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h i g h l i g h t s g r a p h i c a l a b s t r a c t 

• National NUE has crossed the turn- 

ing point of the environmental Kuznets 

curve. 
• Socioeconomic development dominated 

the changes in N use patterns in China. 
• China might take 20–25 years to achieve 

the targeted NUE of 0.6. 
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a b s t r a c t 

It is never an easy task for China to feed 1.4 billion people with only 7% of the world’s arable land. With nearly 

30% of the world’s nitrogen (N) fertilizer applied, China achieves high crop yields while facing N pollution result- 

ing from excessive N input. Here, we calculate the farmland N budget on the national and regional scales. The N 

use efficiency (NUE) in China increased by 28.0% during 2005–2018. This improvement is due to the reduction 

in fertilization and the improvement of crop management. The fragmented farmland is changing to large-scale 

farmland with the increase in cultivated land area per rural population and the development of agricultural mech- 

anization. This opportunity brings more possibilities for precision farmland management, thus further improving 

NUE. The goal of an NUE of 0.6 may be achieved in the 2040s based on the current development trend. This 

striking N use shift in China has important implications for other developing countries. 
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. Introduction 

The nitrogen (N) supply sustains and increases crop yields for feed-

ng the global population ( Robertson and Vitousek, 2009 ; Canfield et al.,

010 ). In the early 20th century, the discovery of the Haber-Bosch

rocess enabled people to synthesize NH3 much more effectively than

atural processes, which greatly increased the world’s food production
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 Cherkasov et al., 2015 ). The benefits that humans have gained are enor-

ous, but they have come at an enormous cost to both the environment

nd energy resources ( Li et al., 2023 ; Shen et al., 2021 ). Excessive N in-

ut in farmland has resulted in a series of environmental consequences,

ncluding air pollution, greenhouse gas emissions, biodiversity loss, sur-

ace water eutrophication, and groundwater nitrate pollution in many

ountries ( Scanlon et al., 2007 ; Tilman et al., 2011 ; Glibert et al., 2014 ;

hen et al., 2023a ). Furthermore, the long-term N accumulated from

gricultural activities can have negative impacts on water bodies for

ecades, greatly hampering efforts to improve environmental quality

 Van Meter et al., 2018 ; Basu et al., 2022 ). 

Faced with the growing populations of developing countries, there

re serious challenges in maintaining high crop yields while reducing

he environmental impact of excessive N input ( FAO, 2018 ). As the

orld’s largest N synthetic fertilizer application country, China feeds

0% of the global population with only 7% of the world’s cultivated land

nd applies nearly 30% of the world’s synthetic N fertilizer (Table S1 and

able S2) ( Gu et al., 2015 ). In recent years, the Chinese government has

ade great efforts to reduce the negative environmental impact of ex-

essive N input, including encouraging the use of organic fertilizers and

romoting straw return. The results of these measures are remarkable:

he synthetic N fertilizer input in China reached its peak in the 2010s,

nd the utilization rate of organic fertilizers increased. Currently, most

xisting research has assessed the farmland N budget on a national scale

 Zhang et al., 2015 ; Bouwman et al., 2017 ); however, farmland spans

emperate, subtropical, and tropical climates, and different regions have

reat spatial heterogeneity in China. These vast differences in physical

eography and social development have led to regional variations in

ustainable agricultural development, but few studies have taken into

ccount this spatial heterogeneity within China. Therefore, it is crucial

o re-examine the changes in N cycling brought about by socioeconomic

evelopment and geographical differences. 

In response to the great spatial heterogeneity within China, differ-

nt regions require different approaches to agricultural N management.

ere, we assessed the N budget of farmland in China from 2005 to 2018

t the regional scale and analyzed the shifts in N use during this period.

he specific objectives of this study include: (1) quantifying N use and

oss in different regions of China, (2) analyzing the spatial-temporal het-

rogeneity of the N budget in China and exploring its potential driving

orce, (3) summarizing the shift in N use in Chinese farming systems and

uture opportunities. 

