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Abstract: Nitrogen (N) fertilizer is essential for agricultural production as it is the main nutrient
driving crop growth. However, in China, only one-third of applied N fertilizer is effectively absorbed
by crops, while the rest leads to significant environmental impacts. In this study, we introduced a
nitrogen threshold boundary (NTB) approach to establish different thresholds for N use efficiency
(NUE) and N surplus without affecting crop yield. We also developed an integrated assessment
framework to systematically evaluate the potential for improving N utilization and reducing environ-
mental impacts in the production of grain crops (rice, wheat, maize, and soybeans) and cash crops
(tea, fruits, and vegetables) at the county level in Fujian Province. Three N management strategies
were evaluated: a scenario with reduced N surplus (S1), a scenario with increased NUE (S2), and a
combined scenario that simultaneously reduces N surplus and increases NUE (S3). The predictions
indicate that, under the aforementioned scenarios, there will be a decrease of 66%, 58%, and 71% in
N application without affecting crop yields, respectively. Correspondingly, N surplus will decrease
by 65%, 56%, and 67%, while greenhouse gas (GHG) emissions will decrease by 54%, 48%, and 57%.
In addition, NUE will increase by 23%, 17% and 25%, respectively. It is notable that scenario S3
demonstrated the greatest potential for improvement. For cash crops, N application will decrease
by 65-78%, NUE will increase by 13-21%, N surplus will decrease by 63-74%, and GHG emissions
will reduce by 66-78%. In contrast, for grain crops, N application will decrease by 27-38%, NUE
will increase by 9-13%, N surplus will decrease by 26-37%, and GHG emissions will reduce by
24-28%. Overall, the potential for improvement is greater for cash crops compared to grain crops. The
application of the assessment framework in this study demonstrates its effectiveness as a valuable
tool for promoting green and sustainable development in conventional agricultural regions.

Keywords: N application; NUE; spatial heterogeneity; GHG emissions; improvement potentials

1. Introduction

Nitrogen (N) fertilizer plays a crucial role in crop production systems and significantly
enhances food security in China [1,2]. Since the 1980s, N application has significantly
increased in China due to the pursuit of higher yields. However, this increase has been
accompanied by a decline in N use efficiency (NUE) [3,4]. In 2021, China used an estimated
18 million tons of N fertilizer, accounting for 34% of total fertilizer applications, with NUE
around 33%. The overuse of N fertilizer not only fails to enhance yields but also causes
environmental issues such as greenhouse gas (GHG) emissions, soil and water pollution,
and biodiversity loss [5,6]. The Chinese government is actively addressing these concerns
by promoting policies, such as ‘Agriculture with High Quality and High Added Value’ (this
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model emphasizes high yield, high efficiency, and high added value, aiming to achieve
sustainable agricultural development and increased farmer incomes by enhancing the
quality and market competitiveness of agricultural products), to reduce unnecessary N
application while maintaining optimal yields [3,7]. A comprehensive assessment is now
needed to explore the potential for improving N utilization, specifically about N rate (N
application per unit area in kg/ha) and NUE. This should be performed alongside an
evaluation of the related environmental impacts.

Various methods have been used to assess N utilization and its environmental impacts
on crops, including questionnaire surveys [8], model simulations [9], field experiments [10],
and scenario analyses. Questionnaire surveys, for example, provide insights into crucial crop
management practices such as crop type, planting density, sowing dates, fertilizer application,
and harvest dates by directly engaging farmers [11]. Nevertheless, they often demonstrate
low response rates and limited effectiveness. Model simulations, such as the Decision Support
System for Agrotechnology Transfer (DSSAT) and Denitrification—-Decomposition (DNDC)
models, along with field experiments, provide valuable tools for optimizing N rates and
exploring potential improvements in grain crop applications [9,12]. However, these methods
are often constrained by input requirements and may be challenging to implement due to
time commitments. The popularity of scenario analysis methods for large-scale studies
can be attributed to their operational simplicity. However, current research primarily
focuses on evaluating the environmental impacts of individual or cereal crops at national or
provincial levels, often overlooking the environmental impacts of cash crops such as fruit,
vegetable, and tea production [5,13,14]. Cash crops have a greater environmental impact
than grain crops. For example, Chinese vegetable production alone accounts for 7.8% of
global fertilizer usage and contributes 6.6% to global GHG emissions [15]. Therefore, the
potential for improving N utilization and its environmental impacts for various crops at a
finer scale remains unclear. Detailed studies can facilitate the implementation of targeted
mitigation measures. In this study, we evaluated N utilization and its environmental
impacts for seven crops, including both grains and cash crops, at the county level, and
quantified the potential for improvement.

