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ABSTRACT
Nitrogen (N) losses in cropland resulting from the application of synthetic fertilizers decrease crop productivity and exacerbate environmental pollution.

Mitigation measures, such as reduction in N fertilizer application rates, can have unintentional adverse effects on crop yield. We conducted a meta-analysis of
soil N2O emissions from agricultural fields across China under contrasting mitigation scenarios as a novel approach to identify the most effective strategy for
the mitigation of emissions of N2O derived from N fertilizer use in China. Current standard agricultural practice was used as a baseline scenario (BS), and 12
potential mitigation scenarios (S1–S12) were derived from the available literature and comprised single and combinations of management scenarios that
accounted for crop yield. Mitigation scenarios S6 (nitrification inhibitor 3,4-dimethylpyrazole phosphate) and S11 (20% reduction in N application rate plus
nitrification inhibitor dicyandiamide) in maize, rice, and wheat crops led to an average 56.0% reduction in N2O emissions at the national level, whereas
scenario S4 (nitrification inhibitor dicyandiamide) led to yield optimization, with a 14.0% increase for maize and 8.0% increase for rice as compared to the
BS. Implementation of these most effective mitigation scenarios (S4, S6, and S11) might help China, as a signatory to the 2015 United Nations Framework
Convention on Climate Change (Paris Agreement), to achieve a 30% reduction in N2O emissions by 2030.
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INTRODUCTION

The application of synthetic nitrogen (N) fertilizers and
animal manure has resulted in agriculture becoming a major
source of increased global N2O emissions (Stehfest and
Bouwman, 2006; Zaman and Nguyen, 2012; Zhou et al.,
2017): 60% of global N2O emissions are derived from
agricultural production (Ciais et al., 2013). According to the
United Nations Department of Economic and Social Affairs
(2015), the current global population is expected to reach
9.7 billion by 2050 from present 7.3 billion. In order to
accommodate the predicted doubling of the food demand
by an increasing population (Mueller et al., 2012), China
will likely become one of the largest global consumers of
N fertilizer (Heffer, 2016). Increasing inputs of N fertilizer
provide substrates for the production of N2O (Ruser and
Schulz, 2015) and accelerate the growth of soil nitrifying
microbe communities (Patra et al., 2006; Schauss et al.,
2009; Akiyama et al., 2013), which in turn, stimulates the
primary drivers of N2O emissions (Senbayram et al., 2009).

Improvement of N utilization through enhanced agronomic
management practices and new technologies has emerged as
a strategy to ensure crop yield optimization and reduce the
negative impacts of N fertilizer use (Cassman et al., 2002;
Fan et al., 2004) that have led to regional- and global-scale
environmental problems (Ju et al., 2004; Chen et al., 2011).

InChina, these proposed strategies to increaseN fertilizer
use efficiency (NUE) and reduce N losses through leaching,
volatilization, nitrification, and denitrification include the
use of urease and nitrification inhibitors (UIs and NIs, re-
spectively) and the application of slow-release fertilizers,
along with novel methods of their application (Xu et al.,
2002; Yu and Chen, 2010; Ding et al., 2011, 2015; Zhang
et al., 2012; Yin et al., 2017; Niu et al., 2018). While some
of these strategies have little or no adverse impact on crop
yields (Oenema et al., 2009; Abalos et al., 2014; Dougherty
et al., 2016), others have been shown to be more effective
in the national targets for environmental mitigation of N
losses (Sanz-Cobena et al., 2014). For example, NIs have
been shown to improve NUE by reducing N2O emissions
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and nitrate leaching losses (Dobbie and Smith, 2003; Di and
Cameron, 2007; Zaman et al., 2008; Fangueiro et al., 2009;
Venterea et al., 2011; Sanz-Cobena et al., 2012; Ding et al.,
2015; He et al., 2018), with a reduction of N2O emissions by
39%–65% in paddy, upland, and grassland soils (Akiyama
et al., 2010; Qiao et al., 2015; Di and Cameron, 2016;
Gilsanz et al., 2016) and with no toxicological side effects
to agricultural soils, compared with other strategies (Weiske
et al., 2001; Zerulla et al., 2001; Luo et al., 2010; Di and
Cameron, 2012; IPCC, 2014; Ruser and Schulz, 2015). The
NIs also yielded greater economic benefits compared to other
N management practices (Liu et al., 2016; Xia et al., 2017).
Therefore, NIs play a potential role in strategies designed to
reduce N2O production.

Globally, there is an urgent challenge to develop effective
N2O mitigation scenarios, including improved NUE, in
response to increased food demand, while maintaining and
increasing agricultural yields with minimum environmental
impact (Ruser and Schulz, 2015). Some N2O mitigation
strategies have not been widely implemented, owing to a
lack of sustained yield increase and poor economic return on
the associated additional costs (Guertal, 2009). Linking N2O
mitigation to crop yield is key to the evaluation of mitigation
scenarios, because farmers will not apply measures that
result in a yield penalty (Sanz-Cobena et al., 2014).

