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a b s t r a c t

Excessive nitrogen (N) fertilizers are often used in China, and a large proportion of the N can be lost as
ammonia (NH3). However, quantifying the NH3 emission from paddy fields is always affected by large
uncertainties due to different measuring methods and other factors such as climate. In this study, using a
standardized method, we measured the NH3 emissions in three typical annual rice cropping systems:
single rice, double rice and rotation with other crops. The measurements were conducted for 2 years with
a total of 3131 observations across China. Results showed that NH3 emissions accounted for 17.7% (14.4
e21.0%) of the N applied under current farm practice, which was 33.1% (10.6e52.6%) higher than pre-
vious estimates. Nitrogen application rate was the dominant factor influencing NH3 emission rate, which
exponentially increased with the N fertilizer rate (p< .001). Total NH3 emissions from paddy fields were
estimated at 1.7 Tg N yr�1 in 2013 in China, several times the amount of N lost through leaching or runoff.
This suggests that mitigation measures for non-point source pollution from cropland should take into
account not only the N lost to water, but also to air, thereby improving air quality.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

China produced 208.2million tons of rice in 2014, accounting for
28.1% of global production (FAO, 2017). However, excessive
amounts of nitrogen (N) fertilizers are being used in paddy fields,
with an average N fertilizer rate of over 300 kg N ha�1 yr�1 (Deng
et al., 2011), and over 50% of this input N is lost to the environ-
ment through multiple pathways. Ammonia volatilization is one of
the dominant pathways of N loss in paddy fields (Yan et al., 2011;
Soares et al., 2012; Xu et al., 2012). NH3 volatilization increases
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farmers’ production costs and causes environmental degradation
(Xu et al., 2015). NH3 is a major atmospheric pollutant that plays an
important role in the formation of secondary inorganic aerosols,
leading to poor air quality and adverse impacts on human health
(Behera et al., 2013; Gu et al., 2014). The emitted NH3 can also re-
turn to land and surface water through deposition, resulting in soil
and water acidification, eutrophication and biodiversity loss
(Hellsten et al., 2008; Guo et al., 2010).

NH3 emission is affected by a number of factors, such as fertilizer
application rate (Dattamudi et al., 2016; Huang et al., 2016; Jiang
et al., 2017), climate conditions (e.g. temperature, wind speed)
(Fan et al., 2011; Louro et al., 2013), and soil properties (e.g. pH, soil
type) (Fan et al., 2011; Zhang et al., 2013; Webb et al., 2014). In-
ventories of NH3 emissions from paddy soils in China have been
conducted (Zhang et al., 2011; Chen et al., 2014). However, large
uncertainties exist in these inventories due to the variations in
emission factors derived from different measuring methods
(Hayashi et al., 2011; Zhao et al., 2012). For example, Chen et al.
(2014) calculated that NH3 lost from paddy fields accounted for
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approximately 16% of N input by compiling over 265measurements
across China, while the results derived from Zhou et al. (2016), with
an even bigger dataset, showed that the average NH3 loss accoun-
ted for only 12% of N input for paddy soils. However, the methods of
measuring these NH3 emissions were quite different, and whether
the results of these measurements could be comparable for a
meaningful inventory is unclear. Therefore, refining the under-
standing of these variations is crucial for reducing the uncertainty
in NH3 emissions from paddy fields.

We established a Nationwide NH3 Emission Monitoring
Network (NNEMN) for paddy fields in 2012e2013, and measured
NH3 emissions for 2 years continuously, by using a standardized
measuring method. The network included 12 field sites, which
covered three types of rice cultivation (single, double and rotation
with wheat or potato or a vegetable crop) located in the main rice
planting regions across China (Northeast China, Southeast China
and Yangtze River Basin). The objectives of this study were to (i)
quantify NH3 loss and its uncertainties from paddy fields in
different types of rice cultivation, (ii) explore the influence factors
affecting NH3 emission rate, including N application rate, soil
properties and climate factors and (iii) estimate total NH3 volatili-
zation from paddy fields in China.
2. Materials and methods

2.1. Study sites

The distribution of the 12 field sites used in this study is shown
in Fig. 1. There are great regional differences in NH3 emissions
resulting from the differences in environmental factors and man-
agement practices. In order to determine the spatial variation in
NH3 emissions from paddy soils, we divided the 12 sites into three
types according to the environmental conditions, cropping system
and cultivation history: (i) Single-cropping rice; (ii) Double-
cropping rice and (iii) Rice-upland crop (wheat/potato/vegetable
rotation). Details for the rice types are given in supplementary
Fig. 1. Geographical distribution of t
information. The number of study sites in each region was mainly
determined by the total planting area of rice and heterogeneity of
the environmental factors and management practices, and 1, 3 and
8 field sites were set up for single rice, double rice and rice-upland
rotation system, respectively. The sowing areas of the above sys-
tems in China were 4.6, 10.9 and 11.1 million ha, respectively (NBS,
2014). Comparedwith the latter two systems, the single rice system
is commonly planted over smaller areas with little variation in
climatic conditions and soil type. Therefore, only one typical field
site was chosen for the study. In view of the large variations in
climatic conditions in the rice-upland growing regions and
different crops used for rotation, 8 field sites were chosen for the
study.

