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• Anthropogenic Nr emissions from China
have increased with fluctuation since
Nanjing Declaration.

• Urbanization has positive and negative
two-way effects on Chinese Nr emis-
sions.

• Continuing urbanization poses a signifi-
cant challenge to future Nr mitigation.

• Regional Nr emissions possess mitiga-
tion potentials with the promotions of
low-N strategies.
⁎ Corresponding author.
E-mail address: zyouyang@rcees.ac.cn (Z. Ouyang).

https://doi.org/10.1016/j.scitotenv.2018.11.352
0048-9697/© 2018 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 27 September 2018
Received in revised form 22 November 2018
Accepted 24 November 2018
Available online 24 November 2018

Editor: Jay Gan
Anthropogenic emissions of reactive nitrogen (Nr) result in adverse impacts on the ecosystems. Nowhere has
that threat been more challenging than in rapidly urbanized China, the world's largest anthropogenic Nr pro-
ducer. The Nanjing Declaration in 2004 called for global reductions in Nr emissions. To assess China's progress,
multisource Nr emissions were evaluated with a quantitative method from 2004 to 2014. The results showed
that national Nr emissions had increased with fluctuation over this period, 55–59% of the total Nr emissions
were emitted to the atmosphere, and that agricultural production still was the biggest contributor (62–69%).
The hotspots were mainly located in the developed and coastal regions that also have high population densities.
Urbanization was associated with overall decreases in agricultural Nr emission and increases in industrial and
residential Nr emissions. The overall increase in residential Nr emission per capita played a large role in driving
the growth of national Nr emission. Continuing urbanization poses a significant challenge to future Nrmitigation
for ecosystem sustainability and a range of strategies, covering improvement of N-use efficiency, slowdown of
Western China's urbanization, and promotion of lowN intensive lifestyle, are proposed that can promote Chinese
low-nitrogen development.
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1. Introduction

Sharp rises in human population and economic growth in some
parts of the world have greatly altered global and regional nitrogen dis-
tributions. The increased use of synthetic fertilizers, fossil fuel combus-
tions and other anthropogenic activities have, in turn, increased
emissions of reactive N [Nr], which generally include all reactive N
atoms contained in organic N, ammonia (NH3), oxynitride (NOx), ni-
trous oxide (N2O), nitrate and amide that load groundwater and surface
water via leaching, erosion, and runoff (Galloway et al., 2008; Conley
et al., 2009) — a trend that has accelerated with global urbanization
(Galloway and Cowling, 2002; Lin et al., 2014). These emissions can
contribute to serious environmental and ecological problems, including
the greenhouse effect, ozone layer destruction, acid rain, eutrophication,
and biodiversity reduction (Vitousek et al., 1997; Galloway et al., 2008),
as well as the little studied white pollution resulting from the discharge
of industrial Nr (Gu et al., 2013a). Indeed, disruption of the nitrogen
cycle has been called the third most important global environmental
problem after biodiversity loss and global warming (Giles, 2005). This
emerging challenge is certainly taken very seriously in China, which
initiated the ‘Nanjing Declaration' at the 2004 International Nitrogen
Conference. The Declaration affirmed the need to reduce global Nr
emissions to sustainable levels by governances in the face of growing
population, food and energy consumption (Erisman, 2004).

Since the introduction of its ‘Reform and Opening’ policy in 1978,
China has been rapidly transforming from a relatively agrarian society
to a prosperous industrial society with the second largest economy in
the world (Zhang et al., 2014). With an economic growth rate of nearly
10% per year, it has also experienced an unprecedented growth in urban
population from 19.0% in 1979 to 55.6% in 2015 (CIA, 2015). More rural
residents are moving to urban areas with a higher income per capita,
consuming more N and therefore generating more Nr emissions (Gu
et al., 2013b; Cui et al., 2016). According to China's recently released na-
tional strategy, the ‘PromotingUrbanization' strategy remains oneof the
Chinese government's highest priorities (Bai et al., 2014). Expanding
into inland and western regions, the level of urbanization in China is
predicted to reach 61% and 75.8% by 2030 and 2050 respectively (Liu
et al., 2015). The continued growth in urbanization will therefore con-
tinue to boost Nr production in China, whose agriculture, industrial
and urban development nowmake it the largest anthropogenic Nr pro-
ducer in the world (Cui et al., 2013; Shi et al., 2015).

Since 2010, a number of integrated studies have assessed the Nr
loads and their combined impacts (Galloway et al., 2003) at the national
level through material-flow analysis, model fitting, and scenario analy-
sis, including the estimation of gaseous Nr emissions (Gu et al., 2012;
Shi et al., 2015) and Nr budgets calculated by inputs and subtracting
outputs (Ti et al., 2012; Cui et al., 2013; Gu et al., 2015). However,
very few studies have focused on the linkage between urbanization
and the dynamics of Nr releases across China. In this context, a better
appreciation of the Nr problem from the perspective of anthropogenic
N emissions may provide an alternative way for people to directly un-
derstand themagnitude andpathways of Nr losses related to their activ-
ities. In order to fully understand China's efforts to meet the Nanjing
Declaration's goals of Nr reduction in the face of rapid urbanization,
we (i) reveal the spatial distribution and temporal variation of Nr emis-
sions and their intensities, (ii) explore the relationship between socio-
economic factors and Nr emissions with urbanization, (iii) assess the
challenges and progress in Nr mitigation by the Chinese government
and (iv) propose strategies for future low N development.

