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ABSTRACT: Nitrogen (N) surplus is a useful indicator for improving agricultural N
management and controlling N pollution. Few studies have developed benchmark values for
cropping systems in China, a country with the largest N fertilizer use in the world. We
established N surplus benchmarks for 13 main cropping systems, at optimal N management,
which accounted for about 50% of total N fertilizer consumption in Chinese agriculture, using
results from >4,500 on-farm field experiments and a soil surface balance approach. The results
showed that N surplus benchmarks for single cropping systems ranged from 40 to 100 kg N ha-
Uyr! (average 73 kg N ha'! yr'!), while for double cropping systems ranged from 110 to 190
kg N ha! yr'! (average 160 kg N ha! yr'!), roughly twice that of single cropping systems. These
N surplus benchmarks could be further reduced as declines of N deposition and reactive N
losses towards to the “4R”s of nutrient stewardship through improving fertilization techniques
and agronomic managements. Our N surplus benchmarks could serve as realistic targets to
improve the N management of current conventional practices, and thereby could lay the

foundations for a more sustainable N management in China.

KEYWORDS: N input, N output, N surpluses, N use efficiency, China, wheat, maize, rice,
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Nitrogen (N) is a main nutrient, and needed to boost crop growth and development. It is
delivered to the crop mainly through fertilizers, manure and the mineralization of organic
matter and crop residues in soil. Nearly half of the world’s population are currently nourished
by crops grown with N fertilizers.! > However, improper use of N fertilizer may result in poor
crop yield and/or crop quality, and lead to soil and environmental degradation, e.g., too little N
is used in sub-Saharan Africa which results in low crop yields and soil N mining; too much N
is used in China which leads to serious environmental pollution.”* Consequently, improving
agricultural N management is crucial for producing more nutritious food for a growing global
population, while maintaining or improving soil fertility and minimizing adverse
environmental impacts. One of the key enabling steps for improving N management in
cropping systems is the development of critical indicators and realistic benchmarks for
evaluating the performance of N management.

Of the many indicators for assessing N management, two in particular may be useful for
policy, i.e. nitrogen use efficiency (NUE) and N surplus. There are many functional definitions
of NUE, e.g. agronomic efficiency, recovery efficiency, physiological efficiency and partial
factor productivity,* and they have mainly focused on the efficiency of fertilizer N input. In
contrast, the NUE concept used in the present study focused on the efficiency of all N inputs;
it was based on a soil nitrogen balance calculation and included the main N inputs such as
fertilizers, atmospheric deposition, and biological N fixation. Here, NUE is defined as the
efficiency of all the N inputs transferring to harvested crop N, which is consistent with the
definition used by the EU Nitrogen Expert Panel® and the approach used by Zhang et al.> NUE
is a simple indicator commonly used by researchers, policy makers and international
organizations to evaluate the relative transformation of N inputs into agricultural products.®*
Generally, for a given cropping system, low NUE over multiple years is an indicator of

significant N losses to the environment.® NUE tends to decline with an increase of N input, and
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reducing N input would increase NUE, but might not achieve the target yield. Therefore,
combining NUE with other indicators such as N removed in harvested product and N surplus
in a set of integrated indicators will be critical for evaluating the performance of the N
management in cropping systems.’ In addition, estimations of changes in the soil N stock may
be needed, because there is a risk that a high NUE is at the expense of soil N depletion,
conversely, a low NUE may be the result of temporary soil N accumulation.> % 1

The N balance is a summary table which lists the main N inputs and outputs of a cropping
system. The difference between N input and harvested N output is defined as the N surplus.'"
12N surplus and NUE are different indicators for evaluating the performance of N management,
but are related to each other. A benchmark for N surplus may be seen as a reference value for
the N surplus under optimum N management in a given cropping system. Calculating N surplus
provides important information about the use efficiency of N inputs.'! 1> 14 The value of N
surplus can be positive, indicating a risk of N loss to the environment or negative, indicating
mining of soil N stock.!! The N surplus is used as a management indicator by various countries
and organization. For example, the mineral accounting system (MINAS) in The Netherlands
was implemented at farm level in 1998 to achieve a step-wise decrease of the N (and
phosphorus) surplus.'®> Lowering the N surplus in agriculture in The Netherlands has made a
great contribution to improving the quality of groundwater and surface waters.'* The decline
of the nitrate concentrations in groundwater coincided well with the decline of the agricultural
N surplus in Denmark, which was attributed to the initiation of the Danish environmental action
plan since 1985, of which the restrictions of maximum N application rates for specific crops
and minimum thresholds for utilization of N from animal manure are most important.'¢

To improve N management in crop production, the EU Nitrogen Expert Panel® proposed
NUE as an easy-to-use indicator based on the N balance approach, but emphasized that NUE

values need to be interpreted together with the quantity of N removed in harvested product (as
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a proxy for crop yield) and N surplus. They further suggested that these indicators are useful
tools for decision makers to compare N management between farms, cropping systems or
countries and to use this information to decide whether measures are needed to further improve
the N management of specific farms and/or regions.

In recent decades China has been successful in feeding 20% of the world’s population with
only 9% of the global cropland area.'” Grain yield has increased substantially, with 57% of this
increase being attributed to the use of synthetic fertilizer.'® The country is now consuming
around 30% of the global synthetic fertilizer,'” and had an overall N surplus of 27.6 + 4.3 Tg
N for cropland in 2010,%° which contributed to serious environmental pollution. More recently,
Chinese agricultural scientists have made great advances in finding technical solutions to
achieve relatively high crop yields with less environmental costs, under experimental
conditions.?!">* However, few studies have addressed the need for N management indicators at
farm level.>* There are currently no clear guidelines to restrict the overuse or misuse of N in
farmers’ practices, which is probably the main cause of severe N pollution from the agricultural
sector over the last three decades.? In contrast, N management indicators in some Western
countries are well established and have served as useful tools for farmers and policy makers to
achieve better N management.?¢

Over the last three decades a large numbers of studies have been carried out to establish
economic optimum N fertilizer application rates based on yield response curves in experiments
for widely differing cropping systems across China.?" ?* The results of these studies can be
used now to establish N management indicators and N surplus benchmarks. The objectives of
the present study are therefore: (1) to establish N surplus benchmarks for Chinese main
cropping systems (wheat, maize, rice and rapeseed) at optimal N application rates; (2) to

evaluate the N surplus and corresponding N harvest and NUE indicators under current farmers’
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practices; and (3) to propose effective ways for achieving the N surplus benchmarks through

improved N management practices in crop production.