. Materials and methods 

.1. Data collection 

The study area covered the whole area of China’s mainland. Tai-

an, Hong Kong, and Macau were not included due to the lack of data.

ere, we built two databases to calculate the N budget: the basic infor-

ation database and the coefficients database. The basic information

atabase mainly includes population, crop harvest area, crop yield, fer-

ilizer, livestock amounts, and precipitation. Notably, all cultivated ar-

as used in this paper were sown areas. These data were taken from the

ational Bureau of Statistics of China (NBSC) and the Food and Agri-

ulture Organization of the United Nations (FAO) database. The NBSC

s the most comprehensive data of China’s provincial data, and the com-

arison of different data sources is shown in the Results section. The

oefficients were used for the calculation of N fluxes, such as the bi-

logical N fixation rate. These coefficients mainly came from field ex-

eriments and observation data in China. We extracted these data from

he literature to establish a comprehensive parameter database. Limited

y data sources, the time series of provincial data is 2005–2018, and

ational data is 1979–2018. Based on the geographical features and ad-

inistrative divisions of China, we divided China’s mainland into seven

egions: North, East, Northeast, Central South, Southwest, Northwest,

nd Qingzang Plateau. The regional-scale assessment results were ag-
34
regated based on provincial results. The Northeast region includes Hei-

ongjiang, Jilin, and Liaoning; the North region includes Beijing, Tian-

in, Hebei, Inner Mongolia, and Shanxi; the East region includes Shan-

ong, Jiangsu, Zhejiang, Fujian, and Jiangxi, the Central South region

ncludes Henan, Hubei, Hunan, Guangxi, and Guangdong; the South-

est region includes Sichuan, Yunnan, Chongqing, and Guizhou; the

orthwest region includes Shaanxi, Ningxia, Gansu, and Xinjiang; the

ingzang Plateau includes Xizang and Qinghai. 

.2. Model description 

We used the N mass balance to calculate and quantify the N inputs

nd outputs of China’s farmland during 2005–2018. The basic balance

ormula is as follows: 

nput = Crop uptake + Loss + Surplus (1) 

N inputs to the farmland system include synthetic fertilizer, manure

including livestock and human manure), biological N fixation (includ-

ng symbiotic and non-symbiotic N fixation), atmospheric deposition

including dry and wet deposition), irrigation and straw return. N loss

ncludes surface runoff, leaching, and gas emission (including NH3 , N2 ,

2 O, and NO). Some minor N budget terms are neglected, such as N loss

y wind erosion and input in seeds. 

The input of synthetic fertilizers includes N fertilizer and compound

ertilizers, with the N content of compound fertilizer calculated as 30%

 Sun et al., 2020 ). Manure returned to the field, also known as organic

ertilizer, was divided into two parts of the calculation: livestock ma-

ure and human manure returned to the field. Regional livestock ma-

ure application is derived from the national total amount (available in

he FAO database) and then downscaled to the provincial scale based

n the livestock number in each area ( Shen et al., 2023b ). Human ma-

ure was calculated based on the rural population and rate of manure

eturning to fields. To ensure accuracy, we also took into account the

opularization rate of harmless toilets in different areas, as rural sewage

reatment facilities have a significant impact on per-capita export coeffi-

ients ( Tong et al., 2020 ). Biological N fixation was determined based on

he fixation rates of different crop types. In this study, crops were catego-

ized into legumes, rice, and others, with each category having distinct

 fixation rates ( Gu et al., 2015 ). Atmospheric N deposition was calcu-

ated based on the atmospheric deposition coefficient, which included

oth dry and wet deposition ( Lu and Tian, 2007 ; Liu et al., 2013 ). This

oefficient considered variations across different regions and times. The

 input of irrigation water was estimated based on the irrigation wa-

er volume and the average irrigation water N concentration. Returning

traw to the field is a method of reusing crop straw resources. It was

stimated based on the amount of N resources in the straw and the rate

t which it was returned to the field. 