2.2. Experiment design

Basic information about climate, soil properties, and fertilization
for each site is shown in Tables S1e3. The experiments were per-
formed during 2012e2013, and urea, superphosphate, and potas-
sium sulfate were used. Prior to rice transplantation, soil was
irrigated and plowed, followed by basal fertilization. Based on local
farmers' practices, some sites applied tillering topdressing and
anthesis topdressing fertilization. Six fertilization rates were used:
zero N-fertilizer (CK), local farmers' practice (FT), and another four
treatments with 50, 66.7, 83.3, and 133.3% of FT. Although each site
had 6 treatments, the local farmers’ practice treatment (FT)
included a range of rates due to the variations in local practice in
the various regions. Consequently, the treatments with 50, 66.7,
83.3, and 133.3% of the local FT rates also varied (Table S2). At each
experiment site, the treatment plots (20e40m2 in area) were ar-
ranged by a randomized complete block experimental design with
three replicates. There were bunds between each plot.

2.3. Field measurements

A standardized dynamic chamber method, with a continuous
he 12 monitoring sites in China.
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airflow enclosure (CAE), was utilized to measure NH3 volatilization
from the paddy fields in all the treatment plots at the 12 sites. The
NH3 volatilization collection device (Fig. S1) consisted of a chamber,
a vent pipe, a chemical trap bottle and a vacuum pump linked by
plastic pipes to form a confined space (Cao et al., 2013). A chemical
trap bottle filled with 60mL of 20 g L�1 boric acid (H3BO3) con-
nected with another hole was used to collect NH3 gas from paddy
field. The air exchange rate was set to 15e20 headspace volumes
min�1. The NH3 volatilization rate was measured twice daily:
morning (9:00e11:00) and afternoon (16:00e18:00) (Hou et al.,
2007; Zhao et al., 2015). The average hourly NH3 flux observed
during the 4 h was directly converted into the average hourly flux
per day (Zhao et al., 2015). The NH3 trap solutions were brought to
the laboratory and the ammonium (NH4

þ) nitrogen content of the
traps was titrated with 0.005M sulfuric acid (H2SO4). The NH3
volatilization was continually monitored for 10e15 days following
each fertilization event until volatilization became negligible (Chen
et al., 2015a). The daily NH3 volatilization rate was calculated from
the average of the rates measured each day. The NH3 volatilization
flux was calculated as following equation:

F ¼ 2� C� V� 14� 10�2 � 24
t � S

(1)

where F is the flux of NH3 volatilization (kg N ha�1 d�1), C is the
concentration of H2SO4 (M), V is the consumption volume of H2SO4
(mL), t is the duration of collection (h), and S is the chamber area
(m2). The cumulative NH3 losses were the sum of NH3 volatilization
fluxes on sampling days.

The NH3 loss proportion was calculated as following equation:

EN ¼ CNH3
� C0
N

� 100% (2)

where EN is the NH3 loss proportion (%), CNH3
is the NH3 volatili-

zation at every non-zero N application rate (kg N ha�1), C0 is the
NH3 volatilization at the zero N application rate (kg N ha�1), and N
is N fertilizer application rate (kg N ha�1).

The total amount of NH3 volatilization for rice fields across
China was calculated as following equation:

TN ¼
Xn

n¼1

�
CFiNH3 � Si

�
(3)

where TN is the total amount of NH3 volatilization (kg N), i repre-
sents an individual province, CFiNH3 is the NH3 volatilization of ith
province at farm's N practice (kg N ha�1), Si is the growing rice area
of the ith province (ha). If there was no monitor site in a certain
province, the total NH3 volatilization in this province was calcu-
lated using the monitored data of neighboring provinces.