MATERIALS AND METHODS

Main cropping systems and regions. Based on the “Integrated Regionalization and

9927 2 28

Planning of Agriculture~’ and “Integrated Regionalization of Farming Systems”,”® we divided
Chinese cropland into 7 regions, each comprising several provinces, i.e. northeast (NE),
northwest (NW), North China Plain (NCP), middle and lower Yangtze River (MLYR),
southwest (SW), southeast (SE) and others. For ‘others’ there were no data available and so
these regions were not included in the present study, i.e., Tibet, Qinghai, Taiwan, Hong Kong
and Macao. The studied cropping systems of each region were identified according to the main
Farming Systems in China®® and data availability. In total, 4 crop types and 13 cropping
systems were selected (Figure 1). In the above 6 regions, grain production for the above 4 crops
account for >95% of total grain production in China.?® The proportions of the wheat, corn, rice
and rapeseed areas that were irrigated were 48%, 15%, 95% and 0, respectively.?’-> The single

cropping systems (i.e. one crop per year) are mainly in NE and NW. In NCP, MLYR, SW and

SE, double cropping systems are dominant with two harvests per year.*?
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Figure 1. The studied main cropping systems in different regions of China. The basemap was

download from Resource and Environment Data Cloud Platform (http://www.resdc.cn/).

Calculation of N surplus. The main external N inputs to these cropping systems are fertilizer
N (both synthetic fertilizer and manure) and N from atmospheric deposition and biological N»
fixation. Internal N transformations and minor N inputs (e.g., straw return, net soil organic
matter mineralization, irrigation and seed) were not considered. We assumed that all straw was
returned to the soil in all cropping systems, due to the governmental ban on straw burning and
economic incentives to return straw since 2000.** 3> We cannot exclude the possibility that
straw has been removed in some cases, but expect that our assumption here will not introduce
large bias in the N surplus estimation. Irrigation N input can be large in some cropping systems,
such as greenhouse vegetables in the North China Plain, but is small for the cropping systems
of the present study.*® Seed N is also very small and can be regarded as negligible compared

to N input from fertilization.’’-%
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N output includes the N harvested in cereal grain. N surplus and NUE were calculated as:
Nsur=Nfert-NdeptNfixNhar (1)
NUE=Nhar/ (NfertNdep+Nrix) 2
where Ngr and NUE are N surplus and N use efficiency, respectively; Nfer, Ndep, and Niix
represent the N input from fertilization, atmospheric deposition and non—symbiotic N fixation
(all crops in the present study were non-leguminous crops), respectively; Npar 1s the N in
harvested grain.

Approach for establishing N surplus benchmarks. Here we define the N surplus
benchmark as ‘the calculated N surplus value at economic optimum N management’. It has
similar meanings in somehow with relevant references.” > 4%- 41

Data and information on economic optimum N management for wheat, rice and maize were
obtained from previous studies across different agro-ecological regions in China.*!* 3> “* On-
farm experiments across the above regions (1575, 1177 and 1726 for wheat, rice and maize on
a national scale, respectively) were conducted between 2005 and 2010. All the field
experiments received the same treatments: no N fertilizer (NO), recommended N application
rate (RN), 50% RN, and 150% RN. None of these experiments had inputs of animal manure or
other organic N sources. The amount of N fertilizer for the RN treatment was determined by
local agricultural extension employees. The RN was a starting point for setting the gradient of
N fertilizer rates (0, 50% RN, RN and 150% RN) for each field experiment, which allowed
reliable yield-N response curves to be established.

To determine the economic optimum N rates at the regional scale, a quadratic model (Table
S1) was used to relate N input to grain yield in each on-farm experiment using SAS software
(SAS Institute Inc., Cary, NC, USA). The quadratic model is typically used to describe N-yield
response curves.* Next, the following variables were calculated at different N input levels: the

yield increase (amount above the yield in the NO treatment), gross return for the yield increase
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(yield increase times grain price), cost of N fertilizer (N rate times fertilizer price), and the net
return on N application (gross return minus fertilizer cost). Finally, the average net return for
each N increment across all N response curves was calculated. The N application rate with the
largest average net economic return from N fertilizer input was defined as economic optimum
N rate in a region.?!: 324244 Although the fertilizer N price and market prices of rice, wheat and
maize showed variations in space and time, the fluctuation of these parameters was small
compared to other countries We therefore used an average fertilizer N price of US$0.59 kg!
N, and mean grain prices of US$0.27, 0.29, 0.32 kg™! for wheat, maize and rice, respectively
(see sensitivity analysis below). This approach is also known as ‘Maximum return to N’
(MRTN; Sawyer et al.**), and used by Wu®' and Wu et al.*> ** to calculate the economic
optimum N rates used in the current study. The relationships of economic optimum N rate (for
calculating N surplus benchmark), maximum yield N rate and the recommended N rate (RN)
was further illustrated in Figure S1.

As there were no data for rapeseed in the aforementioned studies, we obtained data on

1.*> who estimated the economic

economic optimum N management for this crop from Ren et a
optimum N rates for rapeseed in the Yangtze River Basin between 2007 and 2009 using 60 on-
farm experiments. Since there was no sub-region data in Ren et al.*, fertilizer N and yield from
Ren et al.* were used in both of the SW and MLYR regions in the present study.

For calculating the N surplus benchmarks, N input from deposition was obtained from 22
rural sites in the Nationwide Nitrogen Deposition Monitoring Network (NNDMN)*, Each
region in this study contains 2 to 6 monitoring sites in NNDMN. Regional N deposition rates
were the average of measurements at all sites in each region. N input from biological N fixation

was obtained from Bouwman et al.*’ N fixation rate associated with rice production was 25 kg

N ha! yr'!, and 5 kg N ha™! yr'! for wheat, maize and rapeseed. Grain N harvest for each crop
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was calculated by multiplying grain yield by grain N concentration: 1.9%, 2.3%, 1.4% and

3.9% of grain N content for rice, wheat, maize and rapeseed, respectively.*s

Calculating reactive N (Nr) losses. Total Nr losses were related to N surplus but not
equivalent to N surplus; we examined the correlations between N surplus, NUE and Nr losses.
Reactive N (Nr) losses include NH3 volatilization, N>O emissions, nitrate leaching and runoff;
N2 loss was not included since N> has no harmful impacts on the environment. Details about
calculation of the Nr losses can be found in SI and Table S2.

To compare N surplus and Nr losses under farmers’ conventional N management with those
under economic optimum N management, we collected data on fertilizer N rates and grain
yields under farmer’s conventional N management from the literatures (See SI for details data
collection and calculation).

In the present study, we divided Chinese cropland into 7 regions, each comprising several
provinces with the consideration of soil-climate similarity. There were differences of zoning
method between the present study and literature data 3! 3% 4% 46 49 Details on merging the
regional data from literature to the present study can be found in SI.

Fertilizer N input, crop yield, N harvest and Nr losses of different crops in China under
optimum and conventional N managements were summarized in Table S3. For the double
cropping systems in each region, the items of N input and N output were calculated as the sum

of each crop to convert the data to cropping systems.