In this study, we developed an integrated assessment framework using the nitrogen
threshold boundary (NTB) approach based on NUE and N surplus thresholds. This study
was conducted in Fujian Province and focused on seven crops: wheat, maize, rice, soybean,
tea, vegetables, and fruits. This study aims to (i) assess the spatial variability of N utilization
and its environmental impacts across different scenarios for these crops in various counties
and (ii) evaluate the potential for improvement of N utilization and its environmental
impacts under different scenarios in various counties.

2. Materials and Methods
2.1. Study Area

Fujian Province is located in southeastern China (24°29'-30°04’ N, 113°34’-118°28' E)
and covers an area of 18.6 x 107 ha (Figure 1). Its terrain is predominantly mountainous
and hilly, with major mountain ranges in the western and central regions shaping its
landscape. The province features a dense network of 24 river systems. Under the influence
of the monsoon, Fujian has a warm and humid subtropical marine monsoon climate. The
frost-free period ranges from 250 to 336 days annually, with most areas experiencing over
300 days, which supports a triple cropping system. Fujian’s average annual temperature is
between 17 and 21 °C, and it receives 1400 to 2000 mm of rainfall per year, making it one
of China’s most water-abundant provinces [16]. In terms of cultivated areas, rice, wheat,
maize, soybeans, tea, fruits, and vegetables account for 33%, 0.1%, 2%, 3%, 10%, 23%, and
31% of the total cultivated area, respectively.
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Figure 1. Location of Fujian Province in China and yields of seven crops (a—g). (a) Location of Fujian
Province in China. (b) Topography of Fujian Province. (c-i) The yields of rice, wheat, maize, soybeans,
tea, fruits, and vegetables, respectively. (j) The production of seven crops in Fujian Province.

2.2. Data Collection

This study focuses on seven crops: grain crops (wheat, maize, rice, soybean) and
cash crops (tea, vegetables, and fruits). Crops” harvested area, total stock of livestock,
and crop yield were obtained from the Fujian Statistical Yearbook 2015 and the National
Statistical Yearbook 2015, respectively [17,18]. The N rates for these crops were obtained
from previous studies and the National Compilation of Cost and Benefit Information on
Agricultural Products 2015 [19-21]. Atmospheric N deposition data for China in 2015, at
a spatial resolution of 1 km, were obtained from Jia et al. [22]. The N fixation rates and
N contents (where N content refers to the proportion of N per unit mass of the crop at
harvest) in crops were obtained from previous studies [23-25]. Crop irrigation N data were
obtained from Yin et al. [26].

2.3. Calculation of N Utilization

The N utilization includes the N rate and NUE.
The N rate was obtained from previous studies and statistical yearbooks, and N
application was calculated by multiplying the N rate by the area of the corresponding crop.
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NUE is calculated by dividing N output from crop harvest by total agricultural N
input, which includes inorganic and organic fertilizer N inputs, N fixation, atmospheric N
deposition, and irrigation N. The calculation methods refer to the study by Xing et al. [27].

NUE, = Nayield x 100% (1)
: Na,fer + Na,man + Na,ﬁx + Na,dep + Na,irr
Nayied = Yielda x NC, )

where NUE, represents the NUE of crop a; N, yie1q represents the N output of crop a at
harvest time (kg/ha); N, fer represents the N rate of crop a (kg/ha); Na man represents the
organic fertilizer N input of crop a (kg/ha) [19,28]; N, six represents the N fixation of crop a
(kg/ha) [23,24]; N, gep represents the atmospheric N deposition of crop a (kg/ha); Na irr
represents the irrigation N of crop a (kg/ha);Yield, represents the yield of crop a (kg/ha);
and NC, represents the proportion of N per unit mass of crop a at harvest time (%) [25].

Detailed calculations for manure N (organic fertilizer N input) can be found in
Supplementary Method Section S1 in the Supplementary Material.

2.4. Calculation of Environmental Impacts

Environmental impacts include both N surplus and GHG emissions. GHG emissions
include CHy, NoO, NH3, N leaching, N runoff, and NOx.
The calculation of N surplus is referenced by Zhang et al. [29].

NSa,Sur = Na,fer + Na,man + Na,ﬁx + Na,dep + Na,irr + Na,str - Na,yield (3)

where NS, ur represents the excess N input of crop a (kg/ha); N, ; represents the N rate
of crop a (kg/ha); Na man represents the organic fertilizer N input of crop a (kg/ha); N, fix
represents the N fixation of crop a (kg/ha); N, qep represents the atmospheric N deposition
of crop a (kg/ha); N, jr represents the irrigation N of crop a (kg/ha); Ny str represents straw
return N of crop a (kg/ha) [26]; and N, yie1q represents the N content of crop a at the time
of harvest (kg/ha).