The air temperature was determined using a mercury ther-
mometer or a potentiometer when the NH3 volatilization was
measured. The precipitation and wind speed were obtained from
the China Meteorological Forcing Dataset (CMFD).
2.4. Sample analysis

Soil samples at a depth of 0e20 cm were collected at the
beginning of the trial using a 5-cm internal diameter auger. For
each site, five replicate soil samples were randomly taken and
mixed together to produce a composite sample. Average soil
texture was determined for all fields using a mixed bulk sample
from all samples across a field. Bulk density of soil samples was
measured after being dried in an oven at 105 �C for 24 h. The soil pH
(1:5 soil/water) and floodwater pH were determined using a
potentiometer. The soil organic matter (SOM) was analyzed with
dichromate oxidation, while total N (TN) was determined using the
Kjeldahl digestion method (KDY-9830, Beijing) (Peng et al., 2011).

2.5. Statistical analysis

Spearman's correlation coefficients and multiple linear regres-
sion were used to test for significant correlations between NH3
volatilization rates and influencing factors using SPSS 19.0 statis-
tical software (SPSS Inc., Chicago, IL). A p values less than 0.05 was
considered statistically significant.

3. Results

3.1. Temporal and spatial variations

The temporal variations indicated that NH3 volatilization rate
peaked 1e3 days after fertilization, followed by a rapid decline
(Fig. 2a). For the three types of rice cultivation, the trends of NH3
volatilization exhibited similar patterns, but the peak values for the
single-rice were far lower than those for the double-rice and rice-
upland rotation (Fig. S2), which had a lower N application rate.
The average peak values for the single, double and rice-upland after
basal fertilizer application were 4.2, 11.5 and 8.1 kg N ha�1 d�1,
respectively, for which the N application rates were 108, 149.2 and
117.9 kg N ha�1. NH3 volatilization rates dropped to a low level
(<2 kg N ha�1 d�1) from the peak value after 7e10 days.

The NH3 volatilization for single rice, double cropping rice and
rice-upland were 40.1, 54.9, and 57.9 kg N ha�1, respectively, for
typical farmers’ practice (average rate of 269.0 kg N ha�1). The
average cumulative NH3 volatilization was 56.0 kg N ha�1, which
represented 17.7% (14.4e21.0%) of the total N input. The average
NH3 volatilization in 2013 was 57.2 kg N ha�1, slightly higher than
that found in 2012 (55.1 kg N ha�1) with no significant difference
(p> .05). The proportion of the applied N lost as NH3 from the
double cropping rice was the highest, up to 19.1% (Fig. 2b). In this
system, the NH3 loss from the late rice was 1.4 times that of the
early rice (Fig. S3). The NH3 emission per unit of grain N production
(NPGN) for the double cropping rice was the highest, followed by
rice-upland and single rice (Fig. 2c).

3.2. Influencing factors

The NH3 volatilization was positively correlated with N input
rate (p< .01, R2¼ 0.52) increasing with N application rate following
a quadratic or exponent function (Fig. 3a and Figs. S4e5). This
suggests that the NH3 loss proportion was larger under higher N
input compared to that under the lower N input (Fig. S6). It seems
that soil properties (soil organic matter, soil total N, and soil bulk
density), climate conditions (air temperature, precipitation, and
wind speed) and water pH did not have a significant impact on NH3
volatilization (p> .05, Fig. 3beh).

Interestingly, multiple linear regression indicated that soil
organic matter had a significant negative effect while wind speed
had a significant positive effect on total NH3 volatilization (p< .05,
Table 1 and Table S4). However, the different rice cropping systems
responded differently to these influencing factors. For example, soil
properties and temperature were more important for the double
rice and rice-upland rotation cropping systems compared to the
overall regression between the emissions and all factors combined.

3.3. Total amount of NH3 volatilization

We estimated that the total amount of NH3 volatilization from
paddy soils in China, was 1.7 Tg N yr�1 in 2013, using the typical



Fig. 2. NH3 loss from paddy soil. (a) The temporal variation of NH3 volatilization in three typical monitoring sites of single rice, double rice and upland rice crop rotation with
wheat: Jilin (43.9�N, 124.3�E), Fujian (26.2�N, 119.1�E) and Anhui (31.7�N, 117.7�E), respectively; (b) the total NH3 loss proportion in the different rice cropping systems; (c) the NH3

emission per unit of grain nitrogen production. The arrows in (a) represent fertilizer application, and the number above represents the N application rate (kg N ha�1). SR, DR and RU
in (b) and (c) represent single rice, double rice, and rice-upland, respectively, and NPGN in (c) represents the NH3 emission per unit of grain N production. Data are shown as
mean± SEM (standard error of mean).