For crop uptake, we categorized crops into 11 groups: rice, wheat,

orn, other cereals, legumes, tuberous crops, oil crops, sugar crops, veg-

tables, fruits, and other crops. For each type of crop, two parts were

sed to calculate crop harvest N: seed and straw. Seed N was estimated

ased on crop yields and different crop N contents, while straw N was es-

imated based on crop yields, N content in straw, and the ratio of straw to

rop grain. The loss of gaseous N from farmland was estimated based on

he emission factor, which considered the differences between the north-

rn and southern of China and the different types of farmland (upland

nd paddy fields). The emission factors used in this study are shown in

able S3. Farmland surface runoff and leaching were estimated through

he surface runoff/leaching coefficient and crop harvest area. Three em-

irical models were built to calculate the surface runoff/leaching co-

fficient of each province in different years. These models were con-

tructed using the surface runoff/leaching coefficient of each province

n the first Chinese pollution source census and the provinces’ annual

recipitation in 2007 (the year of the first Chinese pollution source cen-

us) ( Tong et al., 2020 ). Since agricultural non-point source pollution is

riven by precipitation ( Shen et al., 2020 ), employing these models to
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(  
stimate N loss effectively captures the effects of annual precipitation

ariations on N loss. The empirical models are shown as follows: 

Rpaddy = 0 . 96 × 𝑃r − 1 . 16 (2)

Rupland = 0 . 96 × 𝑃r + 2 . 20 (3)

upland = 0 . 60 × 𝑃r + 1 . 97 (4)

here SRpaddy represents the annual surface runoff coefficient of paddy

elds in each province (kg ∙ha− 1 ∙yr− 1 ), 𝑃r represents the annual pre-

ipitation in each province (m), SR upland represents the annual surface

unoff coefficient of uplands in each province (kg ∙ha− 1 ∙yr− 1 ), and 𝐿upland 
epresents the annual leaching coefficient of uplands in each province

kg ∙ha− 1 ∙yr− 1 ). The leaching of paddy fields was neglected in this study.

ll three models are significant ( P < 0.01), and the Pearson’s correlation

oefficients of these models are 0.88, 0.70 and 0.73, respectively. 

.3. Index construction 

To assess farmland N utilization and related environmental impacts

n China, we constructed three indexes: N surplus rate (NSR), N use

fficiency (NUE), and N loss rate (NLR). The calculation methods are

hown as follows: 

SR = Surplus ∕Input (5) 

UE = Crop harvest ∕Input (6) 

LR = ( Gasloss + Surfaceru noff + Leaching ) ∕Input (7) 

NSR, NUE, and NLR represent different paths of farmland N. Indeed,

UE has been proposed as an indicator to assess progress toward the

ustainable Development Goals ( Zhang et al., 2015 ), while NSR and

LR indicate soil N surplus and direct environmental impact. 

. Results 

.1. General budget and spatial heterogeneity 

At the national scale, the N input was 41.4 Gg in 2005, and then

lightly increased to 45.4 Gg in 2014, after which the N input began to

ecrease ( Fig. 1 a). Our results showed that in 2018, synthetic fertilizer

as the major N input in farmland input, accounting for more than 60%
Fig. 1. National farmland nitrogen (N) input (a) 

35
f the total input at the national scale, while manure, irrigation, atmo-

pheric deposition, biological N fixation and straw return accounted for

4.9%, 0.18%, 6.1%, 9.5%, and 4.7%, respectively. Under different N

nput, crop uptake showed a continuous increase, rising from 14.6 Gg

n 2005 to 19.1 Gg in 2018 ( Fig. 1 b). Meanwhile, the total N loss fluctu-

ted between 12.9 Gg and 14.0 Gg. Crop harvest, NH3 , NOx , N2 , surface

unoff, and leaching accounted for 59.67 %, 17.7 %, 1.23 %, 14.46 %,

.02 %, and 2.92 % of the N output, respectively. 