Detailed calculations for straw return N can be found in Supplementary Method
Section S2 in the Supplementary Material.

The GHG emissions consist of CHy and N,O. The calculation of GHG emissions
is derived from Zuo et al. [19]. The CH, emissions were calculated according to the
Intergovernmental Panel on Climate Change (IPCC) Guidelines for National Greenhouse
Gas Inventories [30]. The total N,O emissions from each crop come from both direct N,O
emissions and indirect N, O emissions generated by NOx, NHs, N leaching, and N runoff
emissions, and the calculation was based on previous research [19,30-37]. Finally, we
convert the CHy and N>O to CO;, equivalents using a 100-year global warming potential.

GHG, = N,O, x ;4

g X 265+CH,, x 28 @)

where GHG, represents the GHG emissions of crop a (kg CO; eq/ha); N,O, represents the
N>O emission of crop a (kg NoO N/ha); % is the molecular conversion factor from N to
N,O; CHy, represents the CH, emissions from rice fields (kg CHy C/ha); and 28 and 265
are the global warming potential (GWP).

Detailed calculations for GHG emissions can be found in Supplementary Method
Section S3 in the Supplementary Material.

2.5. Scenario Analysis

We evaluated potential improvements using the NTB approach, applying a compre-
hensive assessment framework based on three scenarios, all without affecting crop yields
(Figure 2). The NTB approach draws primarily from the European Union N Expert Panel
(EUNEDP) report, which sets thresholds for both NUE and N surplus. We assumed that N
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content at harvest, organic fertilizer N input, N fixation, atmospheric N deposition, irriga-
tion N, and straw return N remain unchanged. Using the NUE and N surplus thresholds
as optimal levels and referring to Equations (1) and (3), we calculated the N rates at these
levels and then recalculated the corresponding NUE, N surplus, and GHG emissions using
Equations (1), (3) and (4). This approach aims to optimize N rates to reduce environmental
pollution while maintaining crop yields. This study explores three scenarios: a scenario
with a reduced N surplus (S1), a scenario with an increased NUE (52), and a combined
scenario that simultaneously reduces N surplus and increases NUE (S3). Specifically, S1
aims to keep the N surplus under 80 kg/ha in each county, which ensures meeting mini-
mum food requirements. This scenario is relatively easy to implement, as it only requires
farmers to reduce N fertilizer application to lower the N surplus. S2 assumes an improved
NUE reaching 50% for grain crops [38], 15% for tea [39], 7.5% for fruits, and 40% for
vegetables [29]. To achieve this scenario, several measures are necessary, including the
use of enhanced fertilizers, the application of soil amendments, the adoption of improved
crop varieties, the implementation of sprinkler or drip irrigation for fertilization, and the
practice of no-tillage farming. It is crucial that farmers follow the 4R nutrient stewardship
principles: using the right type of fertilizer, in the right amount, at the right location, and at
the right time. S3 combines aspects of S1 and S2, aiming to maintain an N surplus below
80 kg/ha while increasing crops” NUE. Achieving this scenario would require implement-
ing measures from both S1 and S2. S3 targets situations where S1 counties do not meet
NUE requirements and S2 counties fail to reduce N surplus sufficiently. This combined
approach ensures compliance with both the NUE and N surplus thresholds. Counties that
already meet the NUE and N surplus thresholds will remain unchanged.

e e e e e e

———y

Calculate the potential for improvement in N utilization and its

I
|
1 environmental impacts for multiple crops at the county level. :
e S . L W L M. W S W R S . S . W . . S —— -

Figure 2.
multi-crop production.

] oo HE] g : o Pl
—‘-p: Nrate | i NUE i | Nsurplus { § GHG emissions (N, and CH,) | :
L i o O et IO ot O oot o=
[ 1
el brsss it )
ii Nsurplus ! : : { NUE i :
Reverse e [ i Assuming
derivation l l constant
fomssmmmmmmmmmmmememeee o (R ETSmmmISIInSRmITIRIS \ v
1i81: Crops in countics with a N1 1} 52: Increase the NUE for grain crops in | | yields
—= surplus of more than 80 kg/ha reduce : : : all counties to 50%, for tea to 15%, for
: the N surplus to 80 kg/ha. N |1 fruits to 7.5%, and for vegetables to 40%. :
o o e i e gt e el et o e s
\ )
1
| gt s e e s e ke et i e o e e s S e e e e e el e e e S e i g _.
_: S3: First reduce the N surplus of various erops in each county to 80 kg/ha, and then increase :
Il NUE to the level in S2 if NUE has not reached the level in S2 at this time. 1
______________________________________________________ )