The national carbon footprint in China contributes to
higher greenhouse gas emissions compared to other coun-
tries such as Canada and Japan (Xia et al., 2016) owing to
differences in synthetic N fertilizer use, and this variability
currently restricts the estimation of overall efficacy of N2O
emission mitigation strategies in China. Therefore, we pro-
posed and evaluated contrasting N2O mitigation strategies
in agricultural fields across China in order to improve the
national level of global food security and environmental

sustainability (Xia et al., 2017). The specific objectives
of this study were i) to quantify the contribution of major
cropping systems to N2O emissions under each proposed
scenario, and ii) to assess the effectiveness of the scenarios
on crop yield.

DATA COLLECTION AND ANALYSIS

We used two peer-reviewed datasets indexed in the
Web of Science and China Knowledge Integrated Database
(CNKI), which were derived from field studies in various
climatic zones across China. The first comprised 218 data
points related to UIs and NIs (Table SI, see Supplementary
Material for Table SI), and the second comprised 112 mea-
surements of N2O emission and emission factors (EFs). The
datasets were summarized according to crop type, as adopted
by Bouwman et al. (2001), a FAO report, and Shepherd et al.
(2015) to create the database (Table SII, see Supplementary
Material for Table SII), where fertilizer-induced EFs were
not originally reported. We calculated EF as:

EF = (EN2O, fertilizer − EN2O, control)/Napplied (1)

where EN2O, fertilizer and EN2O, control denote the N2O emis-
sions in the N-fertilized and unfertilized treatments, respec-
tively, and Napplied is the application rate of N fertilizer. The
crop-specific N2O EFs of N applied are shown in Fig. S1
(see Supplementary Material for Fig. S1).

Next, we created experimental scenarios: the baseline
scenario (BS) represents current N application rates and
crop yields in China without any N2O mitigation measures
adopted by farmers, and 12 contrasting mitigation scenarios
(S1–S12) were based on available literature from cropland
in China (Table I). Mitigation scenarios S1 and S2 represent

TABLE I

Description of baseline and mitigation scenarios for soil N2O emissions

Scenario Abbreviation N application rate Inhibitora) Crop types Reference(s)

Urease Nitrification

Baseline BS Conventional – – Wheat, maize, rice Huang and Tang, 2010; Xia et al., 2016
Mitigation

With reduced S1 10% reduction – –
N application S2 20% reduction – –
With urease S3 Conventional NBPT – Maize, wheat Ding et al., 2015; Zhao et al., 2017
and nitrification S4 Conventional – DCD Wheat, maize, rice Ding et al., 2011, 2015; Liu et al., 2016
inhibitors S5 Conventional – NP Maize, wheat Di et al., 2017; Niu et al., 2018

S6 Conventional – DMPP Wheat, maize, rice Yin et al., 2017; Zhao et al., 2017; Wu et al., 2018
S7 Conventional NBPT DCD Wheat, maize Ding et al., 2011, 2015
S8 Conventional NBPT DMPP Zhao et al., 2017
S9 Conventional HQ DCD Maize, rice, wheat Li et al., 2009; Dong et al., 2018; He et al., 2018

Interaction S10 20% reduction NBPT – Maize, wheat Ding et al., 2015; Zhao et al., 2017
S11 20% reduction – DCD Wheat, maize, rice Ding et al., 2011, 2015; Liu et al., 2016
S12 20% reduction NBPT DCD Ding et al., 2011, 2015

a)NBPT: nitrophosphate, N -(n-butyl) thiophosphoric triamide; DCD: dicyandiamide; NP: nitrapyrin; DMPP: 3,4-dimethylpyrazole phosphate; HQ:
hydroquinone.
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the croplands that received 10% and 20% less N addition,
respectively, compared with the BS, and would not result in
reduced yield output under improved agronomic practices
(Ju et al., 2009; Chen et al., 2014; Xia et al., 2016); whereas
proposed scenarios S3 to S12 assumed that use of NIs
results in greater net economic benefits as compared to
N-based management practices (Liu et al., 2016; Xia et
al., 2017). Specifically, the scenarios were as follows: S3
= UI nitrophosphate, N -(n-butyl) thiophosphoric triamide
(NBPT); S4=NI dicyandiamide (DCD); S5=NI nitrapyrin;
S6 = NI 3,4-dimethylpyrazole phosphate (DMPP); S7 =

NBPT + DCD; S8 = NBPT + DMPP; S9 = DCD + UI
hydroquinone (HQ); S10 = N reduced by 20% + NBPT (S2
× S3); S11 = N reduced by 20% + DCD (S2 × S4); and
S12 = N reduced by 20% + NBPT + DCD (S2 × S7).