Different regions in China showed obvious spatial heterogeneity

n the farmland N budget. For instance, N input in East China, the

ost developed region, showed a significant decline during 2005–2018

 P < 0.01), while the peak values of N input in the North, Northeast, Cen-

ral South, Southwest, and Northwest China appeared in 2010, 2014,

012, 2014 and 2015, respectively (Fig. S1). Except for East China and

he Qingzang Plateau, N output in other regions increased significantly

ue to the increase in crop yields ( P < 0.01, Fig. S1). 

Due to the spatial heterogeneity in climate and soil, there are great

ifferences in crop selection in different regions ( Fig. 2 a). Northeast,

entral South, East, and Southwest China are the main rice-producing

reas (paddy fields), while Northwest, North, East and Central South

hina are the main maize rice-producing areas (upland) in China. This

ariation leads to different N loss pathways in different regions. Deni-

rification is more likely to occur in anoxic environments, and ammonia

olatilization is the main path of N loss in uplands ( Ju et al., 2009 ).

mmonia volatilization was the greatest N loss path (more than 60%)

n North and Northwest China, while denitrification was the dominant

ne in East and Central South China in 2018 ( Fig. 2 b). Compared to the

as loss, the proportion of N loss to the water bodies (surface runoff and

eaching) was smaller. This proportion was greatest in Southwest and

ortheast China among all regions, accounting for 19.7% and 18.7% of

he total N loss in 2018, respectively. 

Notably, the uncertainties in the estimation of the N loss amount

an be great. Neither the denitrification process nor non-point source

ollution is well constrained on a regional scale anywhere in the world

 Gu et al., 2015 ; Duan et al., 2023 ; Shen et al., 2020 ). Nevertheless, the

mission factor used in this study considered the differences in different

rop systems and different regions; therefore, the proportion of N loss

aths could still reflect the spatial heterogeneity. 

.2. National temporal trend 

The national NUE curve showed a U-shape during 1979–2018

 Fig. 3 a). The national NUE in 1979 was 0.44 and continued to decrease
and output (b) in China during 2005–2018. 
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Fig. 2. Major crop harvest distribution in China and regional nitrogen loss pathway pattern. (a) Distribution, crop harvest area and population density (province- 

scale) in different regions of China in 2018. The histogram shows the crop harvest area of wheat, rice and maize. All histograms have the same axis. The map shows 

the population density of provinces. (b) The proportion of nitrogen loss paths in seven regions of China in 2018. 

Fig. 3. National and regional nitrogen use efficiency (NUE). (a) National NUE during 1979–2018. The brown dots (1979–2018) represent the result of this study 

based on the National Bureau of Statistics of China (NBSC), the blue dots (1979–2018) represent the result of this study based on Food and Agriculture Organization 

of the United Nations (FAO). (b) NUE in different provinces in 2005. (c) NUE in different provinces in 2018. 
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ntil the beginning of the 21st century. The lowest value of China’s NUE

as 0.33 in 2003, when the gross domestic product (GDP) per capita

as 1,090 USD. After crossing the lowest value, the NUE continued to

ncrease and reached 0.44 in 2018. In addition, we also compared the

mpact of different data sources on the NUE calculation results. While

pecific values may vary between data sources (NBSC and FAO) they

hare similar trends ( Fig. 3 a). 
36
.3. Regional temporal trend 

Our results revealed great spatial heterogeneity in China’s N farm-

and budget. NUE and NSR exhibited mirrored changes, with regions

xhibiting high NUE tending to have low NSR ( Fig. 4 , Fig. S2). North-

ast China had the highest NUE (0.65) and the lowest NSR (0.11) among

he seven regions in 2018. The fertilizer input in Northeast China was
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Fig. 4. Temporal changes of nitrogen surplus rate (NSR), nitrogen use efficiency (NUE) and nitrogen loss rate (NLR) in different regions during 2005–2018. (a) 