An assessment framework for N utilization and its environmental impacts on

In this study, we referred to the thresholds for N surplus and NUE based on guidelines
from the EUNEP. These thresholds are designed to ensure that grain crop yields meet
the minimum requirements for food, feed, and biofuels. The EUNEP took into account
the demands of various stakeholders, including farmers and national and regional ad-
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ministrators, along with competitiveness requirements. As a result, the recommended
thresholds are 50% for NUE and 80 kg/ha for N surplus in grain crops. Following EUNEP’s
recommendations, we also applied the 80 kg/ha N surplus threshold to cash crops. The
NUE thresholds for different cash crops were determined based on multi-year average
NUE data from developed countries. These thresholds provide farmers with guidelines to
effectively manage N inputs, aiming to reduce excessive N losses to the environment while
maintaining agricultural productivity.

3. Results
3.1. Assessment of Crops” N Utilization and Associated Environmental Impacts in Fujian Province

Fujian Province generally exhibits distinct characteristics, with a lower NUE and
higher environmental impacts from N application in crops. Specifically, the NUE was
20%, and the amounts of N application, N surplus, and GHG emissions were 4.7 x 10° t,
5.2 x 10° t, and 8.2 x 10° t CO, eq, respectively (Figures 3h,p and 4h,p). Notably, fruits
showed the highest N application and total amount of N surplus, reaching 2 x 10° t and
2.3 x 10° t, respectively (Figures 3h and 4h). Rice had the highest total amount of GHG
emissions, followed by fruits with 3.4 x 10° t CO, eq and 2.5 x 10° t CO;, eq, respectively
(Figure 4p). Wheat had the lowest N application, total amount of N surplus, and GHG
emissions at 1.9 x 102, 2 x 102 t, and 1.3 x 10® t CO; eq, respectively (Figures 3h and 4h,p).
Fruits had the highest N rate and N surplus with 367 kg /ha and 424 kg/ha, respectively,
followed by tea with 286 kg/ha and 318 kg/ha (Figures 3f and 4f). Similarly, fruits and
tea exhibited lower NUE values, with 2% and 7%, respectively (Figure 3p). Fruit had the
highest GHG emissions at 4595 kg CO; eq/ha, mainly due to its low N uptake and high
N rate (Figure 4n). In contrast, soybeans demonstrated the lowest N rate (26 kg/ha), N
surplus (60 kg/ha), and GHG emissions (110 kg CO, eq/ha), along with the highest NUE
(72.08%) among all crops (Figures 3d,l and 4d,1). Overall, cash crops exhibited higher levels
of N rates, N surplus, and GHG emissions compared to grain crops. Conversely, NUE
showed an opposite trend.
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Figure 3. Current situation of the N rate for seven crops in the county. (a-g) The N rate of rice, wheat,
maize, soybeans, tea, fruits, and vegetables, respectively, and total N application for seven crops in
Fujian Province (h). Current situation of NUE for seven crops in the county. (i-0) NUE of rice, wheat,
maize, soybeans, tea, fruits, and vegetables, respectively, and NUE for seven crops in Fujian Province (p).
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Figure 4. Current situation of the N surplus for seven crops in the county. (a—g) The N surplus of
rice, wheat, maize, soybeans, tea, fruits, and vegetables, respectively, and the total N surplus for
seven crops in Fujian Province (h). Current situation of GHG emissions for seven crops in the county
(i-0). The GHG emissions of rice, wheat, maize, soybeans, tea, fruits, and vegetables, respectively,
and GHG emissions for seven crops in Fujian Province (p).

There are significant spatial variations in N utilization and its environmental impacts
among crops across counties within Fujian Province. The southern and southeastern coastal
areas, including Huaan County, Nanjing County, and Pingtan County, exhibit higher N
rates, N surplus, and GHG emissions (Figures 3 and 4). In contrast, regions with higher
NUE are mainly situated in the northern and central parts of the province, such as Dehua
County, Jianou City, and Shaowu County. It is noteworthy that the environmental impacts
of cash crops generally exceed those of grain crops across all counties.

