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a b s t r a c t

The “4R” fertilizer management principles of using the right rate, right source, right timing and right
place is emergently required for enhancing crop production and improving crop Nitrogen Use Efficiency
(NUE) in intensive small farming system. However, the methodology is still vague to design and
implement technologies and management practices (TMPs) following the “4R” principles in these re-
gions. This study designs various TMPs and evaluates their agronomic, environmental, and economic
impacts in two typical intensive cereals cropping systems in China to explore how TMPs interact with
biophysical conditions, and finally establish methodologies to recommend local optimal TMPs. Among 5
designed TMPs, the optimal TMPs for each site and cropping system were selected, which achieved the
sustainable targets for productivity (80% of the achievable yield potential), NUE (0.60), and economic
profitability. But several TMPs failed to satisfy the integrated targets, which implied the TMPs must be
carefully designed to fit site-specific biophysical contexts. This work provided some basic guidelines for
determining each “R”: The “Right rate” can be determined by balancing with crop aboveground N uptake
where soil testing is not always available. The “Right timing” must consider the fertilizer products and
local climatic features. Split application is not always better than one-time application, e.g., applying urea
at 11th-leaf stage decreased spring maize yield by 9% at Lishu due to a 20-day sustained high temper-
ature and drought condition. For the “Right source”, the adoption of enhanced efficiency fertilizers should
take soil properties (especially soil pH) into consideration, e.g., urease inhibitors are effective in
increasing NUE (by 44%) on alkaline soils, but the efficacy on acid soils is greatly reduced (by 19%). The
“Right place” needs to be designed according to characteristics of crop root distribution and fertilizer
sources, e.g., surface application of urease inhibitors in winter wheat gained greater NUE (0.62) and grain
yield (8.3 Mg ha�1) than deep placement of urea and calcium ammonium nitrate. Considering the bio-
physical condition variations and its great influence on TMPs, a long-term trial research network to
design, test and reshape the site-specific optimal TMPs following “4R” principles will be necessary.

© 2019 Published by Elsevier Ltd.
1. Introduction

Chemical nitrogen (N) fertilizer is critical for food security but its
overuse has threatened human health and environmental sus-
tainability (Davidson et al., 2015; Galloway et al., 2008). Nearly half
vironmental Sciences, China
of the reactive nitrogen applied to cropland is lost to the environ-
ment in various forms of pollutants, such as nitrate oxides and
nitrate (Galloway et al., 2003; Lassaletta et al., 2014). China ac-
counts for one third of global N fertilizer consumption, and nitro-
gen use efficiency (NUE, the fraction of nitrogen inputs harvested as
crop products) of only 0.25, far from the sustainable target (i.e. 0.60,
Zhang et al., 2015a). The high N consumption and low NUE in China
resulted in more than 10 million tons of nitrogen loss annually,
leading to serious environmental degradation, such as soil acidifi-
cation, high atmospheric deposition, eutrophication, and nitrate
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Fig. 1. The framework of optimizing site-specific N management following “4R”
principles. EEFs and TMPs are the abbreviation of enhanced efficiency fertilizers and
technologies and management practices.
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accumulation in shallow groundwater (Gu et al., 2013; Guo et al.,
2010). Consequently, improving N management in crop produc-
tion has become urgent and critical issue in China (Zhang et al.,
2015a).

The “4R” principles for improved crop N management focus on
applying fertilizer at the right rate, right time, right place, and from
the right source. These general principles for guiding N manage-
ment have been widely adopted by organizations in both private
and public sectors (e.g., fertilizer companies, International Fertilizer
Association, International Plant Nutrition Institute). For example,
the successful application of “4R” principles in North America
through precision fertilizer application and development of
enhanced-efficiency fertilizers has improved NUE to 0.68 and
increased the crop yield to 85% of the yield potential (Davidson
et al., 2016; Snyder et al., 2014; Zhang et al., 2015a). However, the
implementation of “4R” principles still faces various challenges,
especially in developing countries such as China, including the
following.

First, “4R” principles provide only general guidance for fertilizer
management, and must be translated into technologies and man-
agement practices (TMPs) for implementation. However, many
existing TMP recommendations consider only one or two “R00s. For
example, some reduce N application rate with split applications
(right time) but ignore the fertilizer products (source) or applica-
tion method (place), therefore limited NUE improvement has been
observed (Guo et al., 2016; Li et al., 2017; Wang et al., 2009). Others
use enhanced efficiency fertilizers (right source) but use inappro-
priate application place or time (e.g., use nitrification inhibitors
without deep or split application on maize-wheat or rice systems),
therefore the highest NUE achieved is still no more than 0.50
(Hartmann et al., 2015; Sun et al., 2015). Few studies have explored
integrated technologies considering all of the “4R” components,
which could bemore effective than those only adopting one “R”. For
example, Venterea et al. (2016) explored the impacts of N fertilizer
source, rate, and application timing on improving NUE and
reducing N2O emission in corn production. They found that the only
treatment decreased N2O emission and increased NUE to 0.7 was a
combination of split nitrogen application, use of nitrification in-
hibitors, and reduced N rate. In contrast, changing application
timing only has no such effect. Similarly, Maharjan and Venterea
(2013) observed that applying enhanced efficiency fertilizers
alone had no effect on improving NUE during a two-years experi-
ment. Therefore, we hypothesize that achieving the NUE target in
China requires the integration of all “4R” principles.