Scenarios S3, S5, S7, S8, and S12 were not evaluated
for rice cropping owing to a lack of field data. Data for crop
sowing areas were obtained from the China Statistical Year
Book (2016) (Table SIII, see Supplementary Material for
Table SIII), and N fertilizer application rates (Table SIV, see
Supplementary Material for Table SIV) were derived from
Huang and Tang (2010). Total synthetic N (TN, kg) was
calculated as follows:

TN = Ninput ×A (2)

where Ninput is the application rate of synthetic N fertilizers
for each crop (kg N ha−1) and A is the sowing area per
crop type (ha) under cultivation in 2016. Both the crop
sowing area and N application rate during the crop season
are reported at the provincial and national scales.

Differences among scenarios were tested using one-
way analysis of variance, followed by the least significant

difference test at P < 0.05. Meta-analysis was performed
only with field experiment data (at least one growth season);
data from laboratory experiments such as incubation or
soil column and greenhouse studies were excluded from
enhanced-efficiency fertilizers on the field scale. Studies with
no replication or no reported number of replications in field
were also excluded from the analysis. Using these criteria,
218 datasets were included in the analysis after sensitivity
analysis (Table SI).MeanN2Oemissions, standard deviation,
and number of replicates from the treatment and control were
used to conduct meta-analysis via a random effects model
using NCCS statistical software (version 12.0). Crop-specific
EFs, which were derived from analysis of the database, were
used to estimate total N2O emissions from the agricultural
cropping systems at the provincial, regional, and national
scales, based on the crop sowing area (China Statistical Year
Book, 2016).

Total N2O emissions (EN2O-N, kg N2O-N ha−1) from
croplands were estimated as:

EN2O-N = EF×Ninput ×A+ BNE (3)

where BNE is the background N2O emission from soil where
no N was applied for a specific crop.

Crop yield was estimated using current national averages
of N partial factor productivity (PFPN, kg grain kg−1 N) in
China from NUE, as follows:

Y = Ninput × PFPN (4)

where Y is the total grain yield induced by N fertilizers
(kg grain ha−1) and the PFPN was used as a BS grain
yield (Table II) (Xia et al., 2016). Where the PFPN was not

TABLE II

Nitrogen partial factor productivity (PFPN) and emission factor (EF) for different crops under different management scenarios in China

Scenarioa) Inhibitorb) PFPN EF Reference(s)

Maize Rice Wheat Maize Rice Wheat

kg grain kg−1 N %
BS – 31.0 28.0 20.0 0.71 0.48 0.59 Xia et al., 2016; Yin et al., 2017; Zhao et al., 2017
S1 – 31.0 28.0 20.0 0.71 0.48 0.59 Xia et al., 2016; Yin et al., 2017; Zhao et al., 2017
S2 – 31.0 28.0 20.0 0.71 0.48 0.59 Xia et al., 2016; Yin et al., 2017; Zhao et al., 2017
S3 NBPT 33.0 ndc) 23.6 0.35 nd 0.08 Ding et al., 2015; Zhao et al., 2017
S4 DCD 47.6 35.1 23.7 0.15 0.11 0.06 Ding et al., 2011, 2015; Liu et al., 2016
S5 NP 43.1 nd nd 0.28 nd 0.07 Di et al., 2017; Niu et al., 2018
S6 DMPP 32.3 30.0 22.0 0.30 0.04 0.11 Yin et al., 2017; Zhao et al., 2017; Wu et al., 2018
S7 NBPT + DCD 45.3 nd 23.7 0.18 nd 0.05 Ding et al., 2011, 2015
S8 NBPT + DMPP 31.0 nd 21.3 0.20 nd 0.20 Zhao et al., 2017
S9 HQ + DCD nd 28.0 24.8 0.23 0.22 0.43 Li et al., 2009; Dong et al., 2018; He et al., 2018
S10 NBPT 33.0 nd 23.6 0.35 nd 0.08 Ding et al., 2015; Zhao et al., 2017
S11 DCD 47.6 35.1 23.7 0.15 0.11 0.06 Ding et al., 2011, 2015; Liu et al., 2016
S12 NBPT + DCD 45.3 nd 23.7 0.18 nd 0.05 Ding et al., 2011, 2015

a)See Table I for the detailed description of the different management scenarios.
b)NBPT: nitrophosphate, N -(n-butyl) thiophosphoric triamide; DCD: dicyandiamide; NP: nitrapyrin; DMPP: 3,4-dimethylpyrazole phosphate; HQ:
hydroquinone.
c)No data.
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originally reported, it was calculated using the methodology
described by Ussiri and Lal (2012) and Xia et al. (2016) to
assess yield changes associated with the S3–S12 scenarios
compared with the BS:

PFPN = Ygrain/RN (5)

where Ygrain is total grain yield harvest (kg ha−1) and RN
is the seasonal or annual N fertilizer application rate (kg N
ha−1). The PFPN factor for each scenario is different and is
listed in Table II.

