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As nitrous oxide (N2O) is one of the most important greenhouse gases, N2O emission
pathways and regulation techniques in soils with different vegetation types have become a
research focus. Currently, a diverse array of research exists on the N2O emissions from
soils of different vegetation types, e.g., forest, grassland, and agriculture. Few studies have
investigated themicrobial processes of N2O emissions from lawn soils. Fertilization levels in
lawn soils are often similar to or much higher than those in agricultural ecosystems, thus
fertilized lawn is an important source of atmospheric N2O. In the study, we employed the
15N-nitrate labelling method combined with the nitrification inhibition technique to
distinguish microbial processes and their contribution to N2O emissions in long-term
nitrogen fertilised lawns. We found that the N2O emission rate from the control treatment
was 1.0 nmol g−1 h−1 over the incubation, with autotrophic nitrification contributing 60%.
The N2O emission rate increased to 1.4 nmol g−1 h−1 from the soil treated with long-term N
fertilization, and the contribution of autotrophic nitrification increased to 69%. N fertilization
did not significantly increase the contribution of denitrification (24–26%) in the total N2O
emissions. However, N fertilization substantially decreased the contribution of
heterotrophic nitrification from 13 to 0.4% in the total N2O emissions. Co-denitrification
to N2O was detected but the overall contribution was of minor importance (3–5%). The
correlation analysis revealed that soil NO3

− levels were the main influencing factors in the
N2O producing microbial processes. Our results suggest that N fertilization altered both
N2O production rates and the contribution pattern of microbial processes, and indicate the
autotrophic nitrification and heterotrophic nitrification are more sensitive to N fertilization
than denitrification and co-denitrification.
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INTRODUCTION

Nitrous oxide (N2O) is one of the three major greenhouse gases
with 298 times the warming potential of CO2 and is considered a
major destroyer of the stratospheric ozone layer (Ravishankara
et al., 2009; Kanter et al., 2013; Greaver et al., 2016). Atmospheric
N2O concentrations have increased from 270 ppb in 1750 to
332 ppb in 2020 (Hall et al., 2007; Reay et al., 2012; Prinn et al.,
2018; Tian et al., 2020). Soil is the most important source of N2O
emissions, accounting for approximately 70% of the total global
N2O emissions (Tian et al., 2016; Tian et al., 2020). Numerous
studies have demonstrated high soil N2O emissions depend on
the N2O-producing microbial processes in their local
environment (Bateman and Baggs, 2005; Gao J. et al., 2018).
Therefore, it is crucial to understand soil N2O production
pathways and their environmental response mechanisms.

Soil N2O are produced by many microbial processes including
nitrification (autotrophic and heterotrophic nitrification),
denitrification, co-denitrification, and dissimilatory nitrate
reduction to ammonium (DNRA) (Braker and Conrad, 2011).
All microbial processes are regulated by environmental factors,
such as temperature, soil moisture, pH, and soil available carbon
and nitrogen (Bateman and Baggs, 2005; Gao J. et al., 2018). Most
studies have concluded that nitrification and denitrification are
the main microbial processes producing N2O (Fang et al., 2015;
Tang et al., 2018). However, recent studies showed that grassland,
temperate forest, and agricultural soils could produce N2O
through heterotrophic nitrification and co-nitrification, and
identified the contribution of heterotrophic nitrification and
co-nitrification to N2O production (Müller et al., 2014; Zhang
et al., 2015; Tang et al., 2018; Duan et al., 2019; Zhou et al., 2021).
Heterotrophic nitrification in soils with high organic carbon and
nitrogen concentrations and low pH were the main contributors
to N2O emissions, accounting for 85% of total N2O emissions
(Müller et al., 2014; Zhang et al., 2015). Therefore, the role of
heterotrophic nitrification in soils cannot be also ignored. Co-
denitrification produces N2O by combining NO2

− with organic
nitrogen (Spott and Stange, 2011). A previous study found that
co-denitrification contributed 17.6% of the total N2O production
in grassland soil (Müller et al., 2014). Additionally, a variety of N
compounds involved in co-denitrification are also permitted to be
co-metabolized during denitrification (Duan et al., 2019). Co-
denitrification is a co-metabolic process that uses inorganic and
organic nitrogen compounds concurrently and converts them
into the same end products as denitrification (Spott et al., 2011;
Spott and Stange, 2011). Unfortunately, co-denitrification has not
been considered in many previous studies, in which the N2O
produced by co-nitrification was unintentionally attributed to
denitrification. Overall, more studies are still needed to improve
our knowledge of the microbial processes underlying the N2O
production. Therefore, it is essential to determine the relative
contributions of the different microbial processes to N2O
emissions and the related driving factors to evaluate the N2O
emission potential from soils.