3.2. Improvement Potentials for Crop N Utilization and Its Environmental Impacts by Reducing
the N Surplus

Reducing the N surplus can effectively mitigate GHG emissions resulting from N
inputs. Compared to the current situation, the implementation of strategy S1 would
significantly reduce N application, total amount of N surplus, and total amount of GHG
emissions by 3.1 x 10° t (66%), 3.4 x 10° t (65%), and 4.4 x 10° t CO, eq (53%), respectively
(Figure 5b). This adjustment would also increase the NUE in Fujian Province from 20%
to 43% (Figure 5a). In particular, the N rate for all crops would be reduced to less than
80 kg/ha. The reduction in N application would be more than 50% for cash crops and
less than 50% for grain crops. Specifically, there would be notable reductions of 82% for
fruits and 79% for tea. In contrast, the reductions for wheat and soybeans would only be
23% and 21%, respectively (Figures 5c and 6b,d—f). NUE for cash crops would increase
significantly by 19%, surpassing the 13% increase observed for grain crops (Figure 5d).
Among the different crops, maize and tea show significant increases in NUE. The NUE of
maize would increase from 37% to 53% and that of tea from 7% to 23% (Figures 5a and 6j,1).
The N surplus for all crops would be less than 80 kg/ha, and GHG emissions would be
reduced to less than 1000 kg CO, eq/ha for all crops, except rice and maize. The reductions
in both the N surplus and GHG emissions were more pronounced for cash crops than for
grain crops. The most significant improvements were observed for fruits, which saw an
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81% reduction in the total amount of N surplus and an 82% decrease in the total amount of
GHG emissions (Figures 5e,f and 7f,m). In contrast, soybeans showed the least potential
for improvement, with only 11% and 21% reductions in the total amount of N surplus and
GHG emissions, respectively (Figures 5e,f and 7d k).
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various crops under the three scenarios compared with the current situation.
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In S1, there is considerable regional variability in the potential for improving N
utilization and mitigating its environmental impacts. Southeastern counties have a high
potential for enhancing both N utilization and environmental impacts in cash crops and
grain crops. However, reductions in the N rate, N surplus, and GHG emissions were
more pronounced for cash crops compared to grain crops, with less notable improvements
in NUE for cash crops relative to grain crops (Figures 6 and 7). It is noteworthy that
northern counties exhibit potential for improvement in fruit and tea production. In contrast,
soybeans and wheat show lower potential across all counties. Rice, wheat, and vegetables
show notable potential for improvement, especially in the southeastern counties.

3.3. Improvement Potentials for Crop N Utilization and Its Environmental Impacts by
Improving NUE

In S2, N application would be reduced by 2.7 x 10° t (58%), the total amount of
N surplus would be reduced by 2.9 x 10° t (56%), and the total amount of GHG emis-
sions would be reduced by 3.9 x 10° t CO, eq (48%) (Figure 5b). The NUE in Fujian
Province is expected to increase to 37%, marking a 17% improvement from the current
situation (Figure 5a,d). After optimization, the N rate for seven crops is reduced to less
than 110 kg /ha (Figure 8). However, it is noteworthy that the N rate for cash crops remains
higher than that for grain crops. A comparison of S2 with S1 shows lower N rates for wheat
(58 kg/ha), maize (71 kg/ha), and vegetables (68 kg /ha) in S2 (Figure 8). The NUE of grain
crops has significantly improved, reaching 57% with a 9% increase. Similarly, the NUE
of cash crops in the same region has also improved, reaching 24% with a 14% increase. It
is noteworthy that the observed increments in NUE are lower than those observed in S1
(Figure 5a,d). In terms of environmental impacts, most crops have reduced their N surplus
to less than 80 kg/ha, with the exception of fruit and tea. The GHG emissions from rice
cultivation exceed 3000 kg CO, eq/ha, while emissions from other crops remain below
1400 kg CO, eq/ha (Figure 9). It is evident that cash crops have the potential for significant
improvement. Specifically, fruits have demonstrated the most substantial reductions in both
the total amount of the N surplus and the total amount of GHG emissions, with decreases
of 69% and 73%, respectively (Figures 5e,f and 9f,m). The potential for improvement in the
N surplus and GHG emissions is greater for wheat, maize, and vegetables compared to S1,
while the opposite is observed for other crops.

The spatial distribution of indicators follows the trends seen in S1, with notable
changes concentrated in the southern counties (Figures 8 and 9). Specifically, certain
counties in northern Fujian Province show significant potential for improvement in the N
rate, NUE, N surplus, and GHG emissions, especially for cash crops. Conversely, regions
with greater potential for improving grain crops are primarily found in the southern and
southeastern coastal counties. In the central counties, the NUE for tea and vegetables has
already reached satisfactory levels and does not require further adjustments. Additionally,
the NUE for rice, wheat, and soybeans meets the standards in most counties, except
for a few in the southeast. Compared to S1, fewer counties in S2 need adjustments for
various crops.