Yield-scaled N2O emissions (g N2O-N kg−1 grain) were
calculated according to Venterea et al. (2011):

Yield-scaled N2O emission = EN2O-N/Ygrain (6)

The potential mitigation of N2O emissions was calcu-
lated using the difference in N2O emissions between BS and
each of the mitigation scenarios (S1–S12) divided by those
for BS, expressed as a percentage:

PD = (X2 −X1)/X1 × 100 (7)

where PD is the N2O emission percentage decrease (%);X2

is the N2O emissions for each of the potential mitigation
scenarios; and X1 is the N2O emission for the BS.

Note that the yield percentage increase for each crop
type was calculated using the difference in PFPN values
between the BS (where no inhibitor was applied) and the S3–
S12 scenarios (where inhibitor was applied) computed from
individual studies (Table SV, see Supplementary Material
for Table SV). Data were analyzed using SPSS for Windows
(version 22.0).

BASELINE SCENARIO

The total amount of annual synthetic N fertilizer used
in Chinese maize, rice, and wheat cropping systems was
estimated at 17 145 Gg N year−1 (Table III), and its use
was the greatest in maize (6 796 Gg N year−1), followed by
rice (5 505 Gg N year−1) and wheat (4 844 Gg N year−1).
Total N inputs were the greatest in Henan and Shandong and
the lowest in Xizang (Tibet). Out of the 31 provinces, three
(Heilongjiang, Shandong, and Henan) represented 28% of
the national cropping area and accounted for 27.5% of total
input of synthetic N.

Under the BS, total N2O emissions from maize, rice,
and wheat cultivation were estimated at 154.8 Gg N2O-N
year−1; emissions from maize were the highest (71.6 Gg
N2O-N year−1), followed by wheat (43.8 Gg N2O-N year−1)
and rice (39.4 Gg N2O-N year−1) (Table IV, Fig. 1). Based
on N2O emission strength, the lowest emissions were found
in Heilongjiang (0.62 kg N2O-N ha−1) and the highest were
in Shanghai and Jiangsu (1.60 and 1.58 kg N2O-N ha−1,
respectively).

TABLE III

Amount of synthetic fertilizer N applied for different crops in different
provinces of China

Province Maize Rice Wheat

Gg N year−1

Beijing 18.16 0.04 4.89
Tianjin 27.27 5.02 16.16
Hebei 555.43 23.24 489.29
Shanxi 343.76 0.15 111.39
Shandong 637.93 24.31 927.15
Henan 715.59 148.26 1 128.55
Liaoning 630.78 147.12 1.19
Jilin 672.60 117.30 0.05
Heilongjiang 820.78 317.93 4.62
Shanghai 0.80 32.96 11.69
Jiangsu 114.73 639.36 594.81
Zhejiang 10.63 171.08 19.49
Anhui 156.04 370.99 459.46
Jiangxi 3.06 381.03 1.31
Hubei 155.44 479.28 196.81
Hunan 55.05 703.51 4.53
Fujian 13.65 186.20 0.48
Guangdong 40.99 469.94 0.20
Guangxi 75.96 279.73 0.48
Hainan 0.00 57.17 0.00
Sichuan 243.95 424.04 166.73
Guizhou 144.24 117.47 26.11
Yunnan 264.01 208.80 52.79
Chongqing 105.46 140.41 12.96
Nei Mongol 569.00 9.39 92.51
Xizang 0.26 0.17 4.57
Shaanxi 25.92 25.05 212.78
Gansu 149.09 0.95 97.76
Qinghai 5.01 0.00 8.38
Ningxia 77.26 14.86 20.46
Xinjiang 163.52 9.53 175.98
Total 6 796 5 505 4 844

YIELD-SCALED N2O EMISSIONS IN THE MITIGA-
TION SCENARIOS

The greatest mean yield-scaled N2O emissions ranged
from 0.25 to 0.52 g N2O-N kg−1 grain under scenarios BS
to S2 (Fig. 2). Under BS, yield-scaled N2O emissions from
fertilized crops were the highest in wheat (0.48 g N2O-N
kg−1 grain), followed by maize (0.34 g N2O-N kg−1 grain)
and rice (0.25 g N2O-N kg−1 grain) (Fig. 2).

Mean yield-scaled N2O emissions were lower in all the
mitigation scenarios than in the BS (Fig. 2). Yield-scaled
N2O emissions were lower in S4 (0.10, 0.18, and 0.09 g
N2O-N kg−1 grain for maize, wheat, and rice, respectively)
than in the BS and other mitigation scenarios (Fig. 2). Yield-
scaled N2O emissions were more effectively reduced for all
three cropping systems under S6, S4, and S11 compared to
the BS or to S1 and S2 (Fig. 2). Combination scenarios (S11
and S12) reduced the yield-scaled N2O emissions under
maize as compared to wheat. Mitigation scenarios S6, S4,
and S11 were equally effective in decreasing yield-scaled
N2O emissions from maize compared with the BS (Fig. 2),
whereas mitigation scenarios S4, S6, and S11 were the most
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TABLE IV