Distinguishing between the N2O-producing microbial
processes in soils is difficult because they occur
simultaneously. Inhibitor techniques are the most common

method for distinguishing nitrification and denitrification in
the laboratory. Nitrification inhibitors have been used to
inhibit the activities of AOA and AOB to reduce the nitrogen
nitrification rate in soils (Zhou et al., 2020; Lan et al., 2022). The
commonly used nitrification inhibitors include acetylene (C2H2),
3,4-dimethylpyrazole phosphate (DMPP), and dicyandiamide
(DCD), which mainly distinguish between N2O from
nitrification and denitrification by inhibiting ammonia
oxidation in autotrophic nitrification (Klemedtsson et al.,
1988). However, the short inhibition duration by gaseous
acetylene and the poor contact with the soil has led to an
overestimation of N2O emissions, and it is difficult to
distinguish between autotrophic and heterotrophic nitrification
by the inhibitor method (Bollmann and Conrad, 1997). The
double isotope labelling technique of 15N and 18O was used to
distinguish nitrification and denitrification contributions to N2O
emissions. The 15N and 18O natural abundance technique has the
advantage that it does not disturb the soil and can distinguish
between nitrification and denitrification. The disadvantages are
that it cannot distinguish between other microbial processes and
is expensive. In recent years, the 15N isotope double source
modelling technique has been widely used to distinguish
N2O-producing microbial processes, although this method
distinguishes other microbial N2O-producing processes, it still
needs further validation due to the numerous assumed
parameters (Müller et al., 2014; Zhang et al., 2015).

Lawns, planted in sports fields, parks, golf courses, and home
yards, are a type of artificial grass (Yang et al., 2019). The lawns
occupy roughly 2% of the total land in the United States (Milesi
et al., 2005). Maintaining an aesthetically appealing lawn is a
common driver for lawn irrigation and fertilization (Gu et al.,
2015). Almost all lawns require relatively high levels of fertility
(up to 200–300 kg N ha) to maintain health and promote
recovery from damage (Carey et al., 2012). Lawn management
can provide optimum conditions for N2O emissions, especially
irrigation after fertilization, which can enhance lawn N2O
emissions (Gu et al., 2015). Some studies have shown that
fertilization equalises the N2O emissions from urban lawn soils
with agricultural soils (Townsend-Small et al., 2011; Chen et al.,
2018). According to Kaye et al. (2004), lawns contributed 30% of
soil N2O emissions in the studied region where it occupied only
6.4% of the total land area. Fertilized lawns may be an important
source of atmospheric N2O (Bremer, 2006; Groffman et al., 2009;
Li et al., 2013). Therefore, it is important to understand the
microbial processes that produce N2O in lawns in order to
develop best management practices for urban lawns, promote
healthy lawn ecosystems, and mitigate greenhouse gas emissions.
Also, obtaining data can provide valid information for studying
labeled nitrogen technologies to distinguish N2O-producing
microbial processes.

In the present study, we employed a recently developed
research method (Tang et al., 2018; Zhou et al., 2021) with a
modification to elucidate the effects of fertilization application on
N2O-producing microbial processes in urban lawns based on the
N molecular pairing principle. The main objectives of this study
were: 1) to quantify the contribution of individual microbial
processes to N2O emissions and their responses to fertilization for
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a lawn soil; 2) to determine the factors influencing N2O emission
rate and each microbial.

MATERIALS AND METHODS

Site Description and Experimental Design
The experiment was conducted on the Baicao Garden Teaching
and Research base of Shenyang Agricultural University,
Shenyang City Liaoning Province, northeast China (41°46′ N,
123°25′ E). The region is in a temperate semi-humid continental
climate zone, with an annual average temperature of 24.8°C and
an annual average precipitation of 580 mm during the lawn
growing season from April to October. The brown soil belongs
to udalfs according to the second edition of US soil taxonomy,
and the soil texture is clay loam with 27.2% sand, 50.2% silt and
22.6% clay. The bulk density was 1.2 g cm−3. The soil properties in
the top 20 cm were as follows: total carbon content,7.3 g kg−1;
total nitrogen content, 0.8 g kg−1; ammoniacal nitrogen (NH4

+)
content, 3.2 mg kg−1; nitrate-nitrogen (NO3

−) content,
23.7 mg kg−1; the available P, 12.4 mg kg−1; and available K of
98.6 mg kg−1; and soil pH, 6.8.

The turfgrass was planted in the experimental site on 7 May
2015. The grass was dominated by Kentucky bluegrass (Poa
pratensis L.) of the Merit variety. The annual lawn growing
period is from early April to late October. The test plot was
not treated with any fertiliser prior to planting the turfgrass.
According to the standard for landscape maintenance in Beijing,
China, four treatments were set up in the test lawn:
N150 kg N hm−2 a−1 (N150), N225 kg N hm−2 a−1 (N225),
N300 kg N hm−2 a−1 (N300) and no N fertilizer as control
(N0). The treatments were arranged in a randomized complete
block design with three replicate plots (each plot 1 m × 1 m, total
12 plots). Each fertilization plot is spaced at least 3 m apart to
prevent fertilization from affecting adjacent treatment plots. The
nitrogen fertiliser used in the experiment was urea (CH4N2O).

The experiment began in May 2015. Half of the annual level of
urea was used to fertilise the treatments in mid-May and the other
half in mid- September each year. These plots were irrigated with
a sprinkler immediately after the fertiliser application.