3.4. Improvement Potentials for Crop N Utilization and Its Environmental Impacts by Reducing N
Surplus and Improving NUE

In all three scenarios, S3 shows a greater potential for improvement in both N utiliza-
tion and environmental impacts compared to S1 and S2. Compared to the current situation,
there are significant reductions in N application, total amount of N surplus, and total
amount of GHG emissions by 3.3 x 10° t (70%), 3.5 x 10° t (67%), and 4.6 x 10° t CO, eq
(56%), respectively. In addition, the NUE increases from 20% to 45% (Figure 5a,b). In S3, the
N rate ranges from 20 kg/ha to 70 kg/ha for all crops. Among the crops, rice has the highest
N rate at 68 kg/ha, while soybean has the lowest N rate at 21 kg/ha (Figure 10a,d). It is
noteworthy that fruit showed the greatest reduction in N application, with a 90% reduction
compared to the current situation (Figures 5c and 10f). With the exception of soybeans,
NUE for other crops increased by more than 10% compared to the current situation. In
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particular, maize and vegetables showed notable improvements, with NUE increasing from
36% to 56% and from 25% to 44%, respectively (Figure 5a). Compared to grain crops, cash
crops show a more noticeable increase in NUE. In terms of environmental impacts, the
county’s N surplus ranges from 53 kg/ha to 80 kg/ha for all crops, while GHG emissions
have been reduced to below 800 kg CO, eq/ha after optimization, except for rice and maize.
In particular, fruits showed the greatest potential for improvement in the total amount
of N surplus and the total amount of GHG emissions, with reductions of 82% and 89%,
respectively (Figures 5e,f and 11f,m).
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Figure 8. Potential for reducing the N rate. (a—g) The N rate of rice, wheat, maize, soybeans, tea, fruits,
and vegetables, respectively, and increasing NUE. (h-n) The NUE of rice, wheat, maize, soybeans,
tea, fruits, and vegetables, respectively, at the county scale in S2.

The southeastern counties showed notable decreases in the N rate, N surplus, and
GHG emissions, consistent with the patterns observed under the S1 and S2 scenarios.
Furthermore, both the southeastern and northern regions of Fujian Province demonstrate
a notable enhancement in NUE (Figures 10 and 11). Conversely, the central counties
demonstrate a lower potential for improvement across all crops, especially grain crops.
Notably, the northern counties demonstrate considerable potential for improvement in
maize, tea, fruits, and vegetables. In comparison to S1 and S2, S3 identifies a greater number
of counties that require adjustments.
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Figure 9. Potential for reducing the N surplus. (a—g) The N surplus of rice, wheat, maize, soybeans,
tea, fruits, and vegetables, respectively, and GHG emissions. (h-n) The GHG emissions of rice, wheat,

maize, soybeans, tea, fruits, and vegetables, respectively, at the county scale in S2.
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Figure 10. Potential for reducing the N rate. (a—g) The N rate of rice, wheat, maize, soybeans,
tea, fruits, and vegetables, respectively, and increasing NUE. (h—n) The NUE of rice, wheat, maize,
soybeans, tea, fruits, and vegetables, respectively, at the county scale in S3.
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Figure 11. Potential for reducing the N surplus. (a—g) The N surplus of rice, wheat, maize, soybeans,
tea, fruits, and vegetables, respectively, and GHG emissions. (h-n) The GHG emissions of rice, wheat,
maize, soybeans, tea, fruits, and vegetables, respectively, at the county scale in S3.

4. Discussion
4.1. N Utilization and Its Environmental Impacts in Multiple Crops

Over the past four decades, China has experienced a remarkable 75% increase in grain
production, accompanied by a threefold increase in fertilizer use, especially synthetic N
fertilizers [2]. However, China’s over-reliance on synthetic N fertilizers has led to several
environmental challenges. These include increased GHG emissions, reduced NUE, and in-
creased risks of soil and water pollution and soil acidification [40]. It is noteworthy that the
current application rate of synthetic N fertilizer in China is estimated to be approximately
2-3 times higher than that in developed countries, despite having comparable or even
lower crop yields [41]. This highlights the critical need to reduce N rates to improve NUE,
particularly for cash crops. Our study also supports this conclusion, with predicted results
indicating that the reduction in N application for cash crops will exceed 60% in all three
scenarios, significantly exceeding the 20-40% reduction expected for grain crops. Previous
studies in southeast China achieved a 20% reduction in rice N application using controlled-
release urea (CRU) instead of conventional split applications of urea [42]. However, the
present study predicts a notable 38% reduction in N application to rice through effective
management of both NUE and N surplus, which is higher than previous studies. This
indicates the potential for further improvements in optimizing N utilization in agriculture.