Total N2O emissions and crop yields estimated for different crops in different provinces of China under the baseline scenario

Province Total N2O emission Crop yield

Maize Rice Wheat Maize Rice Wheat

Gg N2O-N year−1 Gg
Beijing 0.18 0.000 3 0.04 562.9 1.1 97.8
Tianjin 0.33 0.03 0.16 845.3 140.6 323.2
Hebei 5.99 0.15 4.35 17 218.2 650.6 9 785.8
Shanxi 3.50 0.001 1.08 10 656.7 4.3 2 227.8
Shandong 6.53 0.17 7.86 19 775.9 680.6 18 543.0
Henan 7.19 0.99 10.1 22 183.4 4 151.2 22 570.9
Liaoning 6.00 0.94 0.01 19 554.3 4 119.4 23.7
Jilin 7.17 0.89 0.000 5 20 850.6 3 284.5 1.1
Heilongjiang 9.49 2.88 0.07 25 444.0 8 902.0 92.4
Shanghai 0.01 0.20 0.10 24.7 922.8 233.9
Jiangsu 1.10 4.05 4.88 3 556.7 17 902.0 11 896.2
Zhejiang 0.12 1.17 0.17 329.6 4 790.2 389.7
Anhui 1.66 2.74 4.26 4 837.3 10 387.8 9 189.2
Jiangxi 0.04 3.27 0.02 94.9 10 668.9 26.1
Hubei 1.54 3.24 1.85 4 818.7 13 419.9 3 936.2
Hunan 0.61 5.15 0.05 1 706.5 19 698.3 90.6
Fujian 0.13 1.23 0.004 423.1 5 213.7 9.7
Guangdong 0.40 3.07 0.002 1 270.7 13 158.3 4.0
Guangxi 0.93 2.20 0.01 2 354.7 7 832.4 9.7
Hainan NCa) 0.40 NC NC 1 600.7 NC
Sichuan 2.62 2.89 1.69 7 562.4 11 873.1 3 334.6
Guizhou 1.50 0.85 0.31 4 471.6 3 289.1 522.3
Yunnan 2.83 1.49 0.58 8 184.3 5 846.5 1 055.8
Chongqing 1.05 0.97 0.12 3 269.2 3 931.6 259.3
Xizang 0.005 0.001 0.05 8.1 4.8 91.5
Nei Mongol 6.19 0.08 0.90 17 639.1 262.9 1 850.2
Shaanxi 0.26 0.17 1.94 803.4 701.4 4 255.6
Gansu 1.70 0.01 1.08 4 621.7 26.5 1 955.2
Qinghai 0.05 NC 0.11 155.2 NC 167.6
Ningxia 0.74 0.10 0.20 2 395.1 416.1 409.2
Xinjiang 1.77 0.07 1.82 5 069.2 266.9 3 519.6
Total 71.6 39.4 43.8 210 687.6 154 148.1 96 871.8

a)No cultivation.

effective for rice, and S4 and S7 were the most effective for
wheat.

Addition of UIs and NIs (S3–S12) reduced yield-scaled
N2O emissions to 0.08–0.26 g N2O-N kg−1 grain in the three
cropping systems (Fig. 2). The range of estimated values
for all mitigation scenarios (S3–S12) was much lower than
those of BS and scenarios S1 and S2, where no inhibitor was
applied. The estimated yield-scaled N2O emissions were
0.34–0.36, 0.25–0.26, and 0.48–0.52 g N2O-N kg−1 grain
for maize, rice, and wheat, respectively, under BS, S1, and
S2, compared with 0.10–0.22, 0.08–0.16, and 0.18–0.26 g
N2O-N kg−1 grain, respectively, under scenarios S3–S12
(Fig. 2).

EFFECT OF MITIGATION SCENARIOS ON N2O EMI-
SSIONS

In the BS, mean N2O emissions from fertilized crop
systems were the highest in maize (1.96 kg N2O-N ha−1),
followed by wheat (1.64 kg N2O-N ha−1) and rice (1.41 kg
N2O-N ha−1) (Table V). MeanN2O emissions were higher

(P < 0.05) in the BS than in the mitigation scenarios, and
average crop yields were lower (P < 0.05) (maize 5 806 kg
grain ha−1, rice 5 722 kg grain ha−1, and wheat 3 439 kg
grain ha−1) (Table V).