Northwest China; (b) Qingzang Plateau; (c) Southwest China; (d) Central South China; (e) East China; (f) North China; (g) Northeast China. ‘ k ’ represents the slope. 
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elatively low (30.9% lower than the national average in 2018), but high

rop yields have still been achieved. Contrary to Northeast China, the

ingzang Plateau area had the lowest NUE (0.23) and the highest NSR

0.42) with low fertilizer input. In addition, the NSR in Northwest China

as also relatively high, especially in Xinjiang (Fig. S2). On the tempo-

al scale, except for Northwest China and the Qingzang Plateau, NUE

howed a significant increase during 2005–2018 ( P < 0.01), while NSR

as shown a significant decline ( P < 0.01, Fig. 4 ). Furthermore, NUE val-

es in North, East and Northeast China increased by more than 40 %,

hile those in Southwest China increased by only 20% during 2005–

018. At the same time, NSR showed an opposite pattern ( Fig. 4 ). For

 loss, the average NLR in China was 0.30, and there was no significant

rend during 2005–2018 ( P > 0.01). The NLR exhibited marked regional

isparities, with East China having the highest NLR and Northeast China

he lowest among all regions. 
ig. 5. Comparison of fertilizer input and crop yield among different countries. Fert

ountries and regions in 2018. Values for China are highlighted by dark color. 

37
. Discussion 

.1. Comparison of N budget: China and the world 

Despite the increasing trend, NUE in China is still much lower than

hat in developed countries ( Zhang et al., 2015 ; Bouwman et al., 2017 ).

s a leading global consumer of fertilizers, China’s farmland N bud-

et follows a “high input-high yield ” pattern. China’s N fertilizer in-

ut, measured in kg per hectare, exceeds the global average by 136.7%.

eanwhile, the crop yields (kg ∙ha− 1 ) of wheat, rice, and maize were

igher than the world average by 58.0%, 52.5%, and 6.8%, respectively

 Fig. 5 ). Despite the enormous input of fertilizer and high crop yield,

here is still a gap between China and the countries with the highest

rop yield in the world. The mean yields of wheat in New Zealand, rice

n Australia, and maize in Israel were 65.4%, 47.8%, and 270.8% higher
ilizer input (a), wheat yield (b), rice yield (c) and maize yield (d) for selected 
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han the mean yield in China for 2018, respectively. Contrary to China,

hese high-yield countries do not rely on the high input of fertilizer.

long with China’s ‘high input-high yield’ pattern comes an enormous

mission of pollutants. 

.2. National N use changes through the lens of the environmental Kuznets 

urve 

According to the theoretical curve of the environmental Kuznets

urve (EKC), in the first stage, NUE will decrease with economic devel-

pment due to the expansion of food security, and then increase with

urther economic growth, eventually reaching the theoretical limit of

he crop system ( Zhang et al., 2015 ; Shen et al., 2023b ). The temporal

rend of national NUE from 1979 to 2018 fits the hypothesis of the EKC

ell. Furthermore, unlike a previous study that considered China to be

n the first stage of the EKC ( Zhang et al., 2015 ), our analysis indicated

hat China crossed the turning point in the early 21st century. Here,

olicies in China are considered a major driving force for NUE changes.

In 1978, China initiated an ambitious program of economic re-

orm and opening up, and the household contract responsibility system

HCRS) began to be implemented in rural areas. The HCRS allocates

armland equally to rural householders, which greatly arouses farmers’

nthusiasm for agricultural production and gives farmers more indepen-

ent choices ( Ju et al., 2016 ; Wu et al., 2018 ). Furthermore, thanks to

he national macro regulation that guarantees a stable supply and fer-

ilizer subsidy policies, the fertilizer price in China is lower than that

n the global market. Although this policy has helped farmers to im-

rove their incomes, it has also created a strong incentive for them to

nvest in fertilizers to obtain higher yields, rather than adopting more

dvanced and efficient agronomic practices ( Li et al., 2013 ; Zhang et al.,

015 ). The rapid growth of fertilizer input has led to a downward

rend in NUE. The massive application of fertilizer has brought seri-

us environmental problems to China, including water eutrophication,

ir pollution, and biodiversity loss ( Le et al., 2010 ; Gu et al., 2014 ;