Soil samples from 0–20 cm were collected in August of 2020,
after 5 years of N fertilization treatment. Five soil cores 5 cm in
diameter were taken at random in each plot after removing the
aboveground lawn. The five soil cores in each treatment plot were
mixed as one sample. Three replicates of each treatment were
sampled with a total of 12 soil samples. Soil samples were placed
in sterile sealed self-sealing bags, and transferred to the laboratory
in a foam box with dry ice. The soil samples were sieved through a
2 mm sieve and the roots and impurities were removed in the
laboratory. The samples were divided into two portions, one for t
isotope tracer incubation and the other for the soil properties
analysis.

15N Tracer Incubation Experiment
The 15N tracer incubation experiment was conducted at the
Laboratory of Stable Isotope Ecology, Institute of Applied
Ecology, Shenyang, Chinese Academy of Sciences.
Approximately 5 g fresh soil from each sample was placed into
20 ml glass vials (Chromacol, 125 × 20-CV-P210) together with
50 mg soil kg−1 dicyandiamide (DCD, a nitrification inhibitor)
and 50 mg 15N kg−1 NH4

15NO3 (99.26 atom% 15N, Shanghai
Research Institute of Chemical Industry, China) or 50 mg N kg−1

NH4NO3. DCD and NH4
15NO3 or NH4NO3 were added in

solution form (Gong et al., 2013; Wang et al., 2018; Duan
et al., 2019). The final soil moisture in each vial was adjusted
to 80% of the water-filled pore space (WFPS). The vials were
immediately capped tightly with grey butyl septa (Chromacol, 20-
B3P, No. 1132012634) and aluminium crimp seals (ANPEL
Scientific Instrument (Shanghai) Co. Ltd., 6G390150). Each
vial was vacuumed and flushed with synthetic air (N2:O2 = 8:
2) for 3 min (100 ml min−1). Subsequently, two treatments with
three replicates were established: (Ⅰ) DCD and NH4

15NO3 and (Ⅱ)

FIGURE 1 | Schematic diagram of N2O production via microbial processes quantified by the 15N-NO3
− labelling combined with nitrification inhibitor (DCD)

application. AN, HN, D, and CD represent autotrophic nitrification, heterotrophic nitrification, denitrification, and co-denitrification, respectively.
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NH4NO3. Gong et al. (2013) demonstrated that ammonia-
oxidizing bacteria (AOB) rather than ammonia-oxidizing
archaea (AOA)dominated soil ammonia oxidation in the
brown soil from Shenyang. Therefore, we used DCD to inhibit
nitrifying bacteria to prevent autotrophic nitrification. The vials
were shaken gently, and the resulting soil slurries were incubated
at 25°C for 0, 24, and 48 h in the dark. The incubation was
terminated by injecting 0.5 ml of a 7 M ZnCl2 solution at the
desired time. Headspace gas was taken at 0, 24, and 48 h after the
onset of the experiment and was analysed for 15N2O and N2O. All
gas samples were immediately analysed in the laboratory using a
gas chromatograph (GC-2014, Shimadzu, Japan). To determine
the accuracy of the sample analysis, three standard N2O samples
(National Center for Standard Matters, Beijing, China) with a
concentration of 5, 20, and 200 ppm were analysed using the GC
system every 12 study samples. Results of the GC analyses were
accepted when the three gas standard calibrations produced
variation coefficients that were lower than 1%. The content of
15N in the N2O emissions was measured using a trace gas pre-
concentrator (TG) coupled with a continuous flow isotope ratio
mass spectrometer (IRMS; Isoprime 100 Isoprime Ltd.,
United Kingdom).

N2O Production Pathway
The pathways of N2O production during the 15N labelling
incubation are provided in Figure 1. There were four
pathways of N2O production: autotrophic nitrification (AN),
heterotrophic nitrification (HN), denitrification (D), and co-
denitrification (CD). In the treatment Ⅰ, the N2O production
pathways after the inhibition of the autotrophic nitrification
(using DCD) were heterotrophic nitrification (HN),
denitrification (D) and co-denitrification (CD). According to
the 15N pairing principle, heterotrophic nitrification produced
only 44N2O (HD44); denitrification produced 44N2O (D44),

45N2O
(D45), and

46N2O (D46); and co-denitrification produced 44N2O
(CD44) and 45N2O (CD45). We assumed that: 1) the 15N
abundance is 0 at% in the soil; 2) the additional 15N source is
homogeneously distributed within the study soil and does not
have a negative effect on microbial processes; 3) all 15N2O comes
from 15NO3

− added during the experiment; and 4) contributions
of 14N14N17O and 14N14N18O to 45N2O and 46N2O are minor and
negligible.

The molar fractions of the 44N2O (f44),
45N2O (f45), and 46N2O

(f46) in the sample N2O were calculated using Eq. 1 (Stevens et al.,
1993; Stevens et al., 1997; Tang et al., 2018; Zhou et al., 2021):

TABLE 1 | Soil properties (0–20 cm) of different nitrogen fertilization treatments in the lawn soils.