Compared to previous studies in the field, our study identifies a greater potential for
improvement. For example, Zhang et al. conducted 4500 field experiments and used the
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soil surface balance method to establish a benchmark N surplus value of 147 kg/ha for
rice cultivation in southeast China [43]. In contrast, our study utilized the recommended
N surplus values provided by the EUNEP, resulting in a significantly lower value of
72 kg/ha. Wu et al. noted the extensive use of chemical fertilizers in fruit crop production
in China, which contributes to significant GHG emissions [44]. Our results support this
observation, revealing substantial room for improvement in N application, N surplus, and
GHG emissions in fruit production, accounting for more than half of the total improvement
potential. Liang et al. conducted a comprehensive study of GHG emissions from tea
production in several provinces in China, including Hubei, Yunnan, Guizhou, Sichuan,
and Fujian [20]. They implemented the best-recommended fertilizer management practices
and used biomass as an energy source during tea processing, achieving a 58% reduction in
GHG emissions compared to conventional practices. In our study, we further explored the
potential for optimizing N surplus and NUE in tea production. We predict a notable 79%
reduction in GHG emissions in Fujian Province by controlling the N surplus and improving
NUE. Notably, this optimization approach proved more effective than the best fertilization
management strategies reported in the literature.

4.2. Fruits Have Great Potential for Improvement

Fruits exhibited the highest N application among all crops, thereby demonstrating
the greatest potential for improvement [45]. This study further confirms that fruits have
the highest improvement potential among various crops. Specifically, N application will
be reduced by more than 70%, NUE will be increased by about 10%, N surplus will
be reduced by more than 69%, and GHG emissions will be reduced by more than 70%.
These improvements can be attributed to three main factors. Firstly, this is linked to the
historical Chinese agricultural practice of predominantly cultivating grain crops since
the late 20th century, driven by the need for food security. This practice has led to a
reduction in soil organic matter content. In orchard construction, substantial N fertilizer
application is essential for enhancing fruit yield [46]. Consequently, maintaining soil
quality and ensuring adequate N input have become increasingly crucial. Secondly, driven
by economic incentives, local farmers have applied excessive fertilizers to boost fruit
yields, often surpassing the optimal application levels for their area [46,47]. Finally, cash
crops generally exhibit lower root density and nutrient uptake capacity compared to grain
crops, requiring higher fertilizer inputs to meet their N needs. Consequently, the effective
reduction in N surplus is critically important for crop production systems [15].

4.3. Feasible Suggestions for N Management

The potential for improvement, as indicated by the assessment, can be realized through
the implementation of various mitigation measures. Firstly, at the governmental level,
effective execution of the land transfer policy is essential to promote land consolidation
and encourage the formation of large-scale farming systems. This approach, as proposed
by Duan et al., has the potential to reduce N fertilizer use while increasing NUE and
minimizing pollution [8]. By consolidating land and adopting efficient farming practices,
such as precision nutrient management, farmers can optimize fertilizer use and minimize
excess nutrient leaching or emissions. Furthermore, the implementation of a Nitrogen
Credit System (NCS) can serve to further incentivize farmers to adopt optimal fertilizer
application and management practices. This system, which involves the collaboration of
local agricultural scientists, farmers, businesses, and government agencies, can generate
a list of recommended measures. Those farmers who adopt these measures may be el-
igible for subsidies, as proposed by Gu et al. [48]. The NCS can serve as a conduit for
knowledge transfer and motivate farmers to adopt sustainable practices, thereby reducing
GHG emissions and improving environmental quality. In addition, substantial government
financial subsidies can play a key role in supporting farmers’ transition to more efficient
and sustainable agricultural practices. To illustrate, the provision of fertilizer subsidies can
help smallholder farmers afford new and more efficient fertilizers, thereby encouraging
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a transition from traditional practices to those that promote improved nutrient manage-
ment and reduced environmental impacts [49]. Such subsidies can serve as incentives
for farmers to adopt innovative technologies and practices that increase the efficiency of
fertilizer use and minimize GHG emissions. These measures should be prioritized for
implementation in the hotspots of Fujian Province with high improvement potential, espe-
cially in the southern and southeastern coastal regions. Secondly, at the individual farmer
level, reducing N fertilizer application is the simplest, most direct, and most effective
approach to mitigating environmental pollution and promoting sustainable agricultural
development [50]. However, it is crucial that farmers adhere to the principles of 4R nutrient
stewardship [51]. Therefore, it is imperative for both governments and farmers to collabo-
rate to achieve the goals of reducing environmental pollution and advancing sustainable
agricultural practices.