2. Materials and methods

2.1. System boundary

The geographical boundary of this study ismainland China, compris-
ing 22 provinces, 5 autonomous regions, and 4municipalities. The Hong
Kong,Macau, and Taiwan regions are excludeddue to lack of data, so the
study focused on the 31 administrative regions,with each region as a re-
search unit (Fig. 1). The year 2004, when ‘Nanjing declaration' was
launched, is chosen as the start year to assess the progress in Nrmitiga-
tion by the host government, and it is also the most recent year for
which we had access to available data at the start of our research. Our
estimation focuses on anthropogenic Nr and is aimed at assessing the
significance of Nr creation and loss, driven by human activities on the
surrounding environment. The proportion of Nr emissions to different
media (air, water, and soil) is mainly determined by the Nr production
modes. As statistical data for calculating Nr are often reported using dif-
ferent units of measurement, it is necessary to convert all the amounts
involved into a total net mass of N in units of t (Ton), Gg (Gigagram),
or Tg (Teragram) (1 t = 106 g; 1 Gg = 109 g; 1 Tg = 1012 g).

2.2. Calculation method and data source

Most studies focusing on the negative impacts on the environment
of Nr surpluses have been generally associated with their release into
the atmosphere and hydrosphere, including surface water and ground-
water, but the Nr embodied in solid waste discharge has attracted little
attention during academic Nr estimation work. In order to further un-
derstand the Nr output fluxes in large-scale socio-ecological systems
undergoing rapid growth, our estimation focuses on the Nr load
discharged into the whole environment (Lin et al., 2014) in a specific
year, including air, water, and land by:

TNt ¼ Nt
air þ Nt

water þ Nt
solid ð1Þ

where TNt is the annual amount of Nr emissions, with t representing a
certain year during 2004–2014, andNair is the Nr loss to the atmosphere
during the production process and residential consumption, including
NH3 volatilization, NOx, and N2O emissions (inert N2 is not considered
here);Nwater is the Nr loss to the hydrosphere, consisting solely of runoff
to surface water and leakage to groundwater for the sake of brevity
(Oita et al., 2016); and Nsolid is the Nr loss as solid waste accumulation,
such as thedischarge of untreatedmunicipal, agricultural, and industrial
residues. The emission inventories of all these Nr loss fluxes cover
the economic production and living sectors of the N metabolic system
(Y. Zhang et al., 2016a), including the agricultural (primary industry)
and industrial (secondary and tertiary industry) production sectors, as
well as the domestic consumption sector in each of the research units.
The sectorial Nr emissions are mostly calculated by multiplying the ac-
tivity data with the corresponding emission factors (EF) and N content
coefficients (NC). The national Nr emissions are then estimated by sum-
ming the results of the 31 research units, as the inventories of many
small regions can be compiled into larger regional Nr assessments
(Miller et al., 2006). The accounting method for the emission terms,
comprising agricultural Nr (NA), industrial Nr (NI), and residential Nr
(NR) sources, are provided in the supplementary material (Text S1).

2.3. Nr emission evaluation

The human population and per capita gross domestic product (GDP)
are two important parameters affecting Nr generation and future use in
China (Cui et al., 2013). Population and per capita consumption deter-
mine the total demand for food, non-food goods, and energy, while pro-
vincial per capita GDP reflects regional consumption and the ability to
manage Nr (Gu et al., 2015). Pollutant emissions per capita and emis-
sion intensity (emissions per unit of GDP) have been widely applied
as comparable indicators for regional environmental protection and
sustainable development (Ramaswami and Chavez, 2013), while stud-
ies have used provincial carbon emission intensity as an indicator to in-
vestigate China's national carbon emission reduction strategy (Yu et al.,
2014; Hu et al., 2016). Similarly, the provincial Nr emissions intensity
indicator is adopted in this study to normalize and evaluate regional



Fig. 1.Maps of the altitude and human population density (in per capita per km2) in the 31 research units. The regional clustering of research units in the table is based on the recognized
geographical distribution in China.
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Nr emissions on a common scale. From a consumption perspective, the
Nr emissions resulting from residential living per capita after N con-
sumption, defined as residential Nr output intensity, are obtained
from(2). From the economical production perspective, theNr emissions
caused by commodity production in agriculture (primary industry), sec-
ondary and tertiary industries, defined as agricultural and industrial Nr
output intensities, are obtained from (3) and (4) respectively. These re-
flect the ratio between Nr output and economic or human welfare out-
put (Cui et al., 2013) and are suitable for evaluating Nr emissions from
the available economic and social statistical data in China (Xian et al.,
2016). Small values of these indicators imply low Nr cost; low environ-
mental costs as less Nr losses to surrounding environment for economic
and population growths:

NRI ¼ NR
i =Pi ð2Þ

NAI ¼ NA
i =GRP

i
A ð3Þ

NII ¼ NI
i=GRP

i
I ð4Þ

whereNRI,NAI, andNII denote residential, agricultural, and industrial Nr
output intensity respectively; P represents the humanpopulation by the
end of the year in research unit i; and the indicator NRI reflects the Nr
cost of feeding one inhabitant in the local region. GRPI and GRPA repre-
sent gross regional industrial output and regional agricultural output,
as the former can be calculated by subtracting the latter from the
gross regional product (GRP). NAI and NII indicate the Nr cost of com-
modity production with a value of 100 million RMB.