Secondly, the right fertilizer application practices are site-
specific and their effectiveness vary based on site conditions
including climate, soil, cropping system and management pattern
(IFA, 2009). For example, the effectiveness of enhanced efficiency
fertilizers for improving productivity and environmental benefit
varies greatly in different biophysical conditions. Polymer coated
fertilizer has only showed a positive effect where temperature and
water conditions were favorable for growth, and the nitrification
inhibitors component of stabilized fertilizers would be degraded on
alkaline soils, reducing their efficacy (Li et al., 2018). Deep place-
ment of N fertilizer will help reduce NH3 loss, but it has been re-
ported to increase N2O emission in some soils (Engel et al., 2010;
Yan et al., 2001). Therefore, the design of TMPs need to consider
these site-specific soil and climate conditions.

Lastly, widespread implementation of TMPs designed with “4R”
principles is still a major challenge mainly due to the lack of so-
cioeconomic incentives (Zhang et al., 2016; Zhang, 2017). In China,
scientists have been exploring TMPs to improve NUE to the 0.60
national target. While some limited progress has been made by
providing farm-specific fertilizer products based on soil testing,
many N-efficient TMPs have failed to be implemented by farmers.
For example, it is reported that a 30% reduction in N fertilizer
application will not decrease yield in China, but farmers have few
incentives to adopt technologies with no yield increase (Ju et al.,
2009). Other integrated technologies, such as ISSM (integrated
soil and plant system management), can elevate grain yield to its
yield potential and improve NUE to the target level (Chen et al.,
2014), but the increased cost and intensive testing work have
hindered adoption by farmers. Therefore, in addition to the “4R”
principles, TMPs should have the “right cost” to incentivize
adoption.

These three major challengesdtranslating “4R” principles into
specific technologies and management practices, designing TMPs
to fit site-specific conditions, and insuring that TMPs are cost-
effective for farmers to implementdmust be overcome in order
to implement “4R” principles in China. To address these challenges,
this study designed TMPs for two typical cropping systems (a
summer maize-winter wheat rotation system and a spring maize
system) following “4R” principles, then measured and evaluated
the performance of each TMP in production (yield), environmental
impact (NUE, N2O and NH3 emissions, N loss) and economic impact
(farmer's net benefit) through a two-year field experiment. This
study also explored how ecological and socioeconomic conditions
affect the performance of TMPs, and finally provides recommen-
dations for applying “4R” principles at different sites. The major
objective of this study is to provide a practical framework and a
case study for designing and identifying site-specific TMPs that
integrate “4R” principles, and to illustrate principles for TMP design
at different sites.

2. Materials and methods

This study follows three sequential steps (Fig. 1): 1. Design of
TMPs based on “4R” principles and site-specific conditions; 2. Field
measurements to test and quantify the agronomic and environ-
mental impacts of TMPs; 3. Integrated assessment to evaluate the
performance of TMPs using multiple indicators and identify the
optimal TMPs for specific sites. In this section, we first give an
overview of the experimental sites, and then describe each step in
detail.

2.1. Experiment sites

Maize and wheat are essential for food security in China, but
high yields have been achieved at the cost of excess application of N
fertilizer in recent years (Cui et al., 2010; Ju et al., 2009). We chose
two experimental sites in intensive maize and wheat production
regions. The two sites are at Quzhou (36�5202800N, 115�0101800E) and



Table 1
Characteristics of topsoils at the two experimental sites.

Sites Soil texture Soil pH (H2O) SOC g kg�1 Total N g kg�1

Quzhou Sandy loam 8.2 12.3 0.8
Lishu Clay 5.7 18.9 1.3
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Lishu (43º1604800N, 124º2604300E) counties, located in North China
Plain and Northeast China respectively, Fig. S1. The production
system in Quzhou is predominantly a summer maize and winter
wheat rotation system. The area has an average air temperature of
13.1 �C and mean annual precipitation of 556mm, and a calcareous
fluvo-aquic soil (Fluvisols in the World Reference Base for Soil Re-
sources classification). In Lishu, a single spring maize cropping
system is most common, and black soil is predominant (according
to the Chinese soil classification, it is typic Chernozems in the
World Reference Base for Soil Resources classification). The average
air temperature is 6.5 �C and mean annual precipitation is 569mm.
The field experiments were conducted for two consecutive years at
the Campus Experimental Stations of China Agriculture University
at both sites (2013e2015 two years’ rotation at Quzhou,
2014e2015 at Lishu). Soil properties for two sites are listed in
Table 1.

Conventional treatment consistent with local farmer practice
was used at each site to be compared with experimental TMPs.
There were three replicates distributed in strips with a size of
100m2 per plot to enable machinery operation. Crop management
(tillage, irrigation and pesticides application) at the two sites was
consistent with local advanced farmer practices. At Quzhou site,
summer maize was sown on 10th June at a density of 75,000 plant
ha�1 in 2013 and 90,000 plant ha�1 in 2014 adapting to local
technology improvement, and harvested in early October. Winter
wheat was sown at a rate of 200 kg ha�1 several days after summer
maize harvest and harvested on 5th June. At Lishu, spring maize
was sown in late April at 60,000 plant ha�1 and harvested in early
October.