Sensitivity analyses. We did the sensitivity analysis to see how variation of fertilizer prices
and product revenues affect the economic optimum N rates and the N surplus benchmarks, and
predicted the changes of the crop yield, NUE, and Nr losses. As the crop price is quite stable

in China due to the central government control®® and the urea price range from 150 to 300

10
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(fluctuation range: +33%) USD per ton during 2000-2010 in China,’! we therefore used a
change of £40% (only change of fertilizer price) for price ratio of fertilizer to crop to calculate
the change of economic optimum N rates and corresponding crop yield based on the equation
3°2 and the N-yield response curves in Table S2, respectively. N surplus benchmarks and NUE
were calculated by using the above equation 1 and equation 2. Nr losses were calculated by
using the regional N loss models of Cui et al.*’ (See SI and Table S2 for more details).
X*=XmaxX[ 1 -2XRXXmax/(Ymax-Y0)] (3)
where X* is the economic optimum N rate; Ymax and Xmax are maximum crop yield and
corresponding N rate, respectively, which calculated from the N-yield response curves in Table

S2; Yo is crop yield without N fertilizer application; R is the price ratio of fertilizer to crop

RESULTS

N surplus benchmarks for main cropping systems. With N inputs of 192-455 kg N ha!

yr'! and N harvests of 126—294 kg N ha™! yr'! under economic optimum N management, the N
surplus benchmarks range from 40 to 190 kg N ha™! yr'! (Table 1 and Table 2). In NE and NW
with single cropping systems, N surplus benchmarks are in the range of 40—100 kg N ha™! yr!,
with corresponding N input and N harvest values in the range of 192—224 and 126—154 kg N
ha! yr'!, respectively. The N surplus benchmarks of double cropping systems are in the range
of 110-190 kg N ha'! yr'!, with N inputs and N harvests in the range of 358—455 and 211-294
kg N ha! yr'!, respectively. The wheat-maize system in NCP and wheat-rice system in MLYR
are the two most intensive double cropping systems in China,?® with relatively high N input, N
harvest and yield (Table 1 and Table 2). The N surplus benchmarks in the above two cropping
systems have a similar value, 160 kg N ha! yr'!. The N surplus benchmarks for rapeseed-rice

systems in MLYR and rapeseed—maize in SW are higher than those for other cropping systems

11
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and regions; these differences may be attributed to the low NUE of rapeseed, which contributes

to relatively large N surpluses®® in the aforementioned two cropping systems.

Table 1. N surplus benchmarks for the main cropping systems of China as derived from

economic optimal N management ?

N input
Regions Cropping systems N harvest N surpluses ¢
Fertilizer N®  Other N ©

Rice 127 65 154 38
Northeast

Maize 160 45 126 79

Wheat 166 40 138 68
Northwest

Maize 184 40 128 96
North China Plain Wheat—Maize 361 71 270 162

Wheat—Rice 381 74 294 161
Middle and —lower p: . Rice 337 94 263 168
Yangtze River

Rapeseed—Rice 377 74 264 187

Wheat—Maize 313 45 211 147

Wheat—Rice 294 65 250 109
Southwest

Rapeseed—Rice 343 65 252 156

Rapeseed—Maize 362 45 213 194
Southeast Rice—Rice 325 83 261 147

2 the unit for all the numbers is kg N ha™! yr!

® includes synthetic fertilizer and manure (but manure was not used in the experiments used

here)

¢ including N inputs from atmospheric deposition and biological N fixation

4N surplus benchmark has been rounded to the nearest 10 kg ha! yr'! for use in Table 2

Performance under economic optimum and conventional N management practices. The

N input (including fertilizer N and other N)) under conventional N management was in the range

of 206 to 532 kg N ha! yr!, which is 7% to 27% higher than the N input under economic

optimum N management. However, crop yield under conventional N management was 2 to

12
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30% lower than that under economic optimum N management. This was because N input under
conventional N management far exceeded the N rate for the maximum yield (extreme N over-
fertilization) which led to either lodging or increased susceptibility to diseases or pests.>* (Table
2) The harvested N under conventional N management (range 104 to 259 kg N ha™! yr'!') was
2% to 30% lower than that under economic optimum N management. The reason for higher N
input with relatively lower crop yield in conventional N management compared to economic
optimum N management could be attributed to farmers’ lack of knowledge and market
confusion as mentioned by Zhang et al.”® As a result, N surpluses under conventional N
management (range 59 to 349 kg N ha™! yr'!) were 34% to 96% higher than the N surpluses
under economic optimal N management.

Expressing Nr losses on a yield-scaled basis (kg N (Mg of grain)™!) provides an indication of
Nr losses per ton of grain yield. Average yield-scaled Nr losses for conventional N management
(7.4; range 2.4 to 13.0 kg N Mg') were 42% higher than those at economic optimal N
management (5.2; range 2.0 to 7.6 kg N Mg™!). NUE at economic optimal and conventional N
management were 52%—-80% and 30%—71%, respectively. Average NUE of main cropping
systems was 47% for conventional N management and 63% for economic optimum N

management (Table 2).

13
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Table 2 Nitrogen surpluses, NUE, and reactive N losses under economic optimum and farmer’s conventional N management for different cropping
systems and regions
Economic optimum N management Farmer’s conventional N management
. N surplus . Nr losses P Yield- N input N Nr losses .
. Cropping i Yield 1ol d o . 1o Yield—
Regions systems bench NUE® (Mg (kg N ha' yr') scaledg\lr (kg N ha'! yr'!) harvest Surplus  NUE Yield ) (kg N ha' yrh) scaled Nr
marks (kg 0" losses Fertili- Other (8N (kgNha (%) Mgh losses (kg
o (Y ¢ - - -1 0 J —
{\)Iha yr yrh) NH; N2O L&R gl;gNMg srN N {1):1 yr Lyl yr')  NH; N0 L&R N Mg'!)
Rice 40 80 813 165 05 5.3 2.7 141 65 147 59 71 775 179 05 5.6 3.1
Northeast
Maize 80 61 9.02 118 12 46 2.0 199 45 124 120 51 88 141 14 5.4 24
Wheat 70 67 6.01 145 05 127 46 202 40 109 133 45 472 169 06 156 7.0
Northwest
Maize 100 57 9.16 132 13 5.1 2.1 238 40 104 174 37 742 163 1.6 6.3 33
North China Plain  Wheat-Maize 160 63 1494 409 32 468 6.1 436 71 256 251 50  14.12 470 3.6 598 7.8
Wheat-Rice 160 65 1424 622 32 179 58 458 74 257 275 48 1247 765 3.8 217 82
Middle and lower  p:o Rice 170 61 1385 664 26 197 64 390 94 259 225 54 1360 770 28 219 75
Yangtze River
Sapeseed‘Rlc 190 59 11.06 50.8 3.2 304 176 442 74 214 302 41 925 633 36 337 109
Wheat-Maize 150 59 1225 313 27 290 5.1 395 45 165 275 33933 379 33 417 89
Wheat-Rice 110 70 1224 491 1.8 13.0 52 345 65 224 186 55 1096 572 2.1 145 6.7
Southwest .
eRapeseed‘R‘c 160 62 1045 446 23 278 7.1 404 65 209 260 45 898 525 27 314 96
iapeseed‘Mai 190 52 1046 268 3.2 438 7.1 454 45 150 349 30 735 332 39 586 130
Southeast Rice—Rice 150 64 1376 652 1.0 167 6.0 434 83 257 260 50 1353 837 15 199 7.8

# NUE=N harvest/N inputx100%

b Nr losses denote reactive N losses, Yield—scaled Nr losses=Nr losses/Yield

¢ L&R denote N leaching and runoff losses

14
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Sensitivity analyses. The +40% change of price ratio of fertilizer to crop gave a +2-23 kg N

ha! yr! (+2-6%) change of economic N rates and +2-22 kg N ha™! yr'! (#6-15%) change of N

surplus benchmarks in all cropping systems(Figure 2a and 2b). It led to <+0.05 Mg ha™! yr'!