NH4+ (mg/kg) NO3- (mg/kg) TC (g/kg) TN (g/kg) C/N pH

N0 1.7 ± 0.11 a 22.6 ± 2.37 c 6.7 ± 0.24 a 0.93 ± 0.01 a 7.4 ± 0.68 a 6.8 ± 0.06 a
N150 1.9 ± 0.44 a 26.3 ± 1.01 bc 7.7 ± 0.16 a 0.90 ± 0.06 a 8.6 ± 0.43 a 6.7 ± 0.05 ab
N225 2.3 ± 0.26 a 32.6 ± 3.08 a 7.0 ± 0.27 a 0.89 ± 0.05 a 7.9 ± 0.28 a 6.6 ± 0.03 ab
N300 2.7 ± 0.06 a 28.2 ± 0.79 ab 7.2 ± 0.36 a 0.93 ± 0.05 a 7.8 ± 0.45 a 6.5 ± 0.05 b

TC, total carbon; TN, total nitrogen; C/N = ratio of carbon to nitrogen. Date are the mean ±1 SE. Different letters denote significant differences among the different N fertilisation treatments
(ANOVA, p < 0.05). N0: 0 kg N·hm−2·a−1; N150: 150 kg N·hm−2·a−1; N225: 225 kg N·hm−2·a−1; N300: 300 kg N·hm−2·a−1.

FIGURE 2 | N2O emission rates without DCD (A) and with DCD (B) during the incubation time. Data are the means (±1 SE). Different letters denote significant
differences (ANOVA, p < 0.05) between the 4 N fertilization treatments with DCD or without DCD. The error bar means standard error. N0: 0 kg N hm−2 a−1; N150:
150 kg N hm−2 a−1; N225: 225 kg N hm−2 a−1; N300: 300 kg N hm−2 a−1.
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The rates of 44N2O,
45N2O, and

46N2O production in each vial
over the incubation period was calculated using the molecular
fractions of f44, f45 and f46 using Eq. 2 (Tang et al., 2018; Zhou
et al., 2021):

P44 � P × [(f44)t − (f44)0]/(t × msoil)
P45 � P × [(f45)t − (f45)0]/(t × msoil)
P46 � P × [(f46)t − (f46)0]/(t × msoil)

(2)

Where P is the N2O production within each vial according to
the measured change in N2O concentration during incubation; t
is the incubation time; 0 is the initial incubation time; msoil is the
dry soil mass in the incubation vials (g).

In the treatment I, the N2O production rates derived from
denitrification, co-denitrification, and heterotrophic nitrification
was calculated using the following Eqs 3–6:

P � P44 + P45 + P46 � D + CD +HN
P44 � D44 + CD44 +HN44

P45 + D45 + CD45

P46 � D46

(3)

D � D44 + D45 + D46

D44 � D × (1 − Fn)2
D45 � D × 2 × Fn × (1 − Fn)
D46 � D × Fn2

(4)

Where Fn refers to the abundance of 15NO3
−in the soil.

CD � CD44 + CD45

CD44 � CD × (1 − Fn)
CD45 � CD × Fn � P45 − D45

(5)

HN � HN44 � P − D − CD (6)
In the treatment Ⅱ, DCD was not added. The total N2O
production rate (PTotal) and the N2O production rate derived
from autotrophic nitrification (AN) was calculated using Eq. 7.
The D, CD and H were calculated in the treatment I above:

PTotal � AN + D + CD +HN
AN � PTotal − (D + CD +HN) � PTotal − PN2O

(7)

Soil Properties Analysis
The soil content of ammoniacal nitrogen (NH4

+) and nitrate-
nitrogen (NO3

−) were determined by leaching the soil with 2M
KCl solution (soil/solution ratio of 1:5) before analysing the samples
using a Smartchem140 automatic intermittent chemical analyser.
Total carbon (TC) was determined using the potassium dichromate
digestionmethod. The total nitrogen (TN) was determined using the
micro Kjeldahl method. The soil pH was determined using a pHS-
3C acidity meter. The soil gravimetric water content was calculated
by measuring the weight loss after oven drying at 105°C for 24 h.

Statistical Analyses
All analyses were conducted using SPSS software (version 19.0;
SPSS Inc., Chicago, IL, United States). One-way ANOVA
examined the differences in all variables among the N
fertilization treatments of the lawn. Pearson correlation analysis
was performed to examine the correlation between N2O emission
rates and the soil properties. Statistically significant differences
were set at a p-value of 0.05 unless otherwise stated.

RESULTS

Effect of N Fertilization on Soil Properties
After N fertilization treatments of 5 years, the soil content of NH4

+,
total carbon, and total nitrogen, and the carbon to nitrogen ratio
did not differ significantly among the four treatments (Table 1).
The soil NH4

+ content ranged from 1.7 to 2.7 mg kg−1. The total
carbon and total nitrogen in the soil ranged from 6.7 to 7.7 g kg−1.
The total nitrogen in the soil was approximately 0.9 g kg−1in all
treatments. The carbon to nitrogen ratio ranged from 7.4 to 8.6.
The soil NO3

− content ranged from 22.6 to 32.6 mg kg−1 and
tended to increase significantly with additional N fertilization. The
N225 treatment had the highest soil NO3

− content. The soil pH of
the nitrogen treated soils was 0.1–0.3 pH units lower than the
control soil without nitrogen fertilization and showed a significant
decreasing trend with additional N fertilization (Table 1).