2.2. Design of TMPs

Following “4R” principles, we designed five TMPs for each
cropping system. Each TMP considers more than one “R” (Table 2)
and has potential to achieve three specific targets for sustainable
agriculture. Those targets are 1) yield increases to 80% of the local
attainable yield potential in order to meet the food demand target
in China in 2030 (Chen et al., 2014). 2) NUE increases to 0.60 (Zhang
et al., 2015a), a national target to address environmental pressure,
but below 0.90 to avoid “soil mining” (EU Nitrogen Expert Panel,
2015). 3) The profitability of TMPs is equal to or higher than the
conventional treatment to encourage adoption. The designed TMPs
are feasible to implement but have not yet been widely adopted by
farmers in China.

More specifically, the five designed TMPs for Quzhou summer
maize were: 1. PCF, one-time application of polymer coated fertil-
izer applied at 10 cm depth; 2. SU, split application with compound
fertilizer (formula) applied at 10 cm depth at the first fertilization
Table 2
The detail and rationale for TMPs design.

TMPs Details

1.EEFs Polymer coated urea or stabilized fertilizer in one-time application
2.SU Split application, urea surface placement at topdressing
3.SUI Split application (urease inhibitors surface placement at topdressing)
4.SDU Split application (urea deep placement at topdressing)
5.SDCAN Split application (calcium ammonium nitrate deep placement at topd
and urea broadcasted at the 6th-leaf stage of maize; 3. SUI, same as
SU but using urea amended with urease inhibitors at topdressing;
4. SDU, same as SU but incorporate urea with machinery (10 cm
below soil surface) at 11th-leaf stage; 5. SDCAN, same as SDU but
using calcium ammonium nitrate at topdressing (Table S2). For
winter wheat in Quzhou, the designed TMPs were the same as for
summer maize except the topdressing timing, which was at
shooting stage for all treatments (Table S3).

For Lishu spring maize, the five TMPs were similar: 1. PCF, one-
time application of polymer coated fertilizer; 2. UI or NI, one-time
application of urease inhibitors in year of 2014 and nitrification
inhibitors in year of 2015 (several one-time application treatments
at Lishu were designed considering the labor shortage and farmer
preference); 3. SDU1, split application of formula compounds as
base and deep placement of urea (10 cm below soil surface) at 6th-
leaf stage; 4. SDU2, as with SDU1 but different topdressing timing,
11th-leaf stage; 5. SDCAN, same as SDU2 but using calcium
ammonium nitrate at topdressing (Table S4).

The design of TMPs considered a combination of “4R” principles.
The “Right rate” for the TMPs were 180 kg N ha�1 at Quzhou and
200 kg N ha�1 at Lishu. Rates were calculated bymatching fertilizer
N input to target crop N uptake, because this method is simple
enough to implement among farmers without complex testing
work (Ju and Christie, 2011; Rajkovich et al., 2015). Split application
of fertilizer was tested tomeet crop's N demand at the “Right time”.
For the “Right source”, three types of enhanced efficiency fertilizers
were tested, namely polymer coated fertilizer (PCF), nitrification
inhibitors (NI, consisting dimethyl-phenyl-piperazinium-DMPP),
and urease inhibitors (UI, consisting of 75% N-(n-butyl) thiophos-
phoric triamide-NBPT and 25% N-(n-propyl) thiophosphoric
triamide-NPPT). In addition, we also tested calcium ammonium
nitrate (CAN), a more environmentally friendly product compared
to urea, to explore its potential on reducing N loss (Brentrup et al.,
2001; Forrestal et al., 2017). For the “Right place”, we tested surface
and subsurface application of urea during topdressing, while
keeping the application method for the base fertilization consistent
with the conventional treatment, which applies fertilizer at 10 cm
below soil surface with machinery.
2.3. Indicators and measurements

We chose six indicators to evaluate each TMP's performance in
production, environmental, and economic dimensions of agricul-
tural sustainability. Grain yield was recorded as the indicator for
TMP's productivity performance. The environmental performance
was assessed using four indicators, namely N loss, NUE and gaseous
emissions of N2O and NH3. N loss was calculated as total N input
minus N removed in crop products and changes in mineral N
content in soil (Ju and Gu, 2017). NUEwas defined as the proportion
of all N removed in harvest crop products divided by the sum of all
N inputs including N from chemical fertilizer, manure, bio-fixation
and deposition (Conant et al., 2013). The measurements of gaseous
emissions were conducted across the growing season using the
closed chamber method (N2O) and Dr€ager Tube Method (NH3).
Detailed measurement methods are provided in Supplementary
4R components Other consideration