(<+0.3%) change of crop yield, +1-3% (*1-5%) change of NUE and #0-6 kg N ha! yr! (x1-

6%) change of Nr losses (Figure 2c, 2d, 2e). The above analysis showed that the variation of

fertilizer prices and product revenues have little effect on the economic optimum N rates, N

surplus benchmarks, crop yield, NUE and Nr losses, given the low price ratio of fertilizer to

crop in China.

Changes of crop yields

(Mg ha! yr'")

Changes of economic optimum

30
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Changes of price ratio of fertilizer to crop

Figure 2. Sensitivities of economic optimum N rates (a), N surplus benchmarks (b), crop yield

(c), NUE (d) and Nr losses (e) in response to +40% change of price ratio of fertilizer to crop.

NE, NW, NCP, MLYR, SW, SE denote the agro—ecological regions of northeast, northwest,

North China Plain, middle and lower Yangtze River, southwest and southeast of China,

respectively. M, R, W, WM, WR, DR, RR, RM denote maize, rice, wheat, wheat—maize,

wheat-rice, double rice, rapeseed—rice and rapeseed—maize cropping systems, respectively.
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Assessment of N management. We plotted N input and N output (harvested N) of the 13
main cropping systems of China under both economic optimum and conventional N
management in Figure 3. The suggested minimum productivity level (N harvest=80 kg N ha!
yr'!) and suggested ranges for NUE (50%—-90%) according to the EU Nitrogen Expert Panel®
are also shown in Figure 3. The N harvest of the main cropping systems under both economic
optimum and conventional N management were all above the minimum productivity level (80
kg N ha'! yr') suggested by EU Nitrogen Expert Panel.’ Especially the N harvest values in
double cropping systems (range 150 to 294 kg N ha™! yr'!) were much higher. Economic
optimum N management greatly reduced N surpluses (range 38 to 194 kg N ha! yr'!) compared
to conventional N management, and increased average (arithmetic mean value) NUE from 47%
for conventional management to 63% for economic optimal N management. The NUE of all
cropping systems under economic optimum N management was within the desirable range
suggested by the EU Nitrogen Expert Panel,’ i.e., 50% to 90%, however, N surpluses of most
cropping systems were higher than the suggested mean (80 kg N ha! yr'!)’, except for single
rice and single maize in NE, and single wheat in NW.

The N inputs of some double cropping systems under conventional N management were
extremely high; the N input of the wheat—maize system in NCP, wheat—rice and rapeseed—rice
in MLYR, rice—rice in SE all exceeded 500 kg N ha™! yr'!. NUE values of single rice and single
maize in NE, rice—rice in MLYR, wheat—rice in SW under conventional N management were
within the desirable range (50% to 90%), showing that high yield (high N harvest) were
obtained together with a desirable NUE level. However, the N surplus in these 4 cropping
systems was relatively high, which illustrates the importance of combining the above three
indictors for evaluating the overall performance of N management. In the other cropping

systems, high N harvests were associated with high N surpluses and low NUE; the N surplus
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in 7 of the 9 double cropping systems under conventional N management exceeded 250 kg N

ha! yr'!, while NUE was <50%.
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Figure 3. Comparison of mean N input and output in harvested cereals under economic
optimum and conventional N management of main cropping systems and regions. N input
include fertilizer N, N deposition and biological N fixation; NE, NW, NCP, MLYR, SW, SE
denote northeast, northwest, North China Plain, middle and lower Yangtze River, southwest
and southeast regions; M, R, W, WM, WR, DR, RR, RM denote maize, rice, wheat,
wheat—maize, wheat—rice, double rice, rapeseed—rice and rapeseed—maize cropping systems.
Open and solid circles denote data under economic optimum and conventional N management,

respectively (modified from EU Nitrogen Expert Panel®).

DISCUSSION

Establishing N surplus benchmarks. In the present study, we established N surplus
benchmarks for China’s 13 main cropping systems. Benchmarks were derived at economic

optimal N management. The cropping systems accounted for about 50% of total N fertilizer
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consumption in Chinese agriculture in 2015.%° Other important crops such as vegetables, fruits,
potatoes and cotton were not included due to lack of reliable experimental data.

For the soil surface N balance approach, N outputs (N removed by products) are usually easy
to obtain from yield and N concentration determinations. Nitrogen inputs may include many
items, including fertilizer, manure, deposition, biological fixation, crop residue (straw),
irrigation, seed etc., and these data are not always easy to obtain accurately. There is no
accepted and universally applied protocol for establishing soil surface balances and the N input
items considered differ therefore between studies. For instance, Norton et al.® compared N
surplus and NUE of different countries, only considering synthetic fertilizer as N input. In the

crop section of the farm—gate N balance in MINAS, synthetic fertilizer and manure are taken

into account, while deposition and biological fixation are accounted for as natural processes.’’
Simplifications may make the N balance easier to calculate and use for policy orientation, but
there is the risk of underestimating total N input.>’ At a global scale, Zhang et al.? calculated N
surplus and NUE for cropping systems in different regions/countries, using synthetic fertilizer,
manure, deposition and biological fixation as N input items.

The items of N input considered in the present study are the same as Zhang et al.” It is
important to include atmospheric N deposition because China (especially central-east China)
is a global hotspot of N deposition with annual deposition rates of 23—71 kg N ha! for rural

area.*® > Biological fixation is also an important N input item for some of the non—symbiotic

N fixation crops (e.g., rice in the present study). Although N fixation was relatively small for
maize, wheat, and rapeseed, we included N fixation in the N balance calculations of all crop
systems in order to maintain uniformity with rice-based crop systems. The seed N input was
neglected; it is lower than the associative N fixation rate. We also did not include animal
manure or other organic materials because these are mainly used in vegetables and fruits

production, and seldom in maize, wheat, rice and rapeseed production.>
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We assumed that straw was returned to the field, thus, straw N in the output was offset by
the input when calculated N surplus benchmark. Although the straw burning was banned and
economic incentive for returning straw was provided by the Chinese government since 2000,**
3% it still has some cropping systems removing straw partly from the field in the practices. To
address these situations, we assumed that 1/3 of the straw was removed in all cropping systems,
and estimated how it affects N surplus benchmarks. The results showed the current N surplus
benchmarks would be reduced 18-27 and 32-46 kg N ha* yr? for single and double cropping
systems, respectively (Table S4). Therefore, for the cropping systems in which only part of
straw was returned, the current N surplus benchmarks could be reduced around 20 kg N ha*
per crop season.

By investigating the sensitivity of fertilizer price and product revenues, it showed that the
economic optimum N rate and the N surplus benchmarks didn’t depend strongly on them due
to the low price ratio of fertilizer to crop in China.*!" 3> “? Thus, the change of fertilizer price
(much lower compared with other countries in general)®! and the relative stable crop price®

would cause little uncertainties of N surplus benchmarks.