Effect of N Fertilization on Total Nitrous
Oxide Emission Rates
During incubation, N fertilization significantly increased the N2O
emission rate (p < 0.05) in the lawn without DCD addition (p <

FIGURE 3 | The contribution of each microbial process to N2O
emissions. N0: 0 kg N hm−2 a−1; N150: 150 kg N hm−2 a−1; N225:
225 kg N hm−2 a−1; N300: 300 kg N hm−2 a−1.
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0.05) (Figure 2). The emission rates of N2O ranged from 1.0 to
1.4 nmol g−1 h−1. However, the soil N2O emission rate did not
linearly increase with N fertilizer application levels, with the
highest emission rate in the N225 treatment (1.4 nmol g−1 h−1),
slightly higher than the N300 treatment (1.3 nmol g−1 h−1). The
N225 and N300 treatments were significantly higher than the N0
and N150 treatments (p < 0.05). There was no significant
difference in the N2O emission rate between the N225 and
N300 treatments. There was no significant difference in the
N2O emission rate between the N0 (1.0 nmol g−1 h−1) and
N150 (1.0 nmol g−1 h−1) treatments. After using the
nitrification inhibitor DCD to inhibiting bacterial autotrophic
nitrification, the N2O emission rate were significantly lower,
resulting in a 60–70% reduction (p < 0.05). The N2O emission
rate did not change markedly with increasing N fertilizer addition
in the DCD treatment, with values ranging from 0.32 to
0.42 nmol g−1 h−1 (Figure 2).

Effect of N Fertilization on Nitrous Oxide
Microbial Pathways
In the N0 treatment, the main N2O production pathway was
autotrophic nitrification, which contributed 60% to the total
N2O emissions, denitrification contributed 24%, while
heterotrophic nitrification contributed 13%; and co-
denitrification contributed 3% to the N2O emissions
(Figure 3). The contribution of autotrophic nitrification to
the N2O emissions increased significantly with increasing N
fertilization applications (p < 0.05), while heterotrophic
nitrification decreased significantly (p < 0.05). N fertilization
did not significantly increase the contribution of denitrification
and co-denitrification to the N2O emissions. The contribution

of autotrophic nitrification to the N2O emissions increased
significantly with increasing N fertilization applications, from
60% in the N0 treatment to 69% in the N225 and N300
treatment. The contribution of heterotrophic nitrification to
N2O emissions significantly decreased with N fertilization
applications. Heterotrophic nitrification contributed less than
1% to N2O emissions, only 0.8 and 0.4% in the N225 and N300
treatments, respectively (Figure 3). The contribution of
denitrification to the N2O emissions ranged from 24 to 26%
with increasing N fertilization applications. The contribution of
co-denitrification to the N2O emissions ranged from 3 to 5%
with increasing N fertilization applications (Figure 3). It is
evident that N fertilization mainly increased N2O emissions by
promoting autotrophic nitrification in the lawn.

Autotrophic nitrification is the main pathway for N2O
production in the lawn soil, followed by denitrification
(Figure 4). N fertilization significantly enhanced the N2O
production rates by autotrophic nitrification
(0.61–0.94 nmol g−1 h−1), denitrification (0.24–0.36 nmol g−1 h−1),
and co-denitrification (0.03–0.06 nmol g−1 h−1) in the lawn (p <
0.05), while significantly inhibiting heterotrophic nitrification
(0.14–0.01 nmol g−1 h−1) (p < 0.05) (Figure 4). The N2O
production rates from autotrophic nitrification and denitrification
were significantly higher in the N225 and 300 treatments than in the
N0 and N 150 treatments (p < 0.05), both peaked in the N225
treatment with 0.94 nmol N g−1 h−1 and 0.36 nmol N g−1 h−1,
respectively (Supplementary Figures S1A,B). In contrast, the
N2O production rate by heterotrophic nitrification was less than
0.01 nmol N g−1 h−1 in the N225 and N300 treatments (Figure 4,
Supplementary Figure S1C). Although the rate of N2O production
by co-denitrification increased significantly with increasing N
fertilization applications, it was still low compared to the rate of

FIGURE 4 |N2O production rates from autotrophic nitrification, heterotrophic nitrification, denitrification, and co-denitrification in the soil of the study lawn. Data are
the mean ± SE (nmol N g−1 dry soil h−1) and the thickness of the arrow indicates the importance of each microbial process. N0: 0 kg N hm−2 a−1; N150:
150 kg N hm−2 a−1; N225: 225 kg N hm−2 a−1; N300: 300 kg N hm−2 a−1.
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N2O production by autotrophic nitrification and denitrification
(Figure 4, Supplementary Figure S1D).