Right rate, source, place and time Saving labor
Right rate and time Low cost
Right rate, source, place and time Reduce ammonia loss
Right rate, place and time Medium cost

ressing) Right rate, source, place and time More efficient
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Information.
To assess the economic performance of TMPs, farmers' net profit

was calculated by benefit-cost analysis method (Brouwer and Van
Ek, 2004). The cost included expense for fertilizer, machinery
(rental costs), and labor input, while the benefit consisted of in-
come from harvested grain. The prices of maize and wheat changed
marginally between years because of the protective purchase price
policy, while the price of enhanced-efficiency fertilizer varied
greatly due to different manufacturing techniques. To assess the
impacts of variable enhanced-efficiency fertilizer prices on farmers’
net profit, we set four price scenarios for each fertilizer product
based on the information collected from the China Fertilizer In-
dustry Association. More specifically, we tested PCF price as 1.5, 2,
2.5, 3 times of the price of urea (considering the unit N price), NI
and UI prices as 1.2, 1.5, 2, 2.5 times and CAN price as 1.2, 1.5, 2, 3
times of the urea price. The upper and lower bounds were deter-
mined according to the price range of each enhanced-efficiency
fertilizer found in local fertilizer market excluding extreme
values. The prices of grains and fertilizers are shown in Table S1.

To compare the performance difference between TMPs and
conventional treatment, Response ratio, constructed by calculating
the value for each TMP divided by that from conventional treat-
ment for each indicator (YTMP/YConv), was used to evaluate the
performance of TMPs (Coleman, 2012). One-way analysis of vari-
ance (ANOVA) and multiple comparisons of Tukey test were con-
ducted to identify the variation from treatments and years which
are commonly used in similar research (Li et al., 2015; Hu et al.,
2013). T test was also performed to examine the robustness of
TMPs between two years (Tables S8-S18). All the statistical analysis
was conducted using SPSS 2.0 software.

2.4. Optimal TMP determination

The optimal TMPwill be the treatment which is most effective at
enhancing productivity, NUE and farmer profit simultaneously, and
should meet all three aspects' targets. However, the performance of
TMPs is not always consistent acrossmultiple indicators, and trade-
offs often exist. Consequently, an assessment integrating each
TMP's performance in various indicators is necessary to identify the
optimal TMP for specific sites and management priorities. In this
study, we used the “Technique for Order Performance by Similarity
to Ideal Solution” (TOPSIS) method, a classical multiple criteria
decision-making method. It is based on the concept that the
Fig. 2. The impact of technologies and practices (TMPs) on grain yield at two sites, shown a
yield from conventional treatment ¼ 1, shown as short dash). The red dotted line denotes the
the difference between TMP and conventional treatment: * indicates P < 0.05, **P < 0.01, n
Lishu sites.
optimal choice should have the shortest distance from the Positive
Ideal Solution (PIS) (the solution which minimizes the cost criteria
and maximizes the benefit criteria) (Baky and Abo-Sinna, 2013).
Accordingly, we calculated the distance from PIS (dPIS) for each TMP
and defined those with shortest dPIS as the optimal practices (Lai
et al., 1994). dPIS is calculated by specific equation with a weight
coefficient for each dimension and detailed information is provided
in Supplementary Information.

3. Results

In order to evaluate TMPs following “4R” principles, it is
important to quantify their efficacy with respect to improving
productivity, reducing environmental impact, and providing eco-
nomic benefits. The efficacy of TMPs at each of the two sites de-
pends as well on how each TMP fits specific ecological and
economic conditions. Because of the complexity of these in-
terrelationships, a set of integrated performance indicators should
be used to give an overview of each option and determine which is
optimal.

3.1. TMPs’ impact on productivity, environment, and economy

Most TMPs at both sites achieved the productivity target. They
produced equal or greater quantities of grain when compared to
conventional treatment, even after reducing N input by 20%e30%.
In the maize-wheat rotation cropping system at Quzhou, the
average yield of all experimental TMPs over two years were
12.0Mg ha�1 and 7.9Mg ha�1 for summer maize and winter wheat.
All TMPs achieved the target yield except split surface placement of
urea (SU) for summer maize and split subsurface placement of urea
(SDU) for winter wheat (Fig. 2a and b; Tables S5 and S6). At Lishu
site, the average yield of the TMPs was 13.0Mg ha�1, which was
higher than the target yield (12.0Mg ha�1), but not significantly
different from conventional treatment. The exception was SDU2 in
which grain yield decreased by 9% in the second year (Fig. 2c;
Tables S7 and S9). The yield loss from SDU2 may be due to a 20-day
sustained high temperature and drought condition, which was
aggravated by urea hydrolysis.