Comparison of N surplus benchmarks. Losses of N are inevitable, especially in intensively
managed crop systems, and the benchmark N surplus must reflect that. Our results show that
the N surplus benchmarks for China’s main single cropping systems range from 40 to 100 kg
N ha! yr! (average 73 kg N ha! yr'!), which is close to the N surplus benchmark of the
Netherlands’ MINAS (80 kg N ha™! yr'!), and the N surplus benchmark of 80 kg N ha'! yr'! for
cropping systems proposed by the EU Nitrogen Expert Panel (Table 3). However, the N surplus
benchmarks for Chinese main double cropping systems range from 110 to 190 kg N ha™! yr!
(average 160 kg N ha'! yr'!), which is roughly double that of single cropping systems (Table

3). There were large differences of N surplus benchmark in the 13 cropping systems, e.g. maize
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of single cropping system in northeast China (80 kg N ha! yr'!) and the northwest China (100
kg N ha™! yr'!). The main reasons for this relatively wide range are variations in soil-climate
conditions and crop management. The high soil organic carbon content in northeast China
compared to the northwest China®® suggest that the soil N supply was larger in northeast than
in northwest. There are also differences in annual average temperatures and rainfall between
these regions,®® which may have contributed to differences in Nr losses and N surplus.

In contrast to the top—~down approach used by Zhang et al.2, which derived N surplus

benchmarks for global and regional mean N surpluses by model simulations® %, we established

N surplus benchmarks for China’s main cropping systems using on—farm field experiments:

this approach could be termed a bottom-up approach. The biggest difference between our study

and the Zhang et al.? study is the data source. Our study used data from on—farm experiments

in specific cropping systems in specific regions, whereas the Zhang et al.? study used data from
the FAO and IFA statistical databases, and considered only one average Chinese cropping
system. Zhang et al.” projected the total N surplus in China at 11 Tg N yr'! for the year 2050,
based on projected harvested N and target NUE. This translates to an N surplus benchmark of
65 kg N ha! yr'!, based on a harvested area of 170 million hectares in 2010 in China.®' Our
estimated average N surplus (77 kg N ha! yr'!) for main Chinese crops is close to the mean N
surplus target for 2050 suggested by Zhang et al.2, in which they set higher NUE targets in all
crops. The economic optimum N rates between non-staple crops (e.g., fruits and vegetables)
and staple crops were similar. This suggests that the N surplus target for 2050 suggested by
Zhang et al.? could be realized through economic optimal N input management.

We recognize that our N surplus benchmarks are still higher than the actual N surplus values
already achieved in some western countries, which would suggest that our N surpluses could
be further reduced in the future. Atmospheric deposition currently is an important N input,

accounting for 8 to 21% of the total N input under economic optimum N management.*® It is
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likely that N deposition will reduce in the coming years due to the regulations and actions to
deliver cleaner air in China.®” Further, the Nr losses is still high even in the optimum N
management, and still have much space to be reduced when toward the “4R”s of nutrient
stewardship (using the right synthetic N fertilizer, at the right rate, right time, and in the right
place)®. Hence, it is expected that N inputs may be reduced beyond economic optimal N inputs

and that N surpluses may be reduced further in future.

Table 3 Comparison of N surplus benchmarks between China and other countries/regions

; N surplus
I(iguinotlrllses o ZI bf(l)zré;e benchmarks References Notes
i PP (kg ha'! yr'!)

Hanegraaf and 80 kg ha! yr! was the levy free N surplus for

Netherlands farm—gate 80 64

den Boer arable land in 2003.
Europe n.a.? 80 EU Nitrogen Overal N lus benchmark
p .a. Expert Panel’ veral mean N surplus benchmar
. kg ha! yr! is the global 1
World soil surface 39 Zhang et al > 39 kg ha yr is the global mean N surplus
benchmark in 2050
Zhang et al.? proposed a N surplus of 11 Tg yr!
China soil surface 65 Zhang et al2  for China in 2050, which translates to about 65
kg ha'! yr.
1 hmarks f ingl i
China soil surface 40-100 this study N surplus benchmarks for single cropping
systems
China soil surface 110-190 this study N surplus benchmarks for double: cropping

systems

4 n.a. denotes not available

N surplus and Nr losses. The N surplus is a combination of the total N losses and changes
of the soil N stock over time, but includes also possible errors associated with the determination
of N inputs and N outputs. We expect that N surplus is a proxy indicator for N losses, and that
changes in soil N stock over time were relatively small because of the long-term cultivation of
farmland.” However, the N surplus did not match with Nr losses in Table 2. For example,

Northeast maize has an N surplus of 79 kg N ha™! yr'!, while the Nr losses sum to only 18 kg N
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ha! yr'!. There are three possible reasons for the difference between N surpluses and Nr losses.
Firstly, the assumption of returning straw may lead to a slight overestimation of N surplus as
discussed before. Secondly, we calculated only the Nr losses which have harmful
environmental effects, so denitrification loss to N2 was not accounted for in the N losses.
Finally, the region evaluation of Nr losses by model simulation was more uncertain than the
evaluation by site specific measurement. Nevertheless, the evaluation of Nr losses in the
present study gave an integrated impression for different pathways of Nr losses, especially for
the comparison of Nr losses between optimum and conventional N management.

Towards sustainable N management. To realize the proposed N surplus benchmarks for
main cropping systems, N inputs (mainly synthetic N fertilizer) need to be reduced while
maintaining or improving current crop yields (N harvest).”> Reducing synthetic N fertilizer
inputs must be done with complementary measures to minimize N losses. For instance, if we
optimize the N application rate according to crop demand while applying the fertilizer with
farmers’ common practices (e.g. broadcast fertilizer with high N losses), large quantities of the
applied fertilizer N will be lost to the environment, and the rest of the applied fertilizer N will
not be enough to meet the crops’ N demand (low harvested N), and N surplus will still be
high.%® The improvements could be expressed as full adoption of the “4R”s of nutrient
stewardship®. and also include a better utilization of N from animal manures. By improving
fertilization techniques and agronomic managements to realize the N surplus benchmarks, the
target yields will be attained and the Nr losses will be minimized. We think that our N surplus
benchmark will be a valuable tool for policy makers and agricultural extension workers to
evaluate and improve the N management of current farmers’ practices, and to lay the

foundations for achieving the long-term goals for sustainable N management in China.

Acknowledgment

22



459

460

461

462

463

464
465

466

467

468

469
470

471

472
473
474
475
476
477
478
479
480
481
482
483
484
485
486

This study was financially supported by National Key Research and Development Project of
China (2017YFD0200105), China—UK PhD Placement Programme funded by CSC
(201603780082), and contributes to “N—Circle” and “CINAg” by the Newton Fund via UK

BBSRC/NERC (grants BB/N013484/1 and BB/N013468/1, respectively).

Supporting Information Available

This file includes calculating N surplus under farmers’ conventional N management,
calculating reactive N (Nr) losses, merging the regional data from literatures to the present

study, and Figure S1 and Table S1-S4.

This information is available free of charge via the Internet at http://pubs.acs.org.