The various N2O production pathways responded differently to
the altered N application rates. Autotrophic nitrification and
heterotrophic nitrification were more sensitive to N fertilization
than denitrification and co-denitrification. For example, the rates of
N2O produced by autotrophic nitrification and heterotrophic
nitrification were 0.61 nmol N g−1 h−1 and 0.14 nmol N g−1 h−1 in
the N0 treatment, 0.94 nmol N g−1 h−1 and less than
0.01 nmol N g−1 h−1 in the N225 treatment, respectively, while
respective N2O production rates due to denitrification
nitrification and co-denitrification were 0.24 and
0.03 nmol N g−1 h−1, 0.36 nmol N g−1 h−1 and 0.05 nmol N g−1 h−1,
respectively (Figure 4, Supplementary Figure S1). As a result, this
different sensitivity of the four processes to N fertilization resulted in
a decreasing importance of heterotrophic nitrification to N2O
production in response to N fertilization, while the contributions
of autotrophic nitrification, denitrification, and co-denitrification
increased. This result demonstrated the N2O production pathways
in the lawn altered with increasing N fertilization application.

Effects of Soil Properties on Nitrous Oxide
Microbial Pathways
Soil NO3

− content was positively related with the N2O production
rates by autotrophic nitrification (p < 0.01) and denitrification
(p < 0.05), and negatively related with heterotrophic nitrification
(p < 0.01) (Figure 5). Soil NH4

+ content was positively related
with the N2O production rate by co-denitrification (p < 0.05), and
negatively related with heterotrophic nitrification (p < 0.01)
(Figure 5). Soil pH was positively related with the N2O
production rate by heterotrophic nitrification (p < 0.01)
(Figure 5). Total soil C and N content, and C/N ratio were

not significantly correlated with the N2O production rates by four
processes (Figure 5).

We analysed the effects of N fertilization and soil factors on the
production rates of autotrophic nitrification, heterotrophic
nitrification, denitrification, and co-denitrification using
redundancy analysis (Supplementary Figure S2). Axis 1 of the
RDA plot explained 78.4% of the variation and axis 2 further
explained 11.6%. The results revealed, 90% of the N2O
production pathway variations could be explained by soil
properties. The order of influence of soil properties was: NO3

−

> TC > NH4
+ > pH > C/N > TN (Supplementary Figure S2).

DISCUSSION

Contribution of Different Microbial
Pathways and Their Influencing Factors in
Lawn Nitrous Oxide Emissions
We distinguished the contributions of autotrophic nitrification,
heterotrophic nitrification, denitrification, and co-denitrification
to N2O emissions based on the random isotope pairing principle
in a15N-labeled nitrate laboratory experiment. Our results suggest
that autotrophic nitrification is the most dominant process in the
N2O emissions in the lawn, accounting for 60% of the total N2O
emissions in the studied lawn (Figure 3). The contribution of
autotrophic nitrification increased to 69% with increasing N
fertilization application. The contribution of autotrophic
nitrification to soil N2O emission in the lawn soil was higher
than previous findings on grassland soils (9–27%) and within the
range for agricultural soils (14–95%) in laboratory incubation
(Chen et al., 2014; Müller et al., 2014; Duan et al., 2019). These
differences may relate to soil carbon content, nitrogen content,
soil water content, and pH etc (Chen et al., 2014; Müller et al.,
2014). The total carbon content (45.2–66 g kg−1) and total
nitrogen content (3.7–4.1 g kg−1) of the grassland soils were
much higher than the total carbon (6.7–7.7 g kg−1) and total
nitrogen (0.89–0.93 g kg−1) of the lawn soil, and the contribution
of heterotrophic nitrification was higher in grassland soils
(54–85%) than autotrophic nitrification (9–27%) (Müller et al.,
2014). Zhang et al. (2015) compared N2O production processes in
forest, grassland, and agricultural soils and identified that
autotrophic nitrification did not significantly correlate with the
soil total carbon and nitrogen contents, while the N2O emissions
from heterotrophic nitrification increased linearly with increasing
soil organic nitrogen. Compared to agricultural soils, the total
carbon and nitrogen content, and the NO3

−content
(22.6–32.4 mg kg−1) of the lawn soils were consistent with
previous findings on agricultural soils (TC 2.8–14.9 g kg−1, TN
0.2–1.3 g kg−1, and NO3

−1 content 5–163.5 mg kg−1) (Chen et al.,
2014; Duan et al., 2019). Differences in total carbon and nitrogen
content may account for the higher contribution of autotrophic
nitrification to N2O emissions in the lawn soil and agricultural
soils than in grassland soils. Zhou et al. (2021) found that soil
NO3

− content in forest soil was mainly derived from autotrophic
nitrification. Duan et al. (2019) studied N2O emissions from
agricultural soils and found the N2O emissions from autotrophic

FIGURE 5 | Relationships between soil properties and the N2O
production rates of N2O microbial pathways. Linear regression is used to test
the correlation. The correlation coefficients are shown when the correlation is
statistically significant. **Correlation is significant at the 0.01; *Correlation
is significant at the 0.05. TC represents the total carbon; TN represents the
total nitrogen; C/N represents the ration of carbon to nitrogen.
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nitrification positively correlated with the soil NO3
− content. Our

result supported these results via a15N-labeled in laboratory
experiment. In our study, autotrophic nitrification was
significantly and positively correlated with soil NO3