With regard to environmental impact, all TMPs increased NUE
while few achieved the national target (0.60). For summer maize,
all TMPs significantly increased NUE from 0.42 to 0.54e0.60
(Fig. 3a). However, only split application with deep placement of
s average response ratio with standard deviation from the two-year observation (Grain
target yield. The notation on the right side of each error bar denotes the significance of

s-no significance (Tukey test, P< 0.05). QZ and LS are the abbreviation of Quzhou and
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Fig. 3. The impact of technologies and practices (TMPs) on nitrogen use efficiency (NUE) at two sites. Shown as average response ratio with standard deviation of two years (NUE
from conventional treatment ¼ 1, shown as short dash). The red dotted line denotes the target NUE (0.60). The notation on the right side of each error bar denotes the significance of
the difference between TMP and conventional treatment: *indicates P < 0.05, **P< 0.01, ns-no significance (Tukey test, P< 0.05). QZ and LS are the abbreviation of Quzhou and Lishu
sites.
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calcium ammonium nitrate (SDCAN) treatment reached the target
efficiency of 0.60, and only in the second year. Similarly, the NUE
from TMPs in winter wheat was between 0.54 and 0.61, signifi-
cantly higher than traditional practices (0.43). However, the pro-
posed target was only realized by three TMPs: PCF, SUI and SDCAN,
and only in the second year (Table S12). For Lishu spring maize, all
TMPs met the NUE target (Fig. 3c), and some even exceeded 0.90
(PCF, NI and SDCAN treatments). This high NUE level indicated a
potential “soil mining” (EU Nitrogen Expert Panel, 2015), occurring
when the N removed by grain and stover exceed N input.

Although all TMPs significantly increased NUE and reduced N
loss, they showed considerable difference in their effects on reac-
tive N gaseous emission. The N loss mitigation potential from TMPs
ranged from 32% to 73% (Fig. 4; Tables S5eS7), and the best per-
formance for the three cropping systems were: In Quzhou, SDCAN
in summermaize (57%) and PCF inwinter wheat (36%); in Lishu, the
NI treatment was most effective in spring maize, with a 73%
reduction of N loss. The annual N loss measured in experimental
TMPs was between 30 and 60 kg ha�1 for maize, similar to values
for the same crop in the USA (Zhang et al., 2015b). N loss remained
high in wheat (around 150 kg ha�1) and requires further improve-
ment. Notably, TMPs showed tradeoffs in mitigating different
gaseous emissions (NH3 and N2O) and their performance was
Fig. 4. The impact of technologies and practices (TMPs) on apparent N loss at two sites. Show
conventional treatment ¼ 1). The notation on the right side of each error bar denotes the diff
significance (Tukey test, P< 0.05). QZ and LS are the abbreviation of Quzhou and Lishu site
inconsistent across sites and crop seasons. For Quzhou summer
maize, all TMPs significantly reduced N2O emissions by 29%e57%,
but surprisingly, all TMPs increased NH3 with the exception of the
PCF treatment (Fig. 5a). The increased NH3 emission could be
caused by higher fertilization frequency or surface fertilizer appli-
cation. For example, urea is more likely to be converted to ammonia
than ammonium by hydrolysis process on the soil surface due to
the upward diffusion of ammoniacal N and is lost to the atmo-
sphere (Sommer et al., 2004). Similarly, in spring maize at Lishu, all
TMPs reduced N2O by 29%e79%, but for NH3 loss, only PCF reduced
NH3 emission compared to conventional practices. Split application
treatments, SDU1, SDU2 and SDCAN significantly increased NH3
losses to varying degrees (Fig. 5c). In contrast, all TMPs could
significantly reduce both NH3 and N2O emissions in winter wheat,
by 11%e67% and 18%e37% respectively (Fig. 5b).

In terms of economic performance, TMPs could increase profit
by up to 18% or decrease farmers profit by up to 9%, depending on
the price of crops and fertilizers (Fig. 6; Tables S5eS7). For example,
PCF and SUI could increase profit in Quzhou summer maize only
when the prices of polymer coated fertilizer or urease inhibitors
were less than 2.5 and 2 times of urea respectively. SDCAN, how-
ever, is profitable in all price scenarios tested, due to high yield
improvement (Fig. 6a). In Quzhou winter wheat, PCF and SUI could
n as average response ratio with standard deviation of two years (Apparent N loss from
erence between TMP and conventional treatment: * indicates P < 0.05, **P< 0.01, ns-no
s.



Fig. 5. The impact of different technologies and practices (TMPs) on N2O and NH3 emission at two sites. Shown as average response ratio with standard deviation of two years
(Profit from conventional treatment ¼ 1). The notation on the right side of each error bar denotes the difference between TMP and conventional treatment: * indicates P < 0.05;
**P< 0.01; ns-no significance (Tukey test, P < 0.05). QZ and LS are the abbreviation of Quzhou and Lishu sites.

Fig. 6. The impact of technologies and practices (TMPs) on net profit at two sites. Shown as average response ratio (Gas emission from conventional treatment¼ 1). The numbers
indicate different price scenarios for enhanced efficiency fertilizers. For example, “1.5” means the price is 1.5 times of urea. Conventional product of urea has relative stable price
therefore with no price scenario was designed (e.g. SU and SDU). The blue shade demonstrates the uncertainty associated with the response ratio due to the uncertainty in crop
yield. Only the uncertainty for the price scenario closest to the dashed line is shown in the figure. QZ and LS are the abbreviation of Quzhou and Lishu sites. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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increase farmer profit by 6e10% even at the highest price scenario.
However, SDU decreased profits and SDCAN hardly increase profit
even in lower price scenarios (Fig. 6b). In Lishu spring maize, all
TMPs’ cost have to be reduced by 1%e9% to avoid profit loss without
grain yield changes (Fig. 6c). In this study, enhanced efficiency
fertilizers were generally not profitable when their prices exceed 2
times the price of urea.