REFERENCES

(1) Erisman, J. W.; Sutton, M. A.; Galloway, J.; Klimont, Z.; Winiwarter, W., How a century of
ammonia synthesis changed the world. Nat. Geosci. 2008, 1 (10), 636-639.

(2) Zhang, X.; Davidson, E. A.; Mauzerall, D. L.; Searchinger, T. D.; Dumas, P.; Shen, Y., Managing
nitrogen for sustainable development. Nature 2015, 528 (7580), 51-59.

(3) Vitousek, P. M.; Naylor, R.; Crews, T.; David, M. B.; Drinkwater, L. E.; Holland, E.; Johnes, P.
J.; Katzenberger, J.; Martinelli, L. A.; Matson, P. A.; Nziguheba, G.; Ojima, D.; Palm, C. A,;
Robertson, G. P.; Sanchez, P. A.; Townsend, A. R.; Zhang, F. S., Nutrient imbalances in agricultural
development. Science 2009, 324 (5934), 1519-1520.

(4) Ladha, J. K.; Pathak, H.; Krupnik, T. J.; Six, J.; van Kessel, C., Efficiency of fertilizer nitrogen in
cereal production: Retrospects and prospects. Adv. Agron. 2005, 87, 85-156.

(5) EU Nitrogen Expert Panel, Nitrogen use efficiency (NUE) — an indicator for the utilization of
nitrogen in agriculture and food systems. Wageningen University, Alterra, Wageningen, Netherlands
2015.

(6) Norton, R.; Davidson, E.; Roberts, T., Nitrogen use efficiency and nutrient performance

indicators. Global Partnership on Nutrient Management 2015.

23



487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523

(7) Powell, J. M.; Gourley, C. J. P.; Rotz, C. A.; Weaver, D. M., Nitrogen use efficiency: A potential
performance indicator and policy tool for dairy farms. Environ. Sci. Policy 2010, 13 (3), 217-228.

(8) Schmidt-Traub, G.; De la Mothe Karoubi, E.; Espey, J., Indicators and a Monitoring Framework
for the Sustainable Development Goals: Launching a Data Revolution for the SDGs. Sustainable
Development Solutions Network: 2015.

(9) Ladha, J. K.; Reddy, C. K.; Padre, A. T.; van Kessel, C., Role of nitrogen fertilization in
sustaining organic matter in cultivated soils. J. Environ. Qual. 2011, 40 (6), 1756-1766.

(10) Zhou, J.; Gu, B.; Schlesinger, W. H.; Ju, X., Significant accumulation of nitrate in Chinese semi-
humid croplands. Sci. Rep. 2016, 6, 25088.

(11) Oenema, O.; Kros, H.; de Vries, W., Approaches and uncertainties in nutrient budgets:
implications for nutrient management and environmental policies. Eur. J. Agron. 2003, 20 (1-2), 3-16.
(12) Schroder, J. J.; Scholefield, D.; Cabral, F.; Hofman, G., The effects of nutrient losses from
agriculture on ground and surface water quality: the position of science in developing indicators for
regulation. Environ. Sci. Policy 2004, 7 (1), 15-23.

(13) Bassanino, M.; Grignani, C.; Sacco, D.; Allisiardi, E., Nitrogen balances at the crop and farm-
gate scale in livestock farms in Italy. Agric., Ecosyst. Environ. 2007, 122 (3), 282-294.

(14) Hoang, V. N.; Alauddin, M., Assessing the eco-environmental performance of agricultural
production in OECD countries: the use of nitrogen flows and balance. Nutr. Cycling Agroecosyst.
2010, 87 (3), 353-368.

(15) Oenema, O.; van Liere, L.; Schoumans, O., Effects of lowering nitrogen and phosphorus
surpluses in agriculture on the quality of groundwater and surface water in the Netherlands. J. Hydrol.
2005, 304 (1-4), 289-301.

(16) Hansen, B.; Thorling, L.; Dalgaard, T.; Erlandsen, M., Trend Reversal of Nitrate in Danish
Groundwater - a Reflection of Agricultural Practices and Nitrogen Surpluses since 1950. Environ. Sci.
Technol. 2011, 45 (1), 228-234.

(17) Larson, C., Climate change. Losing arable land, China faces stark choice: adapt or go hungry.
Science 2013, 339 (6120), 644-645.

(18) Chen, X.; Ma, L.; Ma, W.; Wu, Z.; Cui, Z.; Hou, Y.; Zhang, F., What has caused the use of
fertilizers to skyrocket in China? Nutr. Cycling Agroecosyst. 2017, 110 (2), 241-255.

(19) West, P. C.; Gerber, J. S.; Engstrom, P. M.; Mueller, N. D.; Brauman, K. A.; Carlson, K. M;
Cassidy, E. S.; Johnston, M.; MacDonald, G. K.; Ray, D. K.; Siebert, S., Leverage points for
improving global food security and the environment. Science 2014, 345 (6194), 325-328.

(20) Gu, B.J.;Ju, X. T.; Chang, S. X.; Ge, Y.; Chang, J., Nitrogen use efficiencies in Chinese
agricultural systems and implications for food security and environmental protection. Reg. Environ.
Change 2017, 17 (4), 1217-1227.

(21) Chen, X.; Cui, Z.; Fan, M.; Vitousek, P.; Zhao, M.; Ma, W.; Wang, Z.; Zhang, W.; Yan, X.;
Yang, J.; Deng, X.; Gao, Q.; Zhang, Q.; Guo, S.; Ren, J.; Li, S.; Ye, Y.; Wang, Z.; Huang, J.; Tang,

24



524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558

Q.; Sun, Y.; Peng, X.; Zhang, J.; He, M.; Zhu, Y.; Xue, J.; Wang, G.; Wu, L.; An, N.; Wu, L.; Ma, L,;
Zhang, W.; Zhang, F., Producing more grain with lower environmental costs. Nature 2014, 514
(7523), 486-489.

(22) Chen, X. P.; Cui, Z. L.; Vitousek, P. M.; Cassman, K. G.; Matson, P. A.; Bai, J. S.; Meng, Q. F.;
Hou, P.; Yue, S. C.; Romheld, V.; Zhang, F. S., Integrated soil-crop system management for food
security. Proc. Natl. Acad. Sci. U. S. A. 2011, 108 (16), 6399-6404.

(23) Ju, X. T.; Xing, G. X.; Chen, X. P.; Zhang, S. L.; Zhang, L. J.; Liu, X. J.; Cui, Z. L.; Yin, B.;
Christie, P.; Zhu, Z. L.; Zhang, F. S., Reducing environmental risk by improving N management in
intensive Chinese agricultural systems. Proc. Natl. Acad. Sci. U. S. A. 2009, 106 (9), 3041-3046.
(24) Ju, X. T.; Gu, B. J., Indexes of Nitrogen Management (in Chinese). Acta Pedologica Sinica
2017, (02), 281-296.

(25) Ministry of Ecology and Environment of China Report on the State of the Ecology and
Environment in China 2017.
http://english.mee.gov.cn/Resources/Reports/soe/SOEE2017/201808/P020180801597738742758.pdf
(Aug 1, 2018),

(26) Organisation for Economic Co-operation and Development(OECD), Environmental
Performance of Agriculture in OECD Countries since 1990. 2008.