uang et al., 2014 ; Shen et al., 2023a ). At this stage, China sacrificed

he environment to ensure food production. As environmental problems

ecome increasingly prominent, the Chinese government pays more at-

ention to the solutions for environmental problems. In 1998, the Chi-

ese government established the State Environmental Protection Ad-

inistration, and in 2008, it reformed the Ministry of Environmental

rotection. In addition, the successful bid for the 2008 Beijing Olympic

ames has also promoted the awakening of environmental awareness

mong Chinese people. Driven by these factors, China crossed the turn-

ng point of NUE in the early 21st century, and NUE has continued to

ise since then ( Fig. 3 a). Among all regions, North, East and Northeast

hina contributed the most to the national NUE, crossing the turning

oint, as they have a rapid growth rate ( Fig. 4 ). In general, aligned

ith previous studies, agricultural policies, especially fertilizer-related

olicies, were identified as the key driver of NUE changes in China

 Yan et al., 2022 ; Gu et al., 2015 ). In the early period, excessive fer-

ilizer inputs in pursuit of crop yields led to a decrease in NUE, and

hen NUE began to increase as a result of the prominence given to envi-

onmental protection and greater emphasis on sustainable agricultural

evelopment. 

Compared to the developed countries, China’s NUE turning point oc-

urred later. For instance, Germany and France saw their turning points

n the 1980s, and the United States reached the turning point in the

990s ( Zhang et al., 2015 ). At the same time, when China reached

ts turning point, per capita GDP was much lower. The United States

eached the turning point at 40,000 USD, while Germany and France

id so at 25,000 USD. China, however, reached the turning point of the

KC with a per capita GDP of just 1,090 USD. This result suggests that,

ompared to developed countries, China has a late-mover advantage in

he agricultural field. Moreover, it underscores that regions yet to reach

 turning point in NUE could potentially benefit from insights drawn

rom China’s experience. 
38
.3. Driving force of the regional N use shift 

The spatial-temporal heterogeneity in the N use pattern is deter-

ined by both physical geography and socioeconomic factors. Over-

ll, fertilizer input is closely related to soil nutrition, and poor soils

ely more on fertilizers to ensure high crop yields. The black soil in

ortheast China has a very high organic carbon (SOC) content, which

an help achieve high crop yields with low fertilizer input (Fig. S1)

 Canfield et al., 2010 ; Ren et al., 2020 ). In contrast, the fertilizer in-

ut in Xinjiang increased by 49.5% during 2005–2015 and peaked

f 242.0 kg ∙ha− 1 in 2015 ( NBSC, 2018 ). The rapid growth of fertil-

zer use in Xinjiang is accompanied by an increase in cropland (in-

reased by 162.7% during 2005–2018), and this newly increased crop-

and was mainly transformed from the Gobi Desert ( Du et al., 2015 ).

he poor soil (desert soil) makes Xinjiang’s crop production depend

eavily on fertilizer input. For temporal trends, in most regions of

hina, the SOC improved between 1980 and 2011 ( Zhao et al., 2018 ),

hich promoted an increase in NUE and a decrease in NSR. SOC se-

uestration is largely attributed to straw return and organic fertilizer

pplication, which are driven by economics and policy ( Zhao et al.,

018 ). 

Socioeconomic development promotes the adoption of advanced

rop management measures, which is considered the key to crossing the

urning point of the EKC ( Zhang et al., 2015 ; Yan et al., 2022 ). From

005 to 2018, China experienced a significant loss of its rural popula-

ion, resulting in a drop in the proportion of the rural population from

6.4% to 39.9% of the total population. However, to a certain extent,

his has promoted the improvement of crop management levels in China

 Wang et al., 2021 ; Shen et al., 2023b ). With the reduction in the ru-

al population, the cultivated land area per rural population increased

y nearly 40% during 2005–2018 ( Fig. 6 d). This expansion of farm-

and scale makes intensive production more feasible ( Ju et al., 2016 ;