3.2. The optimal TMP

Considering the three primary targets for sustainable agricul-
ture, namely yield, NUE and profitability, only a few TMPs can
achieve all three targets together (Table 3). For Quzhou summer
maize, SDCAN achieved all three targets, while the other TMPs
failed to increase NUE to 0.60 level. Among those TMPs, PCF nearly
reached the NUE target with an average NUE of 0.59 over 2 years,
and could increase farmer profit if the price of polymer-coated
fertilizer is under 2.5 times that of urea. For Quzhou winter
wheat, there were three TMPs achieved the three sustainable tar-
gets: PCF, SUI and SDCAN, but SDCAN only increases farmer profit
when the price is under 1.5 times that of urea. For Lishu spring
maize, PCF, UI, NI and SDCAN satisfied the requirements but profits
decreased for each of them in most price scenarios.

Considering TMPs’ performance in all six indicators, the optimal
TMP was identified for each cropping system according to TOPSIS
analysis (Fig. 7). For Quzhou summer maize, SDCAN has the lowest
dPIN values (i.e., best performance) among TMPs. For Quzhouwinter
wheat SUI was the best with greater effectiveness on increasing
NUE and profit. For Lishu spring maize, both NI and SDCAN were
the best options among TMPs. They greatly improved the envi-
ronmental benefit and slightly increased productivity, but their
economic benefit can be achieved only when the price is under 2 or
1.5 times of urea respectively (Fig. 6c). In addition, all TMPs in Lishu
exceeded 0.90 NUE level and increased the “soil mining” risk.
Therefore, adjustment of SDCAN and NI (e.g., slightly increasing
fertilizer input and/or recycling straw) or developing new TMPs are
needed to avoid soil degradation.

Overall, the two-year experimental results demonstrated that
the production, environment, and economy targets can be achieved
when suitable TMPs that integrate 4R principles were adopted. The
efficacy of a given TMP can vary widely among different sites and
cropping systems, e.g., UI are effective in increasing NUE on alkaline



Table 3
The specific targets fulfillment of each TMP at two sites.

Yield (80% attainable yield potential) NUE
0.6

Profit (increase or same as usual)

Quzhou summer maize
PCF ✓ � ✓(price <2.5 urea)
SU ✓ � �
SUI ✓ � ✓(price <2 urea)
SDU ✓ � ✓

SDCAN ✓ ✓ ✓

Quzhou winter wheat
PCF ✓ ✓ ✓

SU ✓ � ✓

SUI ✓ ✓ ✓

SDU � � �
SDCAN ✓ ✓ ✓(Price<1.5 urea)
Lishu spring maize
PCF ✓ ✓ ✓(Price<2.5 urea)
UI ✓ ✓ ✓(Price<1.2 urea)
NI ✓ ✓ ✓(Price<2 urea)
SDU1 ✓ ✓ �
SDU2 ✓ ✓ �
SDCAN ✓ ✓ ✓(Price<1.5 urea)

0 1 2 3

SDCAN

SDU

SUI

SU

PCF

(b) QZ-wheat

0 1 2 3

SDCAN

SDU2

SDU1

NI

UI

PCF

(c) LS-maize

NUE

Yield

N2O

NH3

N loss

Net benefit

0 1 2 3

SDCAN

SDU

SUI

SU

PCF

(a) QZ-maize

Fig. 7. Integrated evaluation of different technonlogies and practices (TMPs) with 6 indicators. The length of bars means the sum of distance from the Positive Ideal Solution (dPIN)
for each indicator. The bigger the dPIN value is, the further the TMP is from the most positive impact. Different color represents different indicators. The calculation of net benefit was
using the average price of 4 scenarios. QZ and LS are the abbreviation of Quzhou and Lishu sites. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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soils at Quzhou but less effective on acid soils at Lishu; SDCAN is the
most effective option in increasing NUE in the maize cropping
system, while less efficient in the wheat cropping system. There-
fore, the selection of optimal TMPs should be based on the local
biophysical and socioeconomic conditions.
Fig. 8. The principles and methods for “4R” determination in specific sites.
4. Discussion

Implementing the “4R” principles of right rate, right source,
right time and right place in intensive production systems in China
is still very challenging. First of all, site-specific biophysical infor-
mation for guiding “4R” implementation is still very limited, and
the current technologies extension system is incomplete, hindering
the “4R” adoption by smallholder farmers (Gao et al., 2010; Hu
et al., 2009). Secondly, competing interests exist among food se-
curity, environmental protection, and economic objectives (Chen,
2007; Lu et al., 2015), and the implementation of “4R” need to be
accompanied with multiple benefits for productivity, environment,
and farmers' profit. To tackle these challenges, this study used field
experiments and integrated analysis to provide potential guidelines
to design TMPs following “4R” principles, considering biophysical
factors and interactions between different “R”s to facilitate the
identification and recommendation of optimal measures in China
(Fig. 8).
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4.1. Design TMPs at a specific site following “4R” principles