(27) Zhou, L. S.; Sun, H.; Shen, Y. Q., Integrated Regionalization and Planning of Agriculture in
China (in Chinese). 1981; p 1-265.

(28) Liu, X. H.; Chen, F., Integrated Regionalization of Farming Systems in China (in Chinese).
China Agriculture Press: Beijing, 2005; p 46-172.

(29) Cai, C. Z., Rape yield potential analysis of cropping system regions in china based on AEZ
model (in Chinese). Chinese Journal of Agricultural Resources and Regional Planning 2007, 28 (1),
34-37.

(30) Peng, S. B.; Buresh, R. J.; Huang, J. L.; Yang, J. C.; Zou, Y. B.; Zhong, X. H.; Wang, G. H.;
Zhang, F. S., Strategies for overcoming low agronomic nitrogen use efficiency in irrigated rice
systems in China. Field Crops Research 2006, 96 (1), 37-47.

(31) Wu, L. Nitrogen Fertilizer Demand and Greenhouse Gas Mitigation Potential under Nitrogen
Limiting Conditions for Chinese Agriculture Production (in Chinese). Doctor Thesis, China
Agricultural University, 2014.

(32) Wu, L.; Chen, X.; Cui, Z.; Zhang, W.; Zhang, F., Establishing a regional nitrogen management
approach to mitigate greenhouse gas emission intensity from intensive smallholder maize production.
PLoS One 2014, 9 (5), €98481.

(33) Liu, L.; Xu, X. L.; Zhuang, D. F.; Chen, X.; Li, S., Changes in the potential multiple cropping
system in response to climate change in China from 1960-2010. PloS one 2013, 8 (12), e80990.

25


http://english.mee.gov.cn/Resources/Reports/soe/SOEE2017/201808/P020180801597738742758.pdf

559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594

(34) Han, D. R.; Wiesmeier, M.; Conant, R. T.; Kuhnel, A.; Sun, Z., G.; Kigel - Knabner, I.; Hou, R.
X.; Cong, P. F.; Liang, R. B.; Zhu, O. R., Large soil organic carbon increase due to improved
agronomic management in the North China Plain from 1980s to 2010s. Glob. Change Biol. 2017, 24
(3), 987-1000.

(35) Zhao, Y.; Wang, M.; Hu, S.; Zhang, X.; Ouyang, Z.; Zhang, G.; Huang, B.; Zhao, S.; Wu, J.;
Xie, D.; Zhu, B.; Yu, D.; Pan, X.; Xu, S.; Shi, X., Economics- and policy-driven organic carbon input

enhancement dominates soil organic carbon accumulation in Chinese croplands. Proc. Natl. Acad. Sci.

U. S. A. 2018, 115 (16), 4045-4050.

(36) Ju, X. T.; Kou, C. L.; Zhang, F. S.; Christie, P., Nitrogen balance and groundwater nitrate
contamination: comparison among three intensive cropping systems on the North China Plain.
Environ. Pollut. 2006, 143 (1), 117-125.

(37) Cui, S.; Shi, Y.; Groffman, P. M.; Schlesinger, W. H.; Zhu, Y. G., Centennial-scale analysis of
the creation and fate of reactive nitrogen in China (1910-2010). Proc. Natl. Acad. Sci. U. S. A. 2013,
110 (6), 2052-2057.

(38) Gu, B.;Ju, X.; Chang, J.; Ge, Y.; Vitousek, P. M., Integrated reactive nitrogen budgets and
future trends in China. Proc. Natl. Acad. Sci. U. S. A. 2015, 112 (28), 8792-8797.

(39) Li, S. T.;Jin, J. Y., Characteristics of nutrient input/output and nutrient balance in different
regions of China. Scientia Agricultura Sinica (in Chinese) 2011, (20), 4207-4229.

(40) van Grinsven, H. J. M.; ten Berge, H. F. M.; Dalgaard, T.; Fraters, B.; Durand, P.; Hart, A.;
Hofman, G.; Jacobsen, B. H.; Lalor, S. T. J.; Lesschen, J. P.; Osterburg, B.; Richards, K. G.; Techen,
A. K.; Vertes, F.; Webb, J.; Willems, W. J., Management, regulation and environmental impacts of
nitrogen fertilization in northwestern Europe under the Nitrates Directive; a benchmark study.
Biogeosciences 2012, 9 (12), 5143-5160.

(41) de Klein, C. A. M.; Monaghan, R. M.; Alfaro, M.; Gourley, C. J. P.; Oenema, O.; Powell, J. M.,
Nitrogen performance indicators for dairy production systems. Soil Res. 2017, 55 (5-6), 479-488.
(42) Wu, L.; Chen, X. P.; Cui, Z. L.; Wang, G. L.; Zhang, W. F., Improving nitrogen management
via a regional management plan for Chinese rice production. Environ. Res. Lett. 2015, 10 (9), 11.
(43) Wallach, D.; Loisel, P., Effect of Parameter-Estimation on Fertilizer Optimization. Applied
Statistics-Journal of the Royal Statistical Society Series C 1994, 43 (4), 641-651.

(44) Sawyer, J.; Nafziger, E.; Randall, G.; Bundy, L.; Rehm, G.; Joern, B., Concepts and rationale for
regional nitrogen rate guidelines for corn. 2006.

(45) Ren, T.; Zou, J.; Lu, J. W.; Chen, F.; Wu, J. S.; Li, X. K., On-farm trials of optimal fertilizer
recommendations for the maintenance of high seed yields in winter oilseed rape (Brassica napus L.)
production. Soil Sci. Plant Nutr. 2015, 61 (3), 528-540.

(46) Xu, W.; Luo, X. S.; Pan, Y. P.; Zhang, L.; Tang, A. H.; Shen, J. L.; Zhang, Y.; Li, K. H.; Wu, Q.
H.; Yang, D. W.; Zhang, Y. Y.; Xue, J.; Li, W. Q.; Li, Q. Q.; Tang, L.; Lu, S. H.; Liang, T.; Tong, Y.

26



595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630

A.; Liu, P.; Zhang, Q.; Xiong, Z. Q.; Shi, X. J.; Wu, L. H.; Shi, W. Q.; Tian, K.; Zhong, X. H.; Shi,
K.; Tang, Q. Y.; Zhang, L. J.; Huang, J. L.; He, C. E.; Kuang, F. H.; Zhu, B.; Liu, H.; Jin, X.; Xin, Y.
J.; Shi, X. K.; Du, E. Z.; Dore, A. J.; Tang, S.; Collett, J. L.; Goulding, K.; Sun, Y. X.; Ren, J.; Zhang,
F. S.; Liu, X. J., Quantifying atmospheric nitrogen deposition through a nationwide monitoring
network across China. Atmos. Chem. Phys. 2015, 15 (21), 12345-12360.

(47) Bouwman, L.; Goldewijk, K. K.; Van Der Hoek, K. W.; Beusen, A. H.; Van Vuuren, D. P;
Willems, J.; Rufino, M. C.; Stehfest, E., Exploring global changes in nitrogen and phosphorus cycles
in agriculture induced by livestock production over the 1900-2050 period. Proc. Natl. Acad. Sci. U. S.
A. 2013, 110 (52), 20882-7.

