oven-dried at 80 ◦C to a constant weight. Biomass
determination was not done 2018 due to lack of labor.

Soil temperature and moisture contents were continuously monitored by installing
sensors (5TM-Sensors, Decagon Devices, Pullman, DC, USA) at the 20 cm depth and
connected to a data collector (Em50G Decagon Devices, Pullman, DC, USA). Moreover,
at each gas sampling occasion, soil temperature and volumetric water content (VWC) at
5 cm depth were also measured using a portable soil sensor (WET-2, Delta-T Devices,
Cambridge, UK). Soil water-filled pore space (WFPS) was then calculated as:

WFPS(%) =
VMC

1− BD/PD
× 100 (2)

where, VMC is the soil volumetric water content (%), BD is the soil bulk density, and PD is
the soil density (assuming 2.65 g cm−3).

2.4. Data Analysis

The Shapiro–Wilk method was used to test the normality and homogeneity of variance
of all data before analysis. Log(10) was used to transform the N2O flux data to meet the
requirements for normality of residuals. A two-way analysis of variance (ANOVA) was
conducted to investigate the main and interactive effects of N treatment and year on
cumulative N2O emission and plant above-ground biomass. Where treatment effect was
significant, means were compared using the least significant difference (LSD) method.
For a specific sampling occasion, means of daily N2O flux rate, soil concentrations of
NH4

+-N, NO3
−-N, and DOC, and soil pH were also compared using the LSD. Pearson

correlation analysis was used to analyze the relationship between daily N2O flux rate and
environmental factors (NH4

+-N, NO3
−-N, pH, DOC, precipitation, air temperature, WFPS,

soil temperature). Multiple stepwise regression analysis was further performed to identify
the environmental factors that significantly contributed to the variation in N2O flux. The
differences were considered significant at p < 0.05 level. Data analyses were conducted
using R software and SPSS 20.0 software.

3. Results
3.1. Environmental Conditions

The growing season (April–October) total precipitation was 535 mm in 2017 and
813 mm in 2018, which was mainly distributed in June-August. Soil WFPS showed cor-
responding temporal changes to rainfall events. Soil WFPS was at 30–45% from June to
August in 2017 when most rainfall events occurred. In 2018, the heavy rainfall on day of
year (DOY) 143, 175, 210 resulted in substantial increases of WFPS up to 40–50% (Figure 2).
Over the experimental period, soil temperature generally followed the trend of air tem-
perature, being increased from April to August, and decreased thereafter. The average
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soil temperature in the growing season (April–October) was 8.5 ◦C in 2017 and 5.0 ◦C in
2018. The meteorological data of the experimental site were obtained from nearby weather
stations, and the rainfall and temperature data referred to our team’s article [36].
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3.2. Daily N2O Flux Rate and Cumulative Emissions

In 2017, N2O flux rate increased and reached a peak two weeks after N addition
(Figure 2). In 2018, the maximum N2O flux rate occurred in late growing seasons, which
was induced by several large rainfall events between DOY 200 and 220, corresponding
with a high soil moisture content. Significant (p < 0.05) treatment effects were observed on
3 of 16 measurement occasions in 2017, and 2 of 12 measurement occasions in 2018, where
high N additions of 120 and 240 kg N ha−1 resulted in higher N2O flux rates compared
to low additions of 10 to 60 kg N ha−1. Over the 2-yr period, the average daily N2O flux
rate was 5.8, 4.6, 3.2, 2.3, 2.8, and 2.4 g N ha−1 d−1 for the N240, N120, N60, N30, N10, and
control, respectively.

The ΣN2O showed a similar response to N addition in both years, values with high
N inputs of N120 and N240 doubled or nearly tripled that of the low N inputs of N10
and N30 (Table 1). In each year, the ΣN2O increased linearly with N addition rates, with
high R2 of 0.920 in 2017 and 0.976 in 2018 (Figure 3). Meanwhile, the average background
emission inferred from the y-intercept (0 kg N ha−1 fertilizer) was 0.364 kg N ha−1 yr−1.
The EF over the two growing seasons ranged from 0.15% to 0.86%, with an average value
of 0.44%. The EF was not affected by N treatment in either year. Both ΣN2O and EF were
not affected by an interaction between year and N treatments.