Total N2O emissions were lower (P < 0.05) in all
mitigation scenarios than in the BS (Table V); national total
grain yield for all crops was the lowest (P < 0.05) in S2
(Table V, Fig. 1). National-scale N2O emissions were lower
(P < 0.05) in S4 than in the BS and the other mitigation
scenarios, being 33.6, 19.2, and 18.1 Gg N2O-N year−1

for maize, rice, and wheat, respectively, under S4 (Fig. 1).
This represented a reduction of 53.0%, 51.3%, and 58.7%
comparedwith the BS formaize, rice, andwheat, respectively
(Table V). N2O emissions were more effectively reduced
for all three cropping systems in S6 than in S4 (Table V),
whereas maize grain yield was greater in S4 than in S6. The
total N2O emission reduction potential of each mitigation
scenario to BS is presented in Fig. 3. A combination of
scenarios, S11 for maize and S12 for wheat, reduced the total
N2O emissions by 56.6% and 57.3%, respectively. Mitigation
scenarios S11, S6, S12, and S4 were equally effective in
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Fig. 1 Estimated total N2O emissions and grain yields for different crops in China under the baseline scenario (BS) and 12 potential mitigation scenarios
(S1–S12). See Table I for the detailed description of BS and S1–S12.

Fig. 2 Effects of baseline scenario (BS) and 12 potential mitigation sce-
narios (S1–S12) on yield-scaled N2O emissions for different crops in China.
Vertical bars indicate standard errors of the means (n = 30). See Table I
for the detailed description of BS and S1–S12.

decreasing N2O emissions from maize compared with the
BS (Table V), whereas mitigation scenarios S6, S11, and
S4 were equally effective for rice, and S12, S11, S7, S4,
and S10 were equally effective for wheat. Overall, maximum
mitigation potential was estimated for S11, although its yield
was lower than those in S4 and S6, but nevertheless greater

than that in the BS.

DISCUSSION

We estimated current annual total N2O emissions (N
fertilizer-induced plus soil background emissions) from
maize, rice, and wheat croplands in China to be 154.8
Gg N2O-N, which was higher than those under our proposed
mitigation scenarios (S1–S12). The lowest N2O emission
strength was in Heilongjiang (0.62 kg N2O-N ha−1), pro-
bably as a result of low annual temperature (1.7 ◦C) and
precipitation (555 mm year−1) coupled with low N input
rates that averaged 102 kg N ha−1 (Table SII) (Sun et al.,
2016). Higher N2O emission strength were estimated for
Shanghai and Jiangsu owing to excessive fertilizer use that
averaged 276 and 269 kg N ha−1, respectively, and favora-
ble soil moisture content of > 60% water-filled pore space
(WFPS) (Table SIV) (He et al., 2007).

As expected, the yield-scaled N2O emissions were hig-
her in wheat than in rice. This result is best explained by the
generally lower EF in paddy fields than in maize and wheat
fields (Fig. S1) (Gao et al., 2011; Zhou et al., 2014; Chen et
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TABLE V

Mean N2O emissions and crop yields for different crops under the baseline scenario (BS) and 12 potential mitigation scenarios (S1–S12)

Scenarioa) N2O emission Crop yield

Maize Rice Wheat Maize Rice Wheat

kg N2O-N ha−1 kg grain ha−1

BS 1.96 ± 0.06b)ac) 1.41 ± 0.05a 1.64 ± 0.06a 5 806 ± 282d 5 722 ± 288bc 3 439 ± 193b
S1 1.83 ± 0.06b 1.31 ± 0.04b 1.54 ± 0.05b 5 226 ± 254de 5 150 ± 259cd 3 095 ± 174bc
S2 1.69 ± 0.05c 1.21 ± 0.04c 1.44 ± 0.04c 4 645 ± 226e 4 578 ± 230d 2 751 ± 155c
S3 1.19 ± 0.03d ndd) 0.77 ± 0.01ef 5 862 ± 285d nd 4 050 ± 228a
S4 0.91 ± 0.01ef 0.66 ± 0.01e 0.73 ± 0.01ef 8 921 ± 433a 7 173 ± 360a 4 072 ± 229a
S5 1.15 ± 0.03d nd 0.75 ± 0.01ef 8 065 ± 392a nd nd
S6 0.87 ± 0.01f 0.50 ± 0.003f 0.80 ± 0.01e 6 050 ± 294bc 6 131 ± 308b 3 663 ± 206b
S7 0.97 ± 0.02e nd 0.72 ± 0.005f 8 475 ± 412a nd 4 071 ± 229a
S8 1.00 ± 0.02d nd 0.97 ± 0.02d 6 181 ± 300c nd 3 663 ± 206b
S9 1.06 ± 0.02d 0.89 ± 0.02d 1.37 ± 0.04c nd 5 722 ± 288b nd
S10 1.15 ± 0.02d nd 0.74 ± 0.01ef 4 945 ± 240d nd 3 240 ± 182b
S11 0.85 ± 0.01f 0.61 ± 0.009ef 0.71 ± 0.005f 7 137 ± 347b 5 739 ± 303b 3 258 ± 183b
S12 0.90 ± 0.01ef nd 0.70 ± 0.004f 6 780 ± 329b nd 3 257 ± 183b

a)See Table I for the detailed description of BS and S1–S12.
b)Means ± standard errors (n = 30).
c)Means followed by the same letter(s) within each column are not significantly different at P < 0.05.
d)Not determined.