Fig. 3. Relationship between NH3 volatilization and associated influencing factors.
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farmer's N application rate. The spatial pattern of NH3 emissionwas
illustrated in Fig. 4. High emission rates were found in Hunan,
Anhui and Jiangxi provinces, all of which have large growing areas,
accounting for 16.5%, 14% and 13.3% of the total NH3 emission in
China, respectively. For Liaoning, Jilin, Guizhou and Hainan prov-
inces, the NH3 emissions were all less than 30 Gg N yr�1.
4. Discussion

4.1. Non-linear response of NH3 emissions to N rate

N fertilizer rate directly impacts NH3 volatilization, and an
elevated N concentration in soil accelerates the loss of NH3 to the



Table 1
Model coefficients of multiple linear regression on NH3 emission and associated influencing factors.

Influencing factors Variable Total Single rice Double rice Rice-upland

N fertilizer2 # x12 2.4�10�4* 3.0� 10�4 2.3� 10�4 2.7�10�4*

N fertilizer x1 0.12** 0.07 0.13** 0.10*

Soil organic matter x2 ¡0.3** e 0.6 ¡0.4*

Soil bulk density x3 �2.8 e ¡103.9** 49.3**

Temperature x4 �1.2 e 1.0* ¡2.4*

Precipitation x5 �0.06 e �5.0� 10�3 �0.08
Wind speed x6 8.1** e 1.5 �6.0
Constant a 38.8* 0.06 111.5 41.8

Note: Values in bold indicate statistically significant, *p < .05; **p< .01. # The values of N fertilizer2 coefficients were small, because the square of N fertilizer rate was usually
very large. A serious multicollinearity problem existed between TN and other variables (such as SOM, Fig. S7), therefore, Soil TN was omitted from the multiple linear
regression.

Fig. 4. Total annual amounts of NH3 volatilization in the rice-growing regions in 2013.
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atmosphere (Ju et al., 2009; Jiang et al., 2017). Most previous esti-
mates have found that the response of NH3 emission to N appli-
cation rates is linear (Cui et al., 2013, 2014; Chen et al., 2014).
Recently, several studies using data synthesis analysis have sug-
gested that NH3 emission response to N addition could be non-
linear (Zhou et al., 2016; Jiang et al., 2017). By controlling for the
differences resulting from different methodologies and measure-
ment timing, our study suggests that NH3 volatilization increases
with N application rate following a quadratic function, rather than a
linear relationship. There could be several reasons for the observed
non-linear response. Firstly, as a dominant factor affecting NH3
emissions in paddy fields, NH4

þ concentration in the surface water
of paddy fields increases with N inputs (Sommer et al., 2004;
Rochette et al., 2013; Shang et al., 2014), and the instantaneous
rate of NH3 emission is exponentially correlated with NH4

þ con-
centration (Chen et al., 2015a). Secondly, crop N use efficiency de-
creases dramatically with N application rate, particularly when N
input exceeds crop needs (Peng et al., 2006). Therefore, more NH4

þ

will be produced once excess N fertilizer is used. Thirdly, high N
input may inhibit the growth and activity of nitrifying microbes
because of the increase in salinity with NH4

þ, thereby reducing NH4
þ

consumption (Shen et al., 2010; Norman and Barrett, 2014). Thus,
NH3 emissions increase exponentially with N application rates,
especially when the N rate reaches a high level (>300 kg N ha�1).

Non-linear regression indicated that the amount NH3 emitted as
a proportion of N applied was not constant, but increased with N
application rate. The estimates of proportion for a linear model was
close to that of the quadratic model at N application rates between
160 and 180 kg N ha�1 (Fig. S6). This implies that there would be a
higher proportion of NH3 emitted in regions with high N inputs
while there would be a lower proportion of NH3 emitted in regions
with low N inputs.

4.2. Underestimate of NH3 volatilization

Chemical fertilizer is the second largest global emission source
of NH3 (Xu et al., 2015). In this study, we found that 17.7% of N
fertilizer input was lost though NH3 emission in paddy fields, which
was 33.1% (10.6e52.6%) higher than previous studies (Fig. 5).
Recently, a top-down estimate also showed that the NH3 loss pro-
portion of mineral fertilizer was 16.2e18.4%, based on a mass bal-
ance approach, and validated by N deposition monitoring and



Fig. 5. Comparisons with NH3 estimates from paddy soil in other studies.
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satellite observations, which implies that NH3 emissions may be
substantially underestimated in China (Zhang et al., 2017). The
underestimation of NH3 emissions could be an integrated result of
the following reasons: (i) variation in methodology; (ii) lower N
application rate used by farmers in the past; and (iii) non-linear
response of NH3 emissions to N rate.