2.4. Grey relational analysis

Grey system theory is widely recognized as a practical method for
solving the complicated interrelationships between sequence signa-
tures (Lin and Liu, 2004). Part of this theory is grey relational analysis
(GRA), which aims to describe the relationship between a given refer-
ence sequence and a given set of comparative sequences in a system,
based on the similar or dissimilar development trends (reflected by a
grey relational grade, GRG) between the reference and each compara-
tive sequence. GRA applications have been continuously increasing in
the field of environmental sciences and ecology (Yin, 2013). GRA has
been successfully applied in China to analyze the relationships between
net N inputs and related socioeconomic factors, revealing that both pop-
ulation density and cultivated land area are the main impact factors on
national N inputs (Han et al., 2014). GRA has been conducted to



Fig. 2. 2004–2014 anthropogenic Nr emissions in China.
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evaluate the factors influencing Nr emissions in the context of national
urbanization. Some indicators for the three aspects of urbanization, as
well as environment protection, were selected as the socioeconomic
factors of influence: a population urbanization index (proportion of
urban population), economy urbanization indicators (per capita GDP,
proportion of secondary and tertiary industry, energy efficiency), land
urbanization indices (proportion of urban and farm land), and environ-
ment improvement with urbanization (percentage of investment in
pollution control). In contrast with recent GRA applications in the
assessment of carbon emissions with rapid urbanization (Xu et al.,
2016), the absolute GRA focusing on the comparison of time series is
applied as

εoi ¼ 1þ Soj j þ Sij j
1þ Soj j þ Sij j þ Si−Soj j ð5Þ

Soj j ¼
Xn−1

k−2

Xo kð Þ þ 1
2
Xo nð Þ

�����

����� ð6Þ

Sij j ¼
Xn−1

k−2

Xi kð Þ þ 1
2
Xi nð Þ

�����

����� ð7Þ

Si−Soj j ¼
Xn−1

k−2

Xi kð Þ−Xo kð Þ½ � þ 1
2

Xi nð Þ−Xo nð Þ½ �
�����

����� ð8Þ

where εoi is the grey relational grade (GRG) of comparable sequence xi
(xi = xi(k) = {xi(1),xi(2),…,xi(n)}, k=1,2,…,n, i=1,2,…,m), and ref-
erence sequence xo (xo = xo(k) = {xo(1),xo(2), …,xo(n)}, k = 1,2, …,n,
o = 1,2,3) at time k. The maximum of n and m are set as 11 and 8. The
GRG are normalized in the range between 0 and 1 (Lin and Liu, 2004),
and GRG being nearer to 1 elucidates that these two sequence curves
are more similar, indicating the relevant factor (reflected by a compar-
ative sequence) to be a main factor in relation to the changes in refer-
ence sequence. The distinguishing coefficient of GRA is generally
assumed 0.5 by themodel. The three reference sequences of agricultural
and industrial, residential Nr emissions and the comparable sequences,
are the proportion of urban population (X1), per capita GDP (X2), pro-
portion of secondary industry (X3), proportion of tertiary industry
(X4), energy efficiency (X5), proportion of developed land (X6),
proportion of cultivated land (X7), and percentage of pollution control
investment (X8) in the research units.

3. Results and discussion

3.1. Anthropogenic Nr emissions in China

The national Nr emission pattern exhibits an ‘N' shape, with in-
creased fluctuation from 27.8 to 28.6 Tg N over 2004–2014, with maxi-
mum and minimum turning points in 2011 (29.4 Tg N) and 2008
(26.0 Tg N) respectively. The biggest contributor was Nair (Nr loss to
the atmosphere), which contributed 55%–59% to the total Nr emissions
at the national level, followed by Nwater (Nr loss to the hydrosphere) at
38%–40% (Fig. 2). Agricultural production was the main source of Nair,
and the annual NH3 volatilizations from livestock farming and synthetic
fertilizer application were around 4.8 Tg N and 2.2 Tg N with average
percentages of 30% and 14% respectively. The formerwas relatively con-
sistent with previous results (4.6 Tg N) (Gu et al., 2015) and the latter
was similar to the results (2.2 Tg N) based on 495 site-years data across
78 sampling sites in China (Zhou et al., 2016). Although the percentages
for Nsolid (Nr loss as solid waste accumulation) declined considerably
from1.3 Tg N to 0.4 TgN during the period, it is important not to neglect
those Nr due to legacy effects (Gu et al., 2013c). This is especially the
case for industrial Nr in structural form, including industrial residue, ag-
ricultural plastic film, and most inert MSW (municipal solid waste). At
62%–69%, agricultural Nr emissions were the largest component of
national Nr emission from 2004 to 2014 (Fig. 2), which is consistent
with previous studies (Fischer et al., 2010; Bodirsky et al., 2014), a re-
duction of around 3% by 2014. Industrial and residential Nr emissions
made up the remainder in approximately equal portions, increasing
by 10% and 20% respectively.