The assessment of spatial heterogeneity between counties facilitates the targeted imple-
mentation of mitigation measures across different regions. Firstly, in southern counties with
high N rates for tea and fruit cultivation, it is advisable to promote the use of commercial
organic fertilizers and organic-inorganic compound fertilizers. For tea and fruit-growing
counties in the western mountainous areas, it is recommended that investment be made in
infrastructure improvements such as sprinkler and drip irrigation systems, water—fertilizer
integration, drainage and water storage systems, and mountain-specific transport machines.
Secondly, for counties with high GHG emissions, such as those in southern and south-
eastern coastal regions, it is recommended to promote mitigation measures, such as green
manure cultivation, straw return to fields, commercial organic fertilizers, and digestate
application, in conjunction with the use of nitrification inhibitors. Finally, in vegetable
production areas with high N fertilizer residues, it is advisable to employ innovative facility
equipment and vegetable cultivation techniques. For example, the promotion of com-
mercial organic fertilizers is recommended in the primary production areas of open-field
vegetables, located south of the mouth of the Minjiang River and in hilly inland areas. Fur-
thermore, the implementation of soilless cultivation technology should be encouraged in
the dominant production areas of greenhouse vegetables, which are located in the southeast
coastal and inland northwest regions.

4.4. Limitations and Uncertainties

The scenario analysis conducted in this study demonstrated that reducing N surplus
and improving NUE can effectively enhance crop N utilization and mitigate environmental
impacts. However, it is important to acknowledge that this method has inherent limitations.
Firstly, due to the lack of specific N surplus thresholds for cash crops, we adopted a uniform
N surplus threshold of 80 kg/ha for all crops. Secondly, some calculations utilized non-local
parameters; for example, the N, O fluxes used for vegetables were based on data from
the Yangtze River Delta, a traditional vegetable-growing region [34]. In the absence of
local parameters, we selected values from regions with similar climatic and geographical
conditions. Thirdly, the analysis does not account for carbon emissions or sequestration
associated with changes in agricultural land use. Fourth, field validation is essential for
future work, as factors such as climate, topography, crop varieties, variations in agricultural
practices, and government policies may influence the accuracy of the assessment in actual
agricultural conditions. Although our results require further validation under actual
agricultural conditions, we present an integrated assessment framework that can serve as a
valuable reference for regions with similar conditions. Finally, this study did not consider
the effects of excessive reductions in N application on the soil environment. It has been
demonstrated that excessive reductions in N application can result in soil N depletion
and reduced soil fertility [50]. Therefore, field experiments are necessary to determine
more accurate thresholds for crop N surplus and NUE, as well as the associated GHG
emissions parameters. Concurrently, identifying the optimal N rate for crops is essential
for promoting sustainable agricultural development. In addition, the comprehensive
assessment framework proposed in this study is currently used primarily to assess overall
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averages at the county level to reflect differences between counties. In the future, we will
conduct studies at a finer scale to assess differences between individual fields.

5. Conclusions

The NTB approach provides a framework for assessing the potential for improving
resource use efficiency and reducing environmental impacts by controlling N surplus
and NUE. The simultaneous reduction in N surplus and the improvement of NUE can
result in a reduction in N application, N surplus, and GHG emissions in Fujian Province by
3.3 x 10° t (70%), 3.5 x 10° t (67%), and 4.6 x 10° t CO, eq (56%), respectively. Furthermore,
NUE can be improved by 25%. It is noteworthy that substantial spatial heterogeneity exists
among counties, with the southeastern regions showing the greatest potential for enhancing
N utilization and reducing environmental impacts. The potential for improvement is more
pronounced for cash crops than for grain crops. Among various crops, soybeans show
the least potential for improvement, whereas fruits demonstrate the greatest potential,
accounting for over half of the total improvement potential. Therefore, we recommend
that governments and farmers focus on addressing resource waste and environmental
impacts associated with cash crops. At the same time, measures should be implemented
that contribute significantly to sustainable agricultural development.

The proposed comprehensive assessment framework, based on the NTB approach, is
designed to evaluate county-level N utilization and its environmental impacts for multiple
crops and determine the potential for improvement. The findings of this study provide a
valuable reference for enhancing N utilization and mitigating environmental impacts of
various crops at the county level in agricultural regions.
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