In this study, we used a continuous airflow enclosure (CAE)
method to estimate NH3 emission, which is widely used in field
scale studies (Cao et al., 2013; Chen et al., 2015b; Zhao et al., 2015).
Besides the CAE method, another commonly used method for the
determination of NH3 emission is a high-resolution micrometeo-
rological (HRM) method. Compared to the open HRM method, the
closed CAE method may result in uncertainty due to the fact that
the chamber can't accurately simulate the natural wind conditions
above the soil surface (Li, 2013). However, it is still themost suitable
method for comparing multiple treatments at field scale (Jantalia
et al., 2012; Yang et al., 2013). The deviation of CAE from the
HRM method has been found to be less than 5% (Pacholski et al.,
2006).

Previous national scale studies have normally collected data on
NH3 emission factors that were determined using different
measuring methods at different times (Chen et al., 2014; Pan et al.,
2016; Zhou et al., 2016). Different methods (e.g., dynamic chamber,
closed chamber and micrometeorological method) may result in
systematic variations in the measured NH3 emissions, which
cannot be accounted for in an inventory study. Additionally, many
experiments were conducted decades ago (e.g. in 1990s), when the
typical N application rate used by farmers was much lower and soil
N level was also lower. Based on our non-linear regression, a low N
application rate would suggest a low NH3 emission proportion.
With an increase in N fertilizer application rate, the NH3 emission
proportions are likely to be higher. Zhou et al. (2016) suggested that
NH3 emission response to N addition could be non-linear using
data synthesis analysis of historical measurements. Chen et al.
(2014) calculated that NH3 lost from paddy fields accounted for
approximately 16% of N input (209 kg N ha�1), and non-linear
response was the main reasons causing underestimation.

A “zero increase of fertilizer use” policy has been introduced in
China, however, the total amount of N fertilizer use will be still be
increasing until 2020. Therefore, the total NH3 emission from paddy
soil in China previously calculated is likely to be an underestimate.
China consumed 31.1Mt of synthetic N fertilizers in 2014, ac-
counting for 28.5% of global total (FAO, 2017). The underestimate of
NH3 emission factors would result in a large underestimate of the
total NH3 emissions in China. Thus, refining the estimate of NH3

emission factors, as found in this study, is vital for the accuracy of
the national scale inventory of total NH3 emissions, which is
important for developing strategies to improve the air quality in
China.

4.3. Policy implications

Approximately 20% of global NH3 emissions originate from
China (Klimont et al., 2001; Yamaji et al., 2004), in particular from
intensive N fertilizer application to croplands (Yan et al., 2003;
Wang et al., 2005). Compared to reactive N (Nr) loss through
other pathways, such as N leaching and runoff (Gao et al., 2016; Hou
et al., 2016), the amount of Nr loss through NH3 volatilization is
much larger and plays a more important role in the environment.
Previous policy regulations mainly focus on the reduction of Nr loss
from agricultural non-point-source pollution to water bodies to
mitigate eutrophication. For example, to balance food security and
environmental protection, several policies have been implemented,
including “Water Pollution Prevention and Control Action Plan”
(WPPCAP), “Soil Pollution Prevention and Control Action Plan”
(SPPCAP) and “Opinions on TakingMeasures to Prevent and Control
Agricultural Nonpoint Source Pollution”. In particular, the first
document issued annually by the Central Committee of the
Communist Party of China (The No.1 Document) made special
regulations for strengthening agricultural ecological governance,
with an emphasis on increasing efforts to control agricultural
nonpoint source pollution to water bodies. Measures include
ecological ditches, runoff storage facilities, treatment of farmland
drainage and surface runoff and encouragement of farmers to in-
crease organic fertilizer and reduce chemical fertilizer use. To
reduce chemical fertilizer use, the Ministry of Agriculture imple-
mented the “Zero Increase of Fertilizer Use Towards 2020” policy.
These policies and actions all focus on prevention and control of
water and soil pollution and less on air pollution.

Air pollution has become a serious problem in China, with fine
particulate matter (PM2.5) increasingly important (Zhang and Cao,
2015; Maji et al., 2017). The PM2.5 concentrations are strongly
affected by NH3 emissions during severe haze episodes, and
improved agricultural N management is critical for reducing NH3
emissions to mitigate production of PM2.5 (Wu et al., 2016). How-
ever, the “Air Pollution Prevention and Control Action Plan” (APP-
CAP) only focused on the reduction of air pollutants from industries
and transportation, and has not considered the air pollutants from
agricultural sources. Currently, there is no regulation or incentive
program to tackle the challenge of NH3 volatilization from agri-
culture (Velthof et al., 2012). Therefore, the mitigation policies and
measures for non-point-source pollution from cropland should
consider not only the N lost to water, but also to the air, which is
severely polluted in China.
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