At a regional scale, some research units owned higher annual per-
centages of Nair than national level including Shanghai (68.1%), Shanxi
(65.2%), Zhejiang (64.7%), Tianjin (64.3%) and Inner Mongolia (62.0%),
while the regions covering Yunnan (45.5%), Sichuan (45.3%), Hubei
(44.8%), Anhui (44.8%) and Guangxi (43.2%) experienced higher annual
percentages of Nwater, and the proportions of Nsolid in Shanghai (20.4%),
Beijing (14.9%) and Guangdong (11.3%) were significantly highest
(Fig. S1). In view of total regional Nr emissions, the research units
with high Nr emissions in 2004 also had higher emissions in 2014, in-
cluding Henan, Shandong, and Hebei all with N1500 Gg N per year. No-
tably, the third highest Nr emitter changed from Hebei to Inner
Mongolia after 10 years due to a boom of animal husbandry and the
emergence of industrialization in this prairie region (Fig. S1). 68% of
the research units experienced increased Nr emissions between 2004
and 2014 (Fig. S1). The provincial breakdown of Nr emissions reveals
a considerable spatial heterogeneity across the country, with high
emissions per area mainly located in developed and coastal regions
where the population density is also high (Fig. 3) – suggesting that Nr
emissions per unit area correlate well with the human population
density (Ti et al., 2012). By 2014, Shanghai and Beijing had achieved sig-
nificant Nr reductions though the acceleration of industrial transfer to
tertiary industry, whereas Tianjin and Ningxia's emissions per unit
area significantly increased driven by the acceleration of industrializa-
tion in spite of their lower total emission load (Fig. S1). Overall, more
than half the research units experienced Nr growth in per unit area
(km2) terms.



Fig. 3. Regional Nr emissions per km2 in 2004, 2009 and 2014, and changes from 2004 to 2014.
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3.2. Spatial and temporal variation in Nr output intensities

The national NAI (agricultural output intensity) and NII (industrial
Nr output intensity), which represent the average summing of 31 re-
search units (Fig. 4, a1, b1), decreased from 919.9 to 321.1 t N per 100
million RMB and 30.8 to 7.7 t N per 100 million RMB respectively
between 2004 and 2014. The Nr emissions of agricultural production
(primary industrial production) were far more than that of secondary
and tertiary industrial production in equivalent value. Previously
Cui et al. (2013) concluded that the environmental cost of economic de-
velopment declined from 1999 to 2009 in China, with the ratio between
the Nr loading to environment and economic output higher in north-
west China and lower in south China. Our results endorse and supple-
ment their conclusion (Fig. 4, a1, b1). The spatial changes in regional
Nr output intensities exhibited different patterns to those of the Nr
emissions (Fig. 3). Regional NAI decreases were the largest in north-
western China and weakened sharply towards the southeast (Fig. 4,
a2). In southeastern China, higher per capita GDP and urbanization
levels were usually accompanied by intensive synthetic fertilizer use
during crop farming (Gu et al., 2015), hindering further agricultural Nr
reduction in the short term in these regions. Regional NII declined sig-
nificantly in central and northeast coastal regions (Fig. 4, b2), while
the majority displayed increased NRI (residential Nr output intensity)
levels (Fig. 4, c2), resulting in the overall growth of NRI from 3.2 to
3.7 kg N/capita (Fig. 4, c1, c2), indicating that the Chinese nation
moved towards an N-intensive life style from 2004 to 2014, with
more personal Nr emissions from N consumption as a result of ongoing
urbanization (Cui et al., 2016). At a regional scale, some prosperous and
populous regions (Beijing, Shanghai, and Guangdong) had relatively
low NAI and NII, but with a higher NRI. In contrast, ethnic regions
dominated by livestock farming (Tibet, Xinjiang, Ningxia, and Inner
Mongolia) had relatively higher NAI and NII, as well as NRI. Further de-
tails of the regional changes involved are provided in text S2.