Fig. 3 Total N2O emission reduction potentials of the baseline scenario
(BS) and 12 potential mitigation scenarios (S1–S12). See Table I for the
detailed description of BS and S1–S12.

al., 2015; Shepherd et al., 2015). In paddy fields, flooding
interspersed with midterm drainage and dry-wet alteration
(flooding-midseason drainage-reflooding-final drainage) are
common practices that can create a favorable environment for
short-term N2O production and pulse emission (Bouwman
et al., 2002; Zou et al., 2005). Nitrification is generally fa-
vored under well-aerated conditions and is a typical pathway
for N2O production under maize and wheat upland fields
(Barnard et al., 2005).

Scenarios S1 and S2, which represented 10% and 20%
reductions in N fertilizer input, respectively, resulted in lower
yield-scaled N2O emissions as compared to the BS, probably
owing to lower levels of N fertilization and increased NUE
(Sanz-Cobena et al., 2014). However, crop yields were signi-
ficantly lower in S2 than in the BS, indicating that without the
addition of UIs or NIs, the 20% reduction in the conventional
fertilizer N application rate resulted in insufficient N for crop

development. Scenario S2 might compete with food security
to accommodate the predicted doubling of food demand by
an increasing population (Mueller et al., 2012; Van Grinsven
et al., 2013).

We estimated a > 35.0% reduction in yield-scaled N2O
emissions under mitigation scenarios S3–S12 as compared
with the BS, which was similar to previously reported reduc-
tion potentials of 40.1%–42.6% (Sanz-Cobena et al., 2012;
Halvorson and Del Grosso, 2013; Monaghan et al., 2013; Za-
man et al., 2013). Scenario S4 (DCD) reduced average N2O
emissions by 54.0%, which was close to the 60%–76% N2O
emission reductions reported by Di and Cameron (2003).
Ruser and Schulz (2015) observed that the N2O reduction
potential of DCD and DMPP was 30%–50%, which was
attributed to the strong inhibition effects of DCD and DMPP
on the ammonia-oxidizing bacteria (AOB) and ammonia-
oxidizing archaea (AOA) responsible for the oxidation of
NH+

4 to NO−
3 in soils (Table VI) (Di and Cameron, 2011;

Akiyama et al., 2013; Shen et al., 2013). The addition of
DMPP to soils might increase abundance of the bacteria Fir-
micutes and Bacteroides, which lower N2O emissions (Dong
et al., 2013; Jones et al., 2014); however, Ju et al. (2011) did
not observe inhibition effects of DMPP on N2O emissions
during maize cultivation in the North China Plain. Niu et al.
(2018) suggested the possibility that low soil moisture (<
45% WFPS) masks the N2O emission reduction potential of
inhibitors by reducing substrate NO−

3 for denitrification.
The reduction potentials of N2O emissions under sce-

narios S4 (DCD) and S6 (DMPP) were similar in maize
and wheat, but differed in rice, where DMPP in S6 elicited
greater inhibition of N2O emissions. Previous studies have
similarly shown that DMPP reduces N2O emissions more
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TABLE VI

Potential effectsa) of urease and nitrification inhibitors on abundance of ammonia-oxidizing bacteria (AOB) and ammonia-oxidizing archaea (AOA), derived
from published literature

Inhibitor Scenario AOB AOA Reference(s)

Nitrophosphate, N -(n-butyl) thiophosphoric
triamide (NBPT)

S3 ++ + Fan et al., 2018

Dicyandiamide (DCD) S4 ++ − Di and Cameron, 2011; Akiyama et al., 2013; Shen et al., 2013
Nitrapyrin (NP) S5 ++ + Shen et al., 2013
3,4-dimethylpyrazole phosphate (DMPP) S6 ++ + Di and Cameron, 2011

++ − Kleineidam et al., 2011

a)++: high level of inhibition; +: low level of inhibition; –: not determined.

efficiently than DCD (Weiske et al., 2001; Fangueiro et al.,
2009; Pereira et al., 2010) in maize and wheat. Zhao et
al. (2017) recorded N2O emission reductions of up to 55%
and 47% by DMPP and DCD, respectively, as a result of
the lower solubility, longer half-life, and slower leaching of
DMPP as compared to DCD (Zerulla et al., 2001; Ruser and
Schulz, 2015). Similarly, DMPP has been shown to have
a greater inhibition effect on N2O emissions as compared
to DCD in upland fields (Gilsanz et al., 2016; Yang et al.,
2016). In contrast to our study, a smaller meta-analysis by
Akiyama et al. (2010) (12 field measurements) showed that
DCD was more effective than DMPP at reducing N2O emis-
sions; however, it is likely that our analysis of up to 35 field
measurements (Fig. 4) was more robust and representative.

Fig. 4 Reduction potentials of urease and nitrification inhibitors on N2O
emissions. Dot and box denote the range and mean, respectively; values
above boxes are the number of measurements from each study. NBPT: ni-
trophosphate, N -(n-butyl) thiophosphoric triamide; DCD: dicyandiamide;
DMPP: 3,4-dimethylpyrazole phosphate; NP: nitrapyrin.