Table 1. Cumulative N2O emissions (ΣN2O) and applied-N scaled emission factors (EF) as affected by N addition treatments
in 2017 and 2018 growing seasons.

Treatment
ΣN2O (kg N ha−1) EF (%)

2017 2018 Total 2017 2018 Average

Control 0.3 ± 0.1 b 0.3 ± 0.1 c 0.7 - - -
N10 0.4 ± 0.1 b 0.4 ± 0.1 bc 0.8 0.9 ± 0.6 a 0.8 ± 0.3 a 0.8 ± 0.5 a
N30 0.4 ± 0.1 b 0.4 ± 0.1 bc 0.8 0.2 ± 0.3 a 0.2 ± 0.2 a 0.2 ± 0.2 a
N60 0.6 ± 0.1 ab 0.5 ± 0.1 abc 1.2 0.5 ± 0.1 a 0.3 ± 0.1 a 0.5 ± 0.2 a
N120 0.9 ± 0.2 a 0.8 ± 0.1 ab 1.7 0.5 ± 0.1 a 0.4 ± 0.1 a 0.4 ± 0.1 a
N240 1.1 ± 0.2 a 1.0 ± 0.1 a 2.1 0.3 ± 0.1 a 0.3 ± 0.1 a 0.3 ± 0.1 a

Mean ± standard error (n = 4) is presented. Means within a column followed by different letters are significantly different at p < 0.05.
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Pearson correlation analysis showed that the N2O flux rate correlated with soil DOC
(r = 0.370) and pH (r = 0.273), but not with other environmental variables, including
soil NO3

−, NH4
+, air or soil temperature, precipitation, and WFPS (Table 2). We further

conducted stepwise linear multiple regression to identify additional explanatory power for
the N2O flux. Other than soil pH and DOC, soil NO3

−, soil temperature, and WFPS was
identified as significant factors contributing to variation in N2O flux. Still, the coefficients
(r2) of these variables were low, being 0.098 for pH, 0.048 for DOC, 0.052 for soil NO3

−,
0.055 for WFPS and 0.020 for soil temperature, resulting in an overall R2 of 0.273.

Table 2. Pearson correlation of daily N2O flux rate with environmental variables.

NO3
−-N NH4

+-N DOC pH Air Temp. Soil Temp. Precipitation WFPS

N2O flux −0.016 −0.012 0.370 ** 0.273 * −0.035 0.027 0.058 0.051

*, ** Indicates significance at p < 0.05 and <0.001, respectively.

3.3. Soil Chemical Characteristics

During the whole observation period, N addition treatments increased concentrations
of extractable NH4

+ and NO3
− compared to the control (Figure 2). The N240 and N120

addition treatments had generally higher NH4
+ and NO3

− concentrations than other N
addition rates, whereas low N addition rates of N10 and N30 did not significantly increase
NH4

+ and NO3
− concentrations compared to the control. Over the two growing seasons,

N addition generally did not affect soil pH and DOC concentration (Figure 2).

3.4. Plant Biomass under Different N Addition Rates

In 2017, the effect of N treatment on plants above-ground biomass differed between
sampling times (Table 3). In June, there was no significant difference among the treatments.
In July and August, high N addition rates of N120 and N240, but not other treatments,
resulted in significantly (p < 0.05) higher biomass than the control.

Table 3. Plant above-ground biomass as affected by different N addition rates in 2017.

Treatment
Plant Above-Ground Biomass (g m−2)

June July August

Control 100 ± 11a 158 ± 13 c 259 ± 6 d
N10 105 ± 9 a 166 ± 13 bc 274 ± 4 cd
N30 95 ± 8 b 177 ± 9 abc 291 ± 5 bc
N60 100 ± 6 a 201 ± 34 abc 313 ± 22 ab
N120 107 ± 2 a 224 ± 8 a 342 ± 14 a
N240 119 ± 10 a 216 ± 12 ab 325 ± 7 ab

Mean ± standard error (n = 4) is presented. Means within a column followed by different letters are significantly
different at p < 0.05.