3.3. Relational analysis between the socioeconomic factors and Nr
emissions

The results of the grey relational analysis could provide information
concerning the main socioeconomic factors driving the Nr emissions in
31 research units (Table S7), as they were influenced by these factors to
some extent (Fig. 5). The primary factor in relation to changes in agricul-
tural, industrial and residential Nr emissions was per capita GDP as the
main indicator of economic urbanization (Table 1). Due to reductions in
available cultivated land and overall shrinking in agricultural livestock
farming scales (main contributor to agricultural Nr reductions), as
well as the rural–urban population transfer driven by the urbanization
process between 2004 and 2014 (Ju et al., 2016), over 120 million of
rural population flocked into the urban regions to work and settle
there as permanent or migrant urban residents with a higher income
(consuming more N and generating more residential Nr emissions)
(Gu et al., 2013a, 2013b; Cui et al., 2017). This has satisfied the labor de-
mand for the boom of secondary and tertiary industrial production,
with the proportion of tertiary industry increasing in China generally
and the proportion of secondary industry still rising in some less devel-
oped provinces (45% research units). As a result, more industrial and
residential Nr was emitted, while less agricultural Nr was produced on
an overall national scale. As Table 1 showing, there exited a distinction
between the impacts of per capita GDP and proportion of urban popula-
tion on regional Nr emissions. We speculated that, of this migrant co-
hort, most of the rural population failed to benefit from the tendency
of people urbanization and to transfer to the permanent urban popula-
tion due to the unaffordable costs of permanent settlement involved



Fig. 4. Spatial distribution of averages and changes in agricultural (a), industrial (b), and residential (c) Nr output intensities in the research units during 2004–2014.
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(especially housing prices) in urban areas, while they still achieved
higher income and per capita GDP without the identity of permanent
urban dweller.

3.4. Comparison with earlier estimated Nr emissions and uncertainty
analysis

Our estimation of the national Nr emissions in this study involves
only the anthropogenic Nrfluxes in China, while earlier studies focusing
on N loss and budgeting were based on both natural and human
sources. Here we compare Nr emission items with integrated research
that includes most components of N budgets in China (Table S8). De-
spite our reliance on local statisticsmostly, our estimated totalNair is rel-
atively close to Shi et al. (2015), the calculation of which was compiled
from openly accessible global emission inventories associated with
China. Our estimates of Nr loss through agricultural leaching and
water export are also similar to Gu et al. (2015). Overall, the national
Nr emissions in the gas phase are smaller than the results obtained by
Cui et al. (2013) and Gu et al. (2015), but not lower than those of
Ti et al. (2012), who considered only NH3 emissions.

These differences appear to be mainly because of the category of
emission inventories and data availability. The reasons for the differ-
ences in N emissions to air may be because: 1) the estimation focused
on anthropogenic Nr emissions, and the inert N2 was excluded; 2) On
account of the deficiency of annual statistics during study period, the
NH3 estimations from fertilization only considered nitrogenous and
compound fertilizer consumption with provincial emission factors,
most of which were lower than constant factors adopted by Gu et al.
(2015), and the NC of nitrogenous fertilizer in this study was regarded
as the value for carbamide (46%), while the studies by Cui et al.
(2013) and Gu et al. (2015) adopted the value of 100%, resulting in
the smaller estimate results compared to them. Moreover, the



Fig. 5. Radar map showing the grey relational grades between socioeconomic factors and multisource Nr emissions in the 31 research units during 2004–2014.
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estimation did not consider urban and rural population excretion that is
not collected for treatment, and the random emissions by forest and
grassland fires, due to lack of provincial data; and 3) the lack of regional
Table 1
Relationships between multisource Nr emissions and socioeconomic factors for urbanization in

Socioeconomic factors Agricultural Nr emissions

Average grey relational grade Ranking

Proportion of urban population 0.712 2
Per capita GDP 0.719 1
Proportion of secondary industry 0.705 4
Proportion of tertiary industry 0.707 3
Energy efficiency 0.643 6
Proportion of developed land 0.620 7
Proportion of cultivated land 0.650 5
Percentage of pollution control investment 0.600 8
data restricted our estimation to detecting unusual Nr losses in small
portions, including N2O emissions from industrial and energy sources
and agricultural NOx release. These could be negligible, however, for
China.

Industrial Nr emissions Residential Nr emissions

Average grey relational grade Ranking Average grey relational grade Ranking

0.655 8 0.669 5
0.757 1 0.746 1
0.689 3 0.710 2
0.722 2 0.690 4
0.682 4 0.645 6
0.678 5 0.642 7
0.658 6 0.697 3
0.657 7 0.624 8
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national estimation as a whole (Shi et al., 2015). Previous studies by Cui
et al. (2013) presented the emissions ratio of NH3 to NOx in China is 1
while latter studies by Gu et al. (2015) suggested the ratio that is close
to 2. The emissions ratios of this studies showed from 1.4 to 1.9 during
2004—2014, which are in the theoretical range comparing with the
values by previous studies. Novelly, our estimation also considers the
provincial discharge of solid and industrial Nr, which was not high,
but its accumulation has substantially threatened residential environ-
ments. According to our results, inert Nsolid would have accumulated
to 9.8 Tg N by 2014 without any natural decomposition, which was tri-
ple the Nr loss through industrial and residential waste water
discharging (3.0 Tg N) in the same year - an accumulation that will
most likely accelerate in the future. As to newly emerging Nr sources,
N-containing products have been promoted largely by industrialization
processes over the past 30 years, such as in synthetic fiber and plastics,
which have gradually become a primary landfill component even after
appropriate collection and treatment (Gu et al., 2013c,d).