The reduced N2O emissions estimated for S5 (nitrapyrin)
were also lower than for S6 (DMPP) under maize production,
which might be a result of a number of factors. First, ni-
trapyrin shows low or weak inhibition of AOB (Vannelli
and Hooper, 1992; Shen et al., 2013). Second, high sum-
mer temperatures might have accelerated the decomposition
and reduced the efficacy of nitrapyrin (Ruser and Schulz,
2015). Third, direct adsorption of nitrapyrin by soil organic
matter might have reduced its inhibition effects (Sahrawat
et al., 1987; Powell and Prosser, 1991; Wolt, 2000). Fourth,

inhibitory effects of nitrapyrin on N2O emissions disappear
when soil moisture < 45% WFPS (Niu et al., 2018), but at
soil moisture of 40%WFPS, DMPP more efficiently reduces
oxidation of NH+

4 to NO−
3 than at 60%–80% WFPS (Xue et

al., 2012). Fifth, inhibition of N2O emissions by nitrapyrin
is more efficient in paddy soils than in cultivated black soils,
owing to the correlation with AOB abundance in paddy and
alluvial soils and the lack of effect of nitrapyrin on AOA
community structure in both soils (Cui et al., 2013). Sixth,
the tendency for nitrapyrin to be more volatile than DCD or
DMPP might diminish its effect on nitrification in organic
soil (Sahrawat et al., 1987; Gilsanz et al., 2016) owing to
hydrolysis and adsorption (Bremner et al., 1987; Regina et
al., 1998).

Unexpectedly, we found that a combination of UIs and
NIs (S7: NBPT+ DCD, S8: NBPT+ DMPP, and S9: HQ+

DCD) had a moderate effect on yield-scaled N2O emission
reduction compared with the addition of inhibitors alone.
Similarly, Abalos et al. (2014) reported that application
of NBPT + DCD resulted in less-effective reductions in
N2O emissions compared to DCD alone, likely because the
UI NBPT only reduces the initial soil NH+

4 concentration,
decomposes more rapidly at soil temperatures above 20 ◦C
(Soares et al., 2012; Singh et al., 2013; Hagenkamp-Korth
et al., 2015), and has little effect on N2O emissions in acid
soil (Fan et al., 2018). The UIs are known to reduce the
effectiveness of NIs on urea hydrolysis (Luo et al., 2010)
and increase urea or ammonium longevity in soil, whereas
their degradation gradually increases levels of NO−

3 , which
leads to reduced effectiveness of NIs (Menneer et al., 2008;
Ding et al., 2015).

We estimated relatively high crop yields under scena-
rios S4, S11, and S12, where grain yield increase and N2O
emission reduction were optimized compared with the BS.
There were yield optimization values of 14.0% for maize,
8.0% for rice, and 1.6% forwheat in scenario S4. These values
were lower than the range of 40%–60% previously reported
at the global scale (Zhang et al., 2008; Fan et al., 2012).
Overall, the results for scenarios S4, S6, and S11 indicate
that they optimized mitigation of N2O emissions; an average
reduction in N2O emissions of 56.0% might be achieved
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under national-scale implementation of scenarios S6 or S11,
by reducing N losses through NO−

3 supply for denitrification
(Yang et al., 2016).

It should be noted that our evaluation of the effects of
potential mitigation scenarios onN2O emissions in croplands
is subject to a number of uncertainties. First, uncertainties can
arise from using single default PFPN value that underestimate
or overestimate total N yield (Xia et al., 2016). Second is the
assumption that fertilizer type, fertilization strategy, and soil
type were constant in each mitigation scenario (Sanz-Cobena
et al., 2014; Qiao et al., 2015). Third, lack of data in our
analysis from a diversity of climatic conditions might have
masked the effects of weather variables (temperature and
precipitation) and soil properties that are known to influence
the efficacy of NIs (Irigoyen et al., 2003; Di and Cameron,
2004; Menéndez et al., 2012; Guardia et al., 2018).

CONCLUSIONS

Our meta-analysis showed heterogeneous differences
in fertilizer-induced N2O EFs, N2O emission mitigation
scenarios, and N fertilization in croplands across China.
Reduction of N fertilizer application rate by 20%, without
other management practices such as use of inhibitors, was
shown to reduce crop yields. Effective scenarios (S6: DMPP;
S4: DCD; and S11: 20% reduction in N fertilizer application
rate plus DCD) were estimated to reduce yield-scaled N2O
emissions to 0.08–0.22 g N2O-N kg−1 grain from 0.25–
0.48 gN2O-N kg−1 grain under the BS in themaize, rice, and
wheat cropping systems. Overall, these advanced fertilizer
management strategies provide an opportunity to meet N2O
reduction targets and reduce N2O emissions by > 35.0%
in China compared with continued implementation of the
current baseline strategy.
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