u et al., 2018 ). In this paper, we used the mechanical sowing ratio and

echanical harvest ratio to describe the shift in agricultural manage-

ent in China. For spatial differences, northeast, north, and east China

ave a high mechanical harvest ratio (over 65%), while southwest China

as a low mechanical harvest ratio (lower than 20%). The topography

f the region may have influenced these results, as mountainous areas in

he southwest limit the use of agricultural machinery ( Fig. 6 ). Regarding

he temporal trend, the mechanized sowing ratio and mechanical har-

est ratio increased 88.8% and 175.2% during 2005–2018, respectively.

ur results showed that the mechanical sowing ratio and mechanical

arvest ratio were significantly correlated with NUE and NSR ( P < 0.01,

igs. 6 b, 6 c). This result is consistent with the conclusions of previous

tudies that mechanical tillage can improve soil structure and increase

rop yields ( Mu et al., 2016 ; Sang et al., 2016 ; Zhai et al., 2019 ). We

sed a simple linear model to predict the future trends of NUE and NSR

elative to the level of mechanization in China ( Fig. 5 ). To meet the set

UE goal of 0.6, which considers global food demand and N surplus

imits ( Zhang et al., 2015 ), the mechanical harvest ratio needs to reach

ver 90%, which may take China 20–25 years to achieve based on the

urrent trend. 

.4. Opportunities and challenges for future N use in China 

Mechanized and large-scale agricultural management modes are

ore conducive to the implementation of crop management measures.

umerous field experiments and the temporal trends of NSR and NUE

ave shown great potential for improving NUE through crop manage-

ent measures ( Ju et al., 2009 ; Zhang et al., 2016 ; Cui et al., 2018 ;

hen et al., 2021 ). Different crop management measures have different

pplicable conditions. For instance, straw return can increase SOC, but

t can also increase greenhouse gas emissions, especially in paddy fields

nd vegetable fields ( Chen et al., 2013 ; Shang et al., 2021 ). The imple-

entation of crop management measures requires comprehensive con-

ideration of the impact on crop yields, environmental consequences,
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Fig. 6. Changes of cultivated land per rural population (ha), mechanical sowing ratio (%) and mechanical harvest ratio (%) in China during 2005–2018. The 

correlation between cultivated land per rural population (a), mechanical sowing ratio (b), mechanical harvest ratio (c) with nitrogen use efficiency (NUE) and 

nitrogen surplus rate (NSR). ‘ r ’ represents the Pearson correlation coefficient. The cultivated land per rural population (d), mechanical sowing ratio (e), mechanical 

harvest ratio (f) in different regions of China in 2005, 2011 and 2018. 
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nd actual social development, among which crop yields have the high-

st rank. 

Over the past decades, China has made great progress in N utiliza-

ion, especially after 2003, achieving increased NUE while feeding hun-

reds of millions of people. This progress has greatly contributed to the

chievement of Sustainable Development Goals, including No Poverty,

ero Hunger, Clean Water and Sanitation, and Responsible Consump-

ion and Production. The way for China to cross the turning point of the

KC and increase NUE provides a good experience for agricultural de-

elopment in many countries in the world, especially in the developing

ountries. 

. Conclusions 

In a rapidly developing country such as China, social economic devel-

pment has dominated the changes in the N budget in farmland. Com-

ared with the high NUE in the developed countries, China’s low NUE

s mainly attributed to the HCRS and fertilizer subsidy policy. It is unre-

listic to reform the existing systems thoroughly, as it involves complex

olitical and economic factors. Nevertheless, with the improvement of

gricultural mechanization, China’s agricultural management mode is

ndergoing great changes. In the context of this striking change, the

UE may reach the goal of 0.6 in the 2040s, with a stable crop yield

nd environmental quality improvements. This shift in farmland N use

atterns that China has experienced is being experienced by many other

eveloping countries in the world. Sharing China’s knowledge can help

hose countries still in the first phase of the EKC to cross the turning

oint. 
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