Similar to previous studies, uncertainty in the national Nr estimation
is unavoidable; this will always depend on the quality of the available
data. However, there is insufficient data to account for the differences
(geographical, climatic, economic, and anthropologic conditions) be-
tween each research unit to allow such an analysis. Based on the avail-
able statistical data, we choose proper EF and NC to lower potential
errors as much possible as they have been widely adopted in recent
studies. According to the rules of uncertainty analysis of N fluxes by
Gu et al. (2015), the confidence rating of estimated Nr fluxes based on
Chinese statistical data can be set as (b±5%) and those involved with
the applications of EF and NC can be assigned as (±5% to 33%) with
the range (±33% to 67%) for estimations of N runoff and leaching as
well as N2O emission. The uncertainties in the Nr emissions estimations
were calculated by 1000Monte Carlo simulations using the uncertainty
ranges of various parameters, then the 95% uncertainty ranges of na-
tional Nr estimation in the year of 2004 (27.8 Tg N) and 2014
(28.6 Tg N) are revealed as 21.6–30.5 Tg N and 22.6–31.2 Tg N, respec-
tively. The uncertainty in our results for 2004 (−22%~+ 10%) and 2014
(−21%~ + 9%) are relatively small compared with the national Nr esti-
mation (−26%~ + 24%) by Xia et al. (2016). However, we also ignore
the potential interplay between the various Nr types in our estimation
process, as this is difficult to quantify on a national scale (Xia et al.,
2016). It will therefore be necessary to consider these limitations in fu-
ture studies.

4. Implications

4.1. Challenges to Nr reduction for ecosystem sustainability

The official government priorities of rapid GDP growth and contin-
ued urbanization present daunting challenges to reducingNr emissions,
since it is difficult to control urban expansion without sacrificing eco-
nomic growth (Bai et al., 2012). According to our results, apart from
the nationwide decreases in NAI and NII, the NRI increased in most Chi-
nese regions with urbanization. The strong positive Pearson correlation
(r=0.936, p b 0.01, two tailed) between NRI of overall regions and the
national Nr emission suggests that the increased NRI is driving the
growth of national Nr emission. This finding supports the view that con-
sumers play a key role in determining national Nr emission levels, espe-
cially through the rise of N consumption and waste generation
(Bodirsky et al., 2014). The ‘National New Urbanization Plan' seeks to
raise the proportion of urban population to 60% by 2020 and relocate
around 109 million people into cities within 7 years (Bai et al., 2014;
Hu et al., 2016). With the proportion of population with higher income
and NRI likely to continue rise in the foreseeable future, the national Nr
emissions accompanying accelerated urbanization will continue to in-
crease, despite reductions in the Nr costs for economic productions.

Forward-looking strategies that account for substantial economic
growth and potential increases in Nr emissions are urgently needed,
particularly since the outputs of contaminated water and solid waste
per unit of GDP production during the rapid industrial growth phase
in China are much higher than those in developed countries (Fang
et al., 2007). Even after years of comprehensive efforts by the Chinese
government, the current level of national Nr emissions, especially the
aquatic Nr emissions, have not been reduced sufficiently to allow the
ecosystem to rebalance (Fig. S2), and the details for assessing the im-
pacts of Nr emissions on aquatic environments were showed in text
S3. Yet it is impractical for most regional governments in China to fur-
ther reduce their aquatic Nr emissions to levels that will avoid suffering
from aquatic N pollution (Fig. S3). Moreover, the size of structural in-
dustrial Nr in human settlements will increase during socioeconomic
development with increasingly severe environmental problems
(Gu et al., 2013a,b). China finds itself on the horns of a dilemma. Urban-
ization in China promotes economic growth (Bai et al., 2012, 2014); but
it also damages ecosystem and human health from Nr released into the
ecosystem (Fig. S4). This conflict poses severe challenges for sustainable
development in China.

4.2. Strategies to promote low-N development

Our results reveal a tension between urbanization, economic devel-
opment, and Nr reduction, that will require policy interventions and
technical developments if the challenges of this tension are to be man-
aged effectively (Table 2). Urbanization lowered the Nr costs of eco-
nomic productions but potentially raised residential Nr emissions by
shifting the status of rural people to that of urban dwellers (permanent
or migrant urban residents) with Nr-intensive lifestyles. As the Chinese
government prepares the upcoming 13th Five-Year Plan for Economic
and Social Development of the People's Republic of China and issues a
series of stringent environmental policies, including ‘Water Pollution
Prevention and Control Action Plan', ‘Air Pollution Prevention and Con-
trol Action Plan', and ‘Soil Pollution Prevention and Control Action
Plan'(SCIO, 2016), we propose integrating Nr mitigation strategies for
agricultural and industrial production as well as residential livelihood.