Among “4R” principles, the “Right rate” is the fundamental
component and directly affects yield, NUE, N loss, and profit. N
fertilizer rate is mainly determined by crop demand, soil fertility
and weather situation and is affected by other “Rs” (time, place and
source; Fig. 8). The precision of fertilizer application rate recom-
mendation largely depends on the management tools, including
soil nutrient testing and crop growth simulation model etc. How-
ever, for small farmers with limited farm size, these test-based
recommendation services are often inaccessible or insufficient
under the inadequate agricultural extension system in China.
Therefore, balancing fertilizer input with crop aboveground N up-
take is a simple approach that could apply to these smallholders at
the current stage (Ju and Christie, 2011; Rajkovich et al., 2015).
Other nitrogen sources like stover residues, manure, deposition and
bio-fixation are also important. It has been reported that the fer-
tilizer application could be reduced by more than 30% if the stover
and manure recycling rate increased to 80% (Niu and Ju, 2017).
While the balance approach currently does not account for these N
sources, they could be taken into consideration if the practice be-
comes widespread.

The “Right source” implies that N is plant-available and soil-
suitable, or N release is better synchronized with crop uptake to
reduce loss (e.g., enhanced-efficiency fertilizers; IFA, 2009). The
selection of N fertilizer products must consider whether the N form
is available and preferable for the crop and not harmful for the
environment. The soil and climate conditions greatly influence the
efficacy of fertilizers and should also be taken into consideration
(Rodgers et al., 1985; Shaviv, 2005), Fig. 8. Among the N products,
urea as a dominant N fertilizer product has a competitive price
advantage and is widely used in China, but it has low efficiency and
high emissions risk especially in arid regions with high tempera-
ture. As an alternative, urease inhibitors can effectively control NH3
loss and should be used at sites with high NH3 emissions, (e.g.
alkaline soils at the Quzhou site), areas sensitive to ammonia
emissions (e.g., natural habitat) or fields where machinery cannot
be operated to deep apply fertilizers (e.g., paddy crops). Nitrifica-
tion inhibitors have been reported to increase NH3 loss in many
previous studies (Li et al., 2018; Qiao et al., 2015), however, for acid
soils such as those at the Lishu site, nitrification inhibitors may
significantly reduce N2O emissions and enhance NUE, while
marginally affecting NH3. Based on our study and previous research
(Zhang et al., 2018), nitrification inhibitors can be a good man-
agement strategy for crops that prefer NH4

þ-N, in acidic soil with a
modest rate of nitrification. Calcium ammonium nitrate, with N as
both NH4

þ and NO3
� could be the optimal source both for Quzhou

and Lishu maize, where it achieved higher yield and lowered
environmental risk. Previous studies have also indicated that the
utilization of mixtures of NH4

þ and NO3
� can result in an improve-

ment in maize growth and higher yields compared to using either
form alone (Wang et al., 2009; Absalan et al., 2011; Ma et al., 2015).
However, the limited adoption of mixture of NH4

þ and NO3
� type

fertilizers in China indicates that the “Right” product has been
neglected by industries and farmers. This could be due to insuffi-
cient understanding of its agricultural advantages or other factors,
e.g., the influence of security policies (NH4NO3 as one of explosive).

The “Right place” determination should consider the factors of
plant root distribution and N source (Fig. 8). In this study deep
placement of urea reduced N loss by 60% in Quzhou summer maize
but was less effective in winter wheat, suggesting that different
crops prefer different nutrient placements. This finding is consis-
tent with previous research (Ju et al., 2007), they found that the
nitrate recovery rate by maize at deeper soil depth was still very
high in a15N tracer study. In addition, different N products require
different placement. For example, urea amended with urease in-
hibitors could be applied on soil surface, while urea alone and other
products should be incorporated to avoid NH3 or runoff loss. Finally,
soil texture, irrigation and rainfall condition may also influence the
impacts of fertilizer placement (Nash et al., 2012; Vlek et al., 1980).

The “Right timing” was mainly determined by plant N demand
patterns. This study found that other factors, such as N source and
climate, are also important. For example, PCF can slow the release
of nutrients and synchronize the release with crop uptake, there-
fore it only requires one-time application (Trenkel, 2010). Accord-
ing to the results from two sites, the PCF treatment showed similar
or even better performance on enhancing NUE, reducing loss and
increasing profit compared to split treatments. PCF was the second-
best option in both Quzhou and Lishu sties. This result indicated
that PCF can be a good strategy to improve NUE and save labor at
the same time. However, the integrated efficacy of PCF needs to be
confirmed before its wide implementation, especially in dryland
systems where low soil water content would limit the nutrient
release, reduce nutrient availability to crops and affect the growth
(Li et al., 2018). For split application, weather conditions are
important in determining the “Right timing”, especially in rain-fed
cropland. For example, continuous drought events delayed urea
hydrolysis and affected crop N uptake (Lishu spring maize). For this
reason, fertilizers are usually applied before an expected rainfall
event to insure sufficient water and nutrient supply. In addition,
socio-economic factors like labor and machinery availability are
important considerations when determining application time
(Fig. 8).