(48) Ti, C.P.;Pan,J. J.; Xia, Y. Q.; Yan, X. Y., A nitrogen budget of mainland China with spatial
and temporal variation. Biogeochemistry 2012, 108 (1-3), 381-394.

(49) Cui, Z.; Zhang, H.; Chen, X.; Zhang, C.; Ma, W.; Huang, C.; Zhang, W.; Mi, G.; Miao, Y.; Li,
X.; Gao, Q.; Yang, J.; Wang, Z.; Ye, Y.; Guo, S.; Lu, J.; Huang, J.; Lv, S.; Sun, Y.; Liu, Y.; Peng, X.;
Ren, J.; Li, S.; Deng, X.; Shi, X.; Zhang, Q.; Yang, Z.; Tang, L.; Wei, C.; Jia, L.; Zhang, J.; He, M.;
Tong, Y.; Tang, Q.; Zhong, X.; Liu, Z.; Cao, N.; Kou, C.; Ying, H.; Yin, Y.; Jiao, X.; Zhang, Q.; Fan,
M.; Jiang, R.; Zhang, F.; Dou, Z., Pursuing sustainable productivity with millions of smallholder
farmers. Nature 2018, 555 (7696), 363-366.

(50) Yang, J.; Qiu, H. G.; Huang, J. K.; Rozelle, S., Fighting global food price rises in the developing
world: the response of China and its effect on domestic and world markets. Agricultural Economics
2008, 39 (3), 453-464.

(51) Li, Y.; Zhang, W.; Ma, L.; Huang, G.; Oenema, O.; Zhang, F.; Dou, Z., An Analysis of China's
Fertilizer Policies: Impacts on the Industry, Food Security, and the Environment. J. Environ. Qual.
2013, 42 (4), 972-981.

(52) Zhang, X.; Mauzerall, D. L.; Davidson, E. A.; Kanter, D. R.; Cai, R., The economic and
environmental consequences of implementing nitrogen-efficient technologies and management
practices in agriculture. J. Environ. Qual. 2015, 44 (2), 312-324.

(53) Bouchet, A. S.; Laperche, A.; Bissuel-Belaygue, C.; Snowdon, R.; Nesi, N.; Stahl, A., Nitrogen
use efficiency in rapeseed. A review. Agron. Sustainable Dev. 2016, 36 (2), 38.

(54) Powilson, D.; Norse, D.; Lu, Y. L. Agricultural development in China- environmental impacts,
sustainability issues and policy implications assessed through China-UK projects under SAIN (UK-
China Sustainable Agriculture Innovation Network), 2008-2017.
http://www.sainonline.org/pages/zhuanlan/SAIN%20Working%20Paper%20No0%201.pdf (Feb,
2018),

(55) Zhang, W.; Cao, G.; Li, X.; Zhang, H.; Wang, C.; Liu, Q.; Chen, X.; Cui, Z.; Shen, J.; Jiang, R.;
Mi, G.; Miao, Y.; Zhang, F.; Dou, Z., Closing yield gaps in China by empowering smallholder
farmers. Nature 2016, 537 (7622), 671-674.

27


http://www.sainonline.org/pages/zhuanlan/SAIN%20Working%20Paper%20No%201.pdf

631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662

663

(56) Heffer, P. Assessment of Fertilizer Use by Crop at the Global Level.
https://www.fertilizer.org/images/Library_Downloads/2017_IFA_AgCom_17_134%20rev_FUBC%2
Oassessment%202014.pdf (Nov 2017),

(57) Ondersteijn, C. J. M.; Beldman, A. C. G.; Daatselaar, C. H. G.; Giesen, G. W. J.; Huirne, R. B.
M., The Dutch mineral accounting system and the European nitrate directive: implications for N and P
management and farm performance. Agric., Ecosyst. Environ. 2002, 92 (2-3), 283-296.

(58) Liu, X.; Zhang, Y.; Han, W.; Tang, A.; Shen, J.; Cui, Z.; Vitousek, P.; Erisman, J. W.; Goulding,
K.; Christie, P.; Fangmeier, A.; Zhang, F., Enhanced nitrogen deposition over China. Nature 2013,
494 (7438), 459-462.

(59) Chadwick, D.; Jia, W.; Tong, Y. A.; Yu, G. H.; Shen, Q. R.; Chen, Q., Improving manure
nutrient management towards sustainable agricultural intensification in China. Agric., Ecosyst.
Environ. 2015, 209, 34-46.

(60) Meng, Q. F.; Hou, P.; Wu, L.; Chen, X. P.; Cui, Z. L.; Zhang, F. S., Understanding production
potentials and yield gaps in intensive maize production in China. Field Crops Research 2013, 143,
91-97.

(61) Food and Agriculture Organization(FAO) FAOSTAT: FAO Statistical Databases.
http://www.fao.org/faostat/en/ (Sep 26, 2018),

(62) Feng, L.; Liao, W. J., Legislation, plans, and policies for prevention and control of air pollution
in China: achievements, challenges, and improvements. J. Cleaner Prod. 2016, 112, 1549-1558.

(63) International Fertilizer Association The Global ‘4R’ nutrient stewardship framework:
Developing fertilizer best management practices for delivering economic, social and environmental
benefits.
http://www.ipni.net/ipniweb/portal/4r.nsf/0/BAB4157B488871A385257DF100739D94/$FILE/The%
20Global%204R%20Nutrient%20Stewardship%20Framework.pdf (August, 2009),

(64) Hanegraaf, M. C.; den Boer, D. J., Perspectives and limitations of the Dutch minerals accounting
system (MINAS). Eur. J. Agron. 2003, 20 (1-2), 25-31.

(65) Bodirsky, B. L.; Popp, A.; Lotze-Campen, H.; Dietrich, J. P.; Rolinski, S.; Weindl, I.; Schmitz,
C.; Muller, C.; Bonsch, M.; Humpenoder, F.; Biewald, A.; Stevanovic, M., Reactive nitrogen
requirements to feed the world in 2050 and potential to mitigate nitrogen pollution. Nat. Commun.
2014, 5, 3858.

(66) Ju, X. T.; Zhang, C., Nitrogen cycling and environmental impacts in upland agricultural soils in
North China: A review. J. Integr. Agric. 2017, 16 (12), 2848-2862.

28


https://www.fertilizer.org/images/Library_Downloads/2017_IFA_AgCom_17_134%20rev_FUBC%20assessment%202014.pdf
https://www.fertilizer.org/images/Library_Downloads/2017_IFA_AgCom_17_134%20rev_FUBC%20assessment%202014.pdf
http://www.fao.org/faostat/en/
http://www.ipni.net/ipniweb/portal/4r.nsf/0/BAB4157B488871A385257DF100739D94/$FILE/The%20Global%204R%20Nutrient%20Stewardship%20Framework.pdf
http://www.ipni.net/ipniweb/portal/4r.nsf/0/BAB4157B488871A385257DF100739D94/$FILE/The%20Global%204R%20Nutrient%20Stewardship%20Framework.pdf