4.2.1. Agriculture
From the perspective of economic production, agricultural activity is

themain contributor tonationalNr emissions, despite the overall reduc-
tion in Nr cost of agricultural production from 2004 to 2014. In China, N
use dependsmore on agricultural activities than any other industrial ac-
tivities (Cui et al., 2013). Up to 50% to 70% of the initial amount of N sup-
plied as fertilization is lost through runoff, leaching, NH3 volatilization,
and denitrification (Matassa et al., 2015). Therefore, an improvement
in the efficiency of N-fertilizer use is necessary for the overall reduction
of agricultural Nr (W. Zhang et al., 2016b), especially in the southeast
and central parts of China, where agriculture relies on crop production
but has sustained an insignificant decrease in NAI. The development of
slow-release fertilizers with a high N content that can slowly release
the nutrients necessary for plant growthwas needed to reduce fertiliza-
tion frequencies (Zhai et al., 2002; Ball et al., 2004), avoiding N overload
in soils to be potential Nr sources. From the policy vantage, withdrawal
of fertilizer subsides in western China, together with policies and regu-
lations (Ju et al., 2016) to increase farm sizes, would help to minimize
fertilizer overusing in the upland regions experiencing significant Nr
growth from fertilization by 2014, including Xinjiang (116%), Inner
Mongolia (101%), Yunnan (58%), Shaanxi (56%), Qinghai (55%), Tibet
(32%) and Guizhou (32%), which significantly decreased their NAI but
still owned higher annual NAI compared with other regions.

We also found that the Nr losses resulting from livestock farming
weremore than those from crop fertilization, despite of their overall re-
ductions in 25 regions. The advanced technologies to optimize the ap-
plication of manure prior to the use of synthetic fertilizers are still
needed urgently in China (Fischer et al., 2010). In eastern and central re-
gions, where captive breeding is popular for high animal density live-
stock farming (Ma et al., 2012), commercial composting with gas



Table 2
Possible strategies for low-N development in China.

Low-N recommendations Western China Central China Eastern China Nr emission sources

Political and technical
strategies

Withdrawal of fertilizer subsides with increasing in
farm size
Development of Biodegradable mulch film

Development of slow-release fertilizers
Development of commercial composting
Development of multi-functional mulch film

Agricultural
production

Slowdown of Western China's urbanization Adjustment in industrial
structure

Prevention of pollutant
transfer

Industrial production

Promotion of less animal protein consumption lifestyle
Control of increasing private car ownerships
Promotion of ‘3R’ technologies in wastewater management

Residential
livelihood

Regional governances Implementation of an ‘N offset mechanism’
Development of a local N-loss indicator

Urban development
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collection vessels needs to be adopted to produce slow-release organic
fertilizers for crop fertilization (Ball et al., 2004) after centralized ma-
nure collection, as well as preventing gaseous Nr loss. This contributes
to the reductions in life-cycle gaseous Nr loss from livestock farming
that has long been responsible for the most regional Nr emissions
to air across China, apart from the most highly developed regions,
including Beijing, Tianjin, Shanghai, and Zhejiang, which are mainly
threatened by industrial exhaust emissions. The growth in industrial
Nr from agricultural activity also requires greater attention with the
growth of 54% by 2014 in national scale, and the development of a bio-
degradable mulch film (Liu et al., 2014) for upland regions including
Gansu (2412%), Qinghai (634%), Ningxia (156%), Tibet (154%), Xinjiang
(149%), and Inner Mongolia (123%), as well as multi-functional mulch
film (Liu et al., 2014) for flatlands such as Anhui (3318%), Hainan
(574%) and Guangxi (111%), are needed to achieve low-N food produc-
tion since the films are collected for disposing and recycling conve-
niently in flatlands.

4.2.2. Industry
Since the country's ‘reform and opening up’ in 1978, and following the

international trade ‘comparative advantage’ law (SCIO, 2010), China has
vigorously developed labor-intensive industries (e.g., primary products
industries) and processing industries (e.g., electronic product industries).
The development of these industries has usually resulted in intensive Nr
emissions. Because labor cost has increased in developed and coastal re-
gions during recent urbanization, these industries have transferred to
the less developed western regions on a large scale in search for lower
labor costs, thereby responding to the ‘Promoting Urbanization' strategy
to move these industries towards the west. As our results show, most of
these regions located in the southwestern and northwestern plateau
areas exhibited total Nr growth during the study period. Although these
regions were not regarded as ‘Nr hotspots' due to their larger territories
with greater ecological carrying capacity (Cheng et al., 2016), their NII
were relatively higher, especially in the northwestern regions (Fig. 4,
b1). With lower levels of environmental investment and limited waste
treatment facilities, these remaining areas of ‘virgin lands' will face
more severeNr challenges than in the developedeastern regions.We sug-
gest, therefore, that the pace of urbanization of these ‘Nr sources' rushing
to thewestern regions experiencing significant industrial Nr growth over
the past 10 years (e.g., Tibet, Ningxia, Guizhou, Xinjiang, Shaanxi and
Qinghai with the growth by 631.9%, 242.3%, 159.6%, 138.3%, 132.0% and
85.9%) (Fig. S1) should slow down during the implementation of ‘China
Western Development Strategy’ (NPC, 2013), since their average growth
rates of urbanization (2.5%, 2.8%, 4.3%, 2.8%, 3.7% and 2.6%) followed
closely or exceed substantially the average national level (2.8%), but far
lagged behind those of gross industrial production (16.2%, 20.8%, 20.4%,
16.2%, 20.8% and 17.3%) that drove the growth of regional industrial Nr
emissions with their higher NII, accompanied by Tibet increasing its NII
substantially among all regions. This will create time for the widespread
establishment of cleaner production and stronger pollutant control poli-
cies in these vulnerable regions similar to the original regions with
polluting industries (especially in the regions mentioned above with
high risks of water pollution) to prevent transferred pollutants.