4. Discussion

In the present study, the EF ranged between 0.15 and 0.86% with an average of 0.42%,
which is comparable to those of the alpine grassland on the Qinghai–Tibet Plateau (range:
0.16–0.85%) [39], and the semi-arid temperate grassland of Inner Mongolia (range: 0.06–
0.30%) [23]. In contrast, the EF values in the alpine grassland are lower than the IPCC
default value of 1% [40]. The EF values are also far lower than those reported for grassland
in the UK with low altitude and wet climate (0.6–2.08%) [41]. Lower EFs are associated
with very low soil water content, low available carbon, and alkaline soil in the experimental
area (Figure 2). Lower water content and DOC can limit the growth and reproduction
of nitrification and denitrification bacteria; thus, reducing the production of N2O [42,43].
These results suggest that applying IPCC default EF will overestimate the N2O emission for
the alpine grassland in semi-arid regions. Therefore, the establishment of EF for grassland
under different climate regions is conducive to the accuracy of N2O emission estimation.



Atmosphere 2021, 12, 976 9 of 13

The seasonal change in N2O emissions varied between the two years in this study,
which could be attributed to the variation in soil moisture. In 2017, the maximum N2O flux
rate occurred two weeks following N addition, this might be due to lower soil moisture
content (30–45%) in 2017, which favored the nitrification process for N2O emission rather
than denitrification. Previous studies suggest nitrification is the main source of N2O
production at soil WFPS less than 60% [44]. In 2018, several N2O emission peaks occurred
in late growing seasons, which were mainly stimulated by an increasing soil WFPS in
response to rainfall events. Similar to our results, in the UK North Wyke grassland,
Cardenas et al. [41] found that N fertilizer and rainfall resulted in the different N2O
emission peaks between the two years. Moreover, a temporary peak in N2O emissions
after N addition was observed in Scotland and the south east of Ireland temperature
grasslands [45,46]. This is because the increase of soil moisture after rainfall increases
the activity of microorganisms, which increases the emission rate of N2O and causes the
emission peak [47]. These results highlight the importance of soil moisture in affecting soil
N2O emissions from the grassland ecosystems.

In this study, there was a linear relationship between N2O emissions and N fertilizer
rate (y = 0.360 + 0.034x, R2 = 0.920, p = 0.002 in 2017, y = 0.36 + 0.028x, R2 = 0.976, p < 0.001
in 2018), confirming previous findings of Peng et al. [31] in the Qinghai–Tibet Plateau.
Similarly, Cardenas et al. [41] also reported a linear increase of N2O emissions with N
fertilizer rates for grassland in UK. In contrast, other studies have reported a non-linear
(exponential) increasing N2O emissions as N inputs exceeded crop needs [2,28,48]. The
linear rather than a nonlinear exponential relationship between N2O emission and N
addition rates in this study could be attributed to two factors. First, the range of N rates in
this study is relatively narrower than that reported with an exponential relationship. It is
likely the highest N rate in this study (240 kg N ha−1) provided sufficient N supply to meet
crop needs, but did not result in a high accumulation of soil NO3

−/NH4
+ to stimulate the

nitrification/denitrification processes. This assumption is confirmed by the fact that soil
NO3

−/NH4
+ concentrations at high N rates were only slightly higher than those at low N

rates. Second, our recent study at the same site found that soil environmental factors, such
as soil moisture and carbon availability, were limiting factors for nitrification/denitrification
processes in this grassland ecosystem [36]. In this study, soil WFPS was approximately at
25–40% during the majority of experimental periods, which are lower than the optimal
levels for nitrification (60% WFPS) and denitrification (80% WFPS) [23]. The low WFPS
could have limited the activities of N2O producing microbials [14]. The DOC content in
the test site of this study was low (0.06–0.75 mg g−1), which could be additional limiting
factor for denitrification [49,50]. It is noted that soil NO3