− content
(Figure 5). Nitrogen application significantly increased the soil
NO3

− content but did not significantly increase the soil NH4
+

content (Table 1). The increase of NO3
− content in the lawn soil

was attributed to autotrophic nitrification. After fertilization with
an easily decomposable urea, urea is first hydrolyzed to NH4

+ by
the enzyme urease from the soil microbes, and subsequently
nitrified to NO3

− by ammonia oxidizing bacteria (Gao X. et al.,
2018). Soil WFPS has been demonstrated to play an important
role in regulating N2O emissions (Congreves et al., 2019; Bracken
et al., 2021). The high soil WFPS promoted the formation of
anaerobic condition and enhanced denitrification, which
produced more N2O than autotrophic nitrification (Bracken
et al., 2021). However, at 80% WFPS, autotrophic nitrification
contributed more to the N2O emissions than denitrification in the
lawn. High soil moisture might be better for substrates diffusion
and simultaneously did not yet restrict O2 diffusion within the
range of 80% WFPS, thus favored more N2O production by
autotrophic nitrification at higher WFPS (Chen et al., 2014).
Short-term O2 limitation occurs or aeration conditions is not
favorable for denitrification (Wrage et al., 2001). Congreves et al.
(2019) found that ammonia oxidizing bacteria (AOB) cloud carry
out nitrifier denitrification at 50–80%WFPS. The contribution of
nitrifier denitrification may be attributed to autotrophic
nitrification. Therefore, further studies are required to quantify
the contribution of nitrifier denitrification to N2O emissions.

Heterotrophic nitrification is considered an important
pathway for N2O production in forest, grassland, and
agricultural soils, particularly in acidic soils (Zhang et al.,
2015). In our study, heterotrophic nitrification contributed
13% of the N2O emissions, and less than 1% after increased N
fertilization in the lawn soils (Figure 3). This result was far lower
than that observed in soils under laboratory conditions from
various ecosystems, which varied from 22 to 85% (Müller et al.,
2014; Zhang et al., 2014; Zhang et al., 2015; Duan et al., 2019).
Heterotrophic nitrification was mainly controlled by soil organic
N (roughly equivalent to soil total N) and pH, and the
microorganisms associated with heterotrophic nitrification
prefer low molecular soluble organic N rather than inorganic
N (Levicnik-Höfferle et al., 2012; Zhang et al., 2013; Zhang et al.,
2014). Environments with high organic N and low pH are more
favourable for N2O production by heterotrophic nitrification
(Marusenko et al., 2013). In the lawn, the contribution of
heterotrophic nitrification significantly decreased with
increasing N fertilization (Figure 3, Supplementary Figure
S1), mainly due to soil NO3

− accumulation and the change of
soil N cycle-related microbial activity. Fungi are considered to be
the most efficient microorganisms performing heterotrophic
nitrification, and have been found to be more dominant in
soil with low inorganic nitrogen concentration (Marusenko
et al., 2013; Zhang et al., 2013; Zhang et al., 2014). In the
study, increasing soil NO3

− may have reduced fungal activity,
resulting in decreased contribution of heterotrophic nitrification
to the N2O emissions. Similarly, Tang et al. (2018) also found that

N addition decreased the N2O production rates through
heterotrophic nitrification in a tropical forest soil.

The contribution of denitrification to N2O emissions is ranked
second only to autotrophic nitrification, and showed an
increasing trend with increasing N fertilization. Previous
studies showed that denitrification under anaerobic conditions
is the main microbial process responsible for N2O production
(Tang et al., 2018; Congreves et al., 2019; Bracken et al., 2021).
However, in this study we found that the contribution of
denitrification to N2O emission was only 24%. This was
speculated to be due to an increase in the capacity of N2O
reduction to N2 induced by N addition (Müller et al., 2015).
Tang et al. (2018) found that N2O emissions decreased and N2

emissions increased with increasing N addition in forest soils,
these changes may be attributed to substantially greater N2O
reduction to N2 during denitrification under anaerobic
conditions. Previous studies have suggested that the main
contributor of gaseous N emissions from denitrification under
anaerobic conditions was N2 instead of N2O (Fang et al., 2015;
Müller et al., 2015; Tang et al., 2018). Although the contribution
of denitrification to N2O emissions did not change (Figure 3), the
N2O production rates by denitrification significantly increased
with increasing N fertilization (Figure 4, Supplementary Figure
S1). As the substrate for denitrification, NO3

− has been reported
to be positively correlated with denitrification potential (Pelster
et al., 2012). In our study, the soil NO3

− content significantly
increased after N fertilization (Table 1), which may favour the
occurrence of denitrification, enhancing the production N2O
rates (Zhou et al., 2021).