Overall, though, China has made significant progress in the reduc-
tion ofNII during the study period. This can be clearly seen in the central
regions, where the implementation of the ‘Rise of Central China Strat-
egy’ embedded in the 11th Five-Year Plan from 2006 facilitated eco-
nomic development with lower pollutant emission intensity by
improvements in low-carbon technology and adjustment in industrial
structure (Xu and Lin, 2016; Xu et al., 2017). Relevant N-friendly tech-
nologies and policies could similarly be adopted in the industrialization
of the western regions, enabling incomes to rise without significantly
polluting the environment (Bai et al., 2014).

4.2.3. Residential livelihood
Given the trend of accelerated urbanization, it is important to con-

sider policies that both improve urban quality and avoid its concomitant
high N consumption patterns. This challenge could bemet by individual
embracing a low-N intensive lifestyle and by stronger policies and in-
vestments focusing on further pollution control. Improved public
awareness of the need to consume less animal protein for a balanced
and healthy diet (Y. Zhang et al., 2016a) across country since majority
of research units (22 regions) experienced NRI increasing, and promo-
tions of the ‘3R’ technologies (reduce, reuse, and recycle) in individual
daily waste management to recapture more of the emitted nitrogenous
sewages represent important initiatives to reduce residential Nr emis-
sions, because our results showed that the significant growths of resi-
dential Nr emissions to water occurred in all regions, and most of
them (25 regions) also experienced increasing residential Nr emissions
to air. Controlling the increase in private car ownership (as has been im-
plemented in Beijing and Shanghai with an obvious NRI decline during
the study period) warrants consideration since the effects of private
cars on nitrogenous off-gas emissions turned greater in most regions
in China (Xu and Lin, 2016).

4.2.4. Regional governances
Our data show that urbanization has improved urban resident in-

come but also boosted urban Nr emissions. To clarify the complex rela-
tionship between urbanization and Nr emissions, the proposed ‘N offset
mechanism’ (Xian et al., 2016) could provide guidance for regional gov-
ernments to balance Nr reduction and urbanization investment. How-
ever, the relationship between regional Nr emissions embodied in
trading goods and applicable to the final consumers still are not clearly
understood, which may cause uncertainty in determining the sources
responsible for regional Nr emissions. As previously mentioned by
Oita et al. (2016), the government needs to consider two aspects for ef-
fectively reducing regional Nr emissions. First, the spatial distribution of
Nr threats varies between regions, tending to be denser in less devel-
oped or remote regions. Second, Nr emissions randomly change their
form as they move across regions or ecosystems. Most current counter-
measures have mainly focused on only a single form of Nr at one time
and neglected N pollution outsourcing. Therefore, we strongly suggest
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that thementioned problems should be explicitly considered for low-N
development in the near future. This could supplement the N-loss indi-
cator application (Galloway et al., 2014) in Chinese cities and provinces,
which currently does not distinguish between Nr losses to air, soil, and
water.

5. Conclusions

Economic production and residential livelihood are accompanied by
anthropogenic Nr emissions with adverse impacts on the ecosystems.
At the national level, the anthropogenic Nr emission increased with
fluctuation from 27.8 to 28.9 Tg N, 55–59% of total Nr emissions was
emitted to atmosphere and the agricultural production was the biggest
contributor to national emissions. Taking into account regional differ-
ences, the hotspots for Nr emissions were mainly located in the devel-
oped and coastal regions where also owned high population density.

Urbanization has positive and negative two-way effects on Nr emis-
sions. Although national Nr emissions have increased in the 10 years
since the Nanjing declaration, the agricultural and industrial emission
intensities substantially decreased from 919.9 to 321.1 t N per 100 mil-
lion RMB and 30.8 to 7.7 t N per 100 million RMB. Decreases of former
were significant in the northwestern China and weakened sharply to-
wards the southeast, while latter declining weakened from the central
region to the western and eastern regions. However, overall increase
in residential emission per capita of all research units increased due to
widespread high-N intensive lifestyle, largely driving the increase in
national Nr emission to some extent. The result showed that, with the
development of economic urbanization, China possessed lower Nr
emissions and higher economic income with lower emission intensity
in agricultural production, both higher Nr emissions and economic in-
comewith lower emission intensity in industrial production, and higher
Nr emissions and rising population with higher emission intensity in
residential livelihood. Continuing urbanization poses a significant chal-
lenge to future Nr mitigation for ecosystem sustainability, and Low–N
strategies based on these trends, covering improvement of N-use effi-
ciency, slowdown of Western China's urbanization, and promotion of
low N intensive lifestyle, were proposed and should be adopted to mit-
igate the Nr pollution from national and regional urbanization in China.
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