− and NH4
+ concentrations were

not associated with N2O flux in the simple correlation analysis. However, the multiple
stepwise regression analysis revealed that soil NO3

− is an additional contributor to the
variation in N2O flux. There was a clear increasing trend of soil NO3

− concentrations with
N addition rates, indicating the accumulation of soil NO3

− in response to N input.
In this study, N addition at 60 kg N ha−1 yr−1 significantly increased the plant above-

ground biomass over control. Increasing N rate over this level did not further significantly
increase grassland productivity. We also did not observe any visual changes in plant species
composition as affected by N addition. Considering the linear increase of N2O emissions
in response to N rates, we recommended 60 kg N ha−1 as the optimal N addition rate for
maintaining the grassland productivity on Kunlun Mountains. Gu et al. [25] showed that
plant N use efficiency was highest when the N was added at 20 kg N ha−1, and the biomass
increment was small in semi-arid grassland of Inner Mongolia. Bai et al. [51] showed—for
a degraded grassland in Inner Mongolia—that N addition up to 105 kg N ha−1 increased
biomass productivity. This study evaluated the impact of N addition, which is only one
component of the potential N2O emission sources. In the same area, Yin et al. (2020)
reported that N2O emissions were significantly higher at the grazed than non-grazed
grassland, which was mainly attributed to the soil environmental factors, such as the
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increasing soil WFPS, temperature and DOC. An overall evaluation on N2O emission from
grazing grassland should consider other sources, such as the deposition of animal excreta.

N2O flux rate showed a clear increasing trend with pH and DOC. Chen et al. [52]
found that soil N2O fluxes peak at pH 7.0 or 8.0, indicating that fungi and bacteria prefer
to produce N2O under neutral or slightly alkaline conditions. Wang et al. [53] found
that soil pH was the primary environmental factor affecting soil N2O emission in nitro-
fertilized farmland except for N application amount. Han et al. [54] analyzed in-situ field
observations of 38 forest ecosystems in the world and found that soil pH was the most
important factor affecting soil N2O emission. Soil pH can affect the production of N2O
in the soil through the influence of soil microorganisms and enzyme activities [55]. As
such, nitrification and denitrification are sensitive to soil pH. Source of N input is also
important as it may affect pH in the rhizosphere. Our results also demonstrate that soil
C availability can moderate the effect of N addition on N2O emissions from the alpine
grassland soils. Similarly, Domeignoz-Horta et al. [56] found that soil properties such as pH
and organic matter content were major contributing factors for variation in N2O emissions.
Although the Pearson correlation analysis showed that N2O flux was not significantly
correlated with soil WFPS, there was a clear pattern for the concurrence of N2O flux peaks
and rainfall events or increasing WFPS. The linear multiple regression identified soil WFPS
and temperature as contributing factors for variation in soil N2O flux in this study. Soil
moisture could indirectly affect N2O emissions through its effect on soil DOC and N
availability. Together, these results confirm that soil DOC, pH and moisture are important
factors affecting N2O emissions from grassland soils. Future studies should focus on how
the changes of these soil environmental factors affect the microbial processes of production
and reduction of N2O in soils.

5. Conclusions

In the present study, we evaluated the effect of different N fertilizer rates on soil N2O
emission from alpine grassland on Kunlun Mountain. Results showed that the N2O fluxes
increased with N addition rates and showed different episodic changes between the two
growing seasons. The seasonal variation was attributed to differences in soil moisture
conditions and N availability. Increasing N rates over 60 kg N ha−1 yr−1 did not further
significantly increase grassland biomass production. Therefore, the optimal N addition
rate for semi-arid alpine grassland on Kunlun Mountains should be 60 kg N ha−1 yr−1.
Our results demonstrated a linear increase of the cumulative N2O emission in response
to N addition rates, suggesting a proper level of N addition plays a key role in ensuring
grassland production while reducing greenhouse gas emissions. Future work is required
to investigate the environmental effect of long-term N addition and its interaction with
other nutrients, such as phosphorus.
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