4.2. Customizing optimal TMPs for a specific region

TMPs designed following “4R” principles can still have variable
impacts on crop productivity and environmental performances
(e.g., N2O and NH3 emission), due to the inter-annual and spatial
variability of biophysical conditions. For example, urease inhibitors
could significantly increase NUE on alkaline soils at Quzhou site but
had no such positive effect on acid soils at Lishu. In addition, deep
placement treatments increased Quzhou winter wheat grain yield
in the first year but failed in the second year, and N loss mitigation
potential among most TMPs also varied significantly between two
years in Quzhou rotation (Tables S8 and S10). Therefore, regional
long-term experiments are necessary to understand the long-term
effects of TMPs for a specific region.

To identify optimal TMPs for a specific region, regional priorities
could be considered in addition to biophysical conditions. The
distance measurement-based TOPSIS approach was implemented
in this study to determine the TMP closest to the ideal, without
prioritizing specific indicators. However, different regions may
have different management priorities. For example, a county closer
to metropolitan areas may prioritize mitigating air pollutants (e.g.,
NH3) above greenhouse gas emission mitigation (Reche et al.,
2012), while for regions with very low productivity, TMPs
improving soil fertility and achieving higher yield might be prior-
itized (Mwangi, 1996; Pypers et al., 2011). In addition to regional
priorities, optimal TMPs could vary based on the economic in-
centives for implementation.

Finally, the optimal TMPs recommended for a specific region
should not be cast in stone, rather they should be updated regularly
according to changes in soil and climate conditions, as well as
technology advancement. Soil N dynamics, N sources and soil
fertility need to be considered in updating TMPs. Both this and
previous studies found high variation in seasonal soil N residual in
intensive production systems (Figs. S2eS3; Zhou et al., 2016). The
high accumulation of soil mineral N increases the risk of nitrate
leaching and gas emissions, and the N input should be adjusted
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accordingly to maintain the synchrony between crop demand and
soil supply. It is clear that fertilizer inputs could be considerably
reduced by improving application time, place, and products in
China's intensive cropping systems. However, the NUE level from
most TMPs (Quzhou) is still less than the national target or current
level in other countries (e.g., 0.68 in the U.S.), where N fertilizer
input is less than N uptake due to high biological N fixation, manure
substitution, high soil fertility, and full consideration of environ-
mental N sources like deposition (Liu et al., 2010; Vitousek et al.,
2009). Therefore, further improvement on NUE in China requires
careful consideration of soil fertility improvement and other ni-
trogen sources, including biological N fixation, manure substitu-
tion, and deposition.

In this study, the efficacy of nitrification inhibitors could not be
tested at the Quzhou site. This lack of information reduced the
robustness in recommendations guiding nitrification and urease
inhibitors application on alkaline soils, although they were all
tested on acid soils at Lishu site with clear conclusions. Other fer-
tilizer innovations such as liquid products, organic fertilizers or
advanced fertilizer application technologies (e.g., fertigation) were
not incorporated in the design of TMPs. In addition, TMPs should be
tested at additional sites, as the two tested sites are insufficient for
guiding maize-wheat production nationally.

5. Conclusion

China's three sustainability targets-enhanced crop productivity,
environmental performance, and economic benefit can only be
achieved simultaneously by implementing combinations of the
“4R” principles of right rate, place, time and source together. By
evaluating each TMP according to a range of criteria, optimal TMPs
were identified for each site and crop. For summer maize in Quz-
hou, the optimal TMP used basal formula fertilizer followed by
application of calcium ammonium nitrate. For winter wheat at the
same site, split application of basal formula fertilizer and urease
inhibitors provided the best results. For spring maize in Lishu, split
application of basal formula fertilizer and calcium ammonium ni-
trate, and one-time application of nitrification inhibitors performed
similarly and were the best options tested.

Optimal TMPs must be carefully designed to fit site-specific
biophysical contexts in different regions, while considering the
interaction among the rate, time, source and placement of nitrogen.
This work provided some basic guidelines for determining each
“R”: The “Right rate” can be determined by balancing with crop
aboveground N uptake for global grain cropping systems that
without other N source input like biological fixation of nitrogen,
which reduces the difficulties of soil testing; while timing, source,
and placement were varied in order to match crop nutrient de-
mand, as well as local soil and climate conditions. The “Right timing”
must consider the fertilizer products used and local climatic fea-
tures. Split application is not always better than one-time appli-
cation if using enhanced efficiency fertilizers. For the “Right source”,
the selection of enhanced efficiency fertilizers like urease and
nitrification inhibitors should take soil properties (especially soil
pH) into consideration. The “Right place” needs to be designed ac-
cording to characteristics of crop root distribution, and it is possible
to substitute urea deep placement with broadcasting urease in-
hibitors when machinery is unavailable.

Consequently, to provide ongoing guidance on appropriate ni-
trogen management practices throughout China and other regions,
we argue that a national network of long-term agricultural research
should be established, and more case studies that explore the
performance of different TMPs following “4R” principles are
needed. Going forward, more attention should be paid to updating
TMPs, including the use of information systems and crop growth
simulation models to recommend N rate, and other improved
technologies on fertilizer innovation and sound soil conservation
practices. The framework used in this study could be applied to
design and assess TMPs in other regions.
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