Co-denitrification is a complex transformation process that can
use both inorganic and organic nitrogen to produce N2O.
Conversely, some studies have attributed the contribution by
co-denitrification to nitrification or denitrification, leading to an
overestimation of the contribution of nitrification or denitrification
(Zhang et al., 2018). Therefore, researching co-denitrification aids
our understanding of the microbial mechanisms involved in N2O
emission pathways. In our study, the contribution of co-
denitrification increased with increased nitrogen application
(3–5%). However, the contribution of co-denitrification to N2O
emissions from lawn soils was much lower than the autotrophic
nitrification and denitrification (Figure 3). This result is higher
than previous findings on forest soils (approximately 1%), close to
agricultural soils (5–7%), but much lower than grasslands (17%)
(Müller et al., 2014; Duan et al., 2019; Zhou et al., 2021). Some
studies have shown that soil microorganisms are capable of co-
denitrification in soil pH levels of 5.5–9.0 (Clough et al., 2017; Rex
et al., 2018; Duan et al., 2019). In our study, co-denitrification
produced N2O in a pH level of 6–7 in the lawn soil (Table 1).
Grassland and agricultural soils had a much higher organic carbon
content than the lawn soils, enabling a higher contribution by co-
denitrification to the N2O emissions (Müller et al., 2014; Duan
et al., 2019). N fertilization provided sufficient inorganic or organic
nitrogen substrates for co-denitrification, enhancing co-
denitrification process.

In summary, the 15N labelling method and nitrification
inhibition technique differentiated the microbial pathways of
N2O production in lawn. This technique allowed us to
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distinguish the contribution of autotrophic nitrification,
heterotrophic nitrification, denitrification, and co-denitrification
to N2O emissions. We improved the accuracy of the results when
compared to the gas inhibition technique (by using only C2H2 and
O2) we previously used to differentiate N2O production pathways
in lawn. However, this method has some limitations. DCD could
only inhibit bacterial autotrophic nitrification and did not inhibit
the reduction of N2O to N2, which may lead to overestimation or
underestimation of N2O production rates by microbial processes.
Compared to acetylene, the DCDwas dissolved in water and added
to the incubated soil which improves the soil contact and the
inhibition process (Figure 2). There are also several microbial
processes that can produce N2O that cloud not be distinguished in
this study, such as nitrifier denitrification and DNRA. We hope to
undertake further research to quantify the N2O separately
produced by these microbial processes in the future.

Effect of Soil Nitrate-Nitrogen Content on
theNitrousOxide Emissions FromLawnSoil
In this study, N fertilization significantly promoted N2O emission
rates (p < 0.05). However, N2O emission rates were not linearly
related to N fertilization applications, but slightly decreased in the
N300 treatment compared to the N225 treatment (Figure 2).
Previous research has shown that N addition can increase soil
N2O emissions because adding N to a N-limited soil provides soil
microorganisms with more substrates for N2O production,
especially increasing the soil NO3

− content, which in turn
increases the N availability in the ecosystem and accelerates the
N cycling processes and improves soil Nmineralisation (Chen et al.,
2018). In contrast, when a soil is not N-limited, N addition does not
increase soil N availability, and the soil microbes are stable and do
not undertake rapid growth, and the N conversion efficiency by the
microbes decreases (Lipson, 2015). In temperate grasslands, N
additions greater than 120 kg N hm−2 a−1 can significantly reduce
the soil microbial activity (Zeng et al., 2016). In our study, N
fertilization significantly increased the soil NO3

− content and
peaked in the N225 treatment, further confirming the
importance of soil NO3

− content to N2O emissions (Table 1). It
has also been reported that soil NO3

− is the most important factor
for N2O emissions (Gao X. et al., 2018). We observed that N
fertilization significantly reduced the N2O production rate by
heterotrophic nitrification, which may be the reason for the
reduction in the total N2O emissions after additional high levels
of N fertilization (Figure 4, Supplementary Figure S1). There is
also a possibility that the N2O emissions reduced due to increased
N2O reduction to N2 because of N addition (Müller et al., 2015;
Tang et al., 2018), but this theory requires further verification.

CONCLUSION

In this study, we employed the nitrification inhibition technique
and the 15N-nitrate labelling method to quantify N2O-producing
microbial processes and their contribution in experimental long-
term nitrogen fertilised lawns. We found that autotrophic
nitrification was dominant pathway of N2O production in the

studied lawn soils, with the contribution increasing from 60 to
69% after N fertilization. N fertilization decreased the
contribution of heterotrophic nitrification from 13% to <1%.
Co-denitrification to N2O was detected but the overall
contribution to emissions was of minor importance. These
variations were related to the soil NO3

− content soil after N
fertilization. N2O emission rates were not linearly related to
increased N fertilization applications, although the overall N2O
emission rates increased after N fertilization.

To the best of our knowledge, this is the first study to
distinguish between microbial processes that produce N2O
from lawn soils. Our results suggest that the microbial
processes that produce N2O differ in their sensitivity to
nitrogen fertilization in lawn soils, while the mechanisms of
these different responses are not yet clear. We call for further
research to elucidate the mechanisms, and to investigate how
lawn types and environmental factors affect contribution of
different microbial processes to N2O production.
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