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Abstract:

Nitrogen use efficiency (NUE, defined as the fraction of N input harvested as
product) is an important indicator to understand nitrogen use and losses in croplands as
an element of determining sustainable food production. China, as the country with the
largest amount of nitrogen fertilizer use globally, research into NUE consistently finds
it to be much lower than that in developed countries. Understanding the driving forces
of the underlying causes of this low NUE is thus crucial to improve nitrogen use and
reduce losses in China. Here we applied the CHANS model to estimate cropland NUE
for over 2800 counties in China for the year 2017. Results showed that in most counties
NUE ranged between 20% and 40%, while an NUE > 50% was mainly found in
Northeastern China, likely as a result of large-scale, modern agriculture operations. The
source of N input and crop types significantly affected NUE in our assessment. Nitrogen
deposition, straw recycling, and biological nitrogen fixation (BNF) could improve NUE,
while chemical nitrogen fertilizer and manure inputs reduce NUE. Grain crops have a
much higher NUE compared to vegetables, which are often over-fertilized. Moreover,
NUE in Southern China is strongly influenced by natural factors such as temperature
and precipitation. Specifically, NUE in the Yangtze River Delta (eastern coastal region
of China) is associated with socio-economic factors including GDP and the degree of
urbanization, while in North-central China, NUE is mainly determined by nitrogen input
sources. These examples illustrate that approaches aiming at improving NUE need to be
location-specific with consideration of multiple natural and socioeconomic factors.
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1. Introduction:

As both a critical nutrient for food production and a pollutant to the environment,
nitrogen (N) plays an important role in China’s society, economy and environment (Gu
et al., 2015). Globally, the rate of N input to terrestrial ecosystems has tripled compared
to pre-industrial times as a result of human activities. Although this lead to a boost of
agricultural production, a large proportion of N is lost to the environment due to the
overuse N fertilizer and inefficient N management (Zhang et al., 2015; Cui and
Shoemaker, 2018), which has caused serious environmental pollution such as water
eutrophication and air pollution and not only threatens human health, but also reduces
crop yields (Fowler et al., 2013; Robertson et al., 2013; Yu et al., 2019; Guo et al., 2020) .

China, the world’s most populous country, feeds 18% of the world’s population on
less than 10% of global croplands (Gu et al., 2017). To meet the food demand, synthetic
N fertilizer input per crop area in China is substantially higher compared to that in other
countries (Ju et al., 2009; Zhang et al., 2015) , with nearly 30% of global fertilizer applied
to Chinese cropland (FAO, 2017). China’s grain production increased by 74% from 354
million tons in 1982 to 618 million tons in 2017 (Fowler et al., 2013; Cui and Shoemaker,
2018). The average cropland NUE in China was around 32% in 2017, much lower than
the world average at 55% (MOA, 2017a). While too little N inputs is known to lead to
poor productivity, too much N input results in environmental risks (Tilman et al., 2001;
Liu et al., 2007), illustrating the need for integrated N management in agricultural
systems. How to maximize the harvest of N input as products and achieve a balance
between increasing grain yields while not causing damage to the natural environment is
a crucial challenge for China (Cassman et al., 2003).

NUE is a powerful indicator to help to address the challenges of food security,
environmental degradation and climate change in a consistent way (Sheldrick et al., 2003;
Galloway et al., 2008; Zhang et al., 2015; Yu et al., 2019). Chinese policymakers have
implemented a range of measures to increase overall NUE of agricultural systems, such
as the “Zero Chemical Fertilizer Increase” by 2020 (MOA, 2015), or the “Action Plan
for Manure Nutrient Usage” (2017-2020) (MOA, 2017b). However, regional differences
in climate, agricultural practices and socioeconomic parameters lead to large variations
in cropland NUE across China, reducing the effectiveness of policy measures (Le Noé
et al., 2017; Swaney et al., 2018) . To understand the driving forces of cropland NUE,
previous studies have investigated cropland NUE at provincial scale in China (Yan et al.,
2022) . Yet, this spatial scale has been identified as too coarse for determining effective
management approaches for NUE for agricultural sustainability due to the large
variations of NUE between different counties within a province. Given the availability
of socioeconomic data, county scale is the finest scale that could currently be used to
analyze the driving forces of cropland NUE in a more meaningful way.

In this study, based on the Coupled Human And Natural Systems (CHANS) N
cycling model developed by Gu et al (2015), combined with detailed socioeconomic
data at county scale, we use PCA (principal component analysis) and multiple regression
analysis, in order to (1) estimate cropland NUE in all counties of China; (2) explore the
driving forces of NUE and (3) assess the contribution of different drivers to NUE, in
order to identify a pathway to improve cropland NUE in China.
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2. Materials and Methods
2.1. System boundary

We calculated cropland NUE in all counties of China based on the CHANS N
cycling model (Gu et al., 2015; Gu et al., 2019). CHANS is a mass balance model with
a Nitrogen (N) focus, consisting of 14 subsystems (Cropland, Forestland, Grassland,
Industry, Livestock, Aquaculture, Urban Greenland, Human, Pets, Wastewater treatment
plants, Solid waste treatment, Surface water, Groundwater and Atmosphere), which
combines N input and output fluxes across the 14 subsystems to provide a
comprehensive understanding of the overall N budget and human and natural drivers
affecting it. The agricultural system studied in this paper involves cropland, industry,
livestock, human, atmosphere and surface water subsystems. More details of the
CHANS model were described in the supporting information (SI). A simplified version
of the CHANS can be downloaded for free at https://person.zju.edu.cn/en/bjgu.

2.2. The calculation of N fluxes and NUE

The CHANS N cycling model can estimate N fluxes of 14 subsystems and reduce
the uncertainties of N fluxes calculation by strongly constraining interactions between
different subsystems. We calculated the overall N balance of the relevant subsystems
first, then the N fluxes involved in NUE calculation from the subsystems were extracted
from the overall budget. The principle of the CHANS model is the mass balance of the

whole system and each subsystem:
m n

14
IN, =) OUT, + z ACC,
1 g k=1

h= =1

(1)
where IN (Tg) and OUT (Tg) represent the total N input (e.g. fertilizer to cropland, BNF,
N deposition) and N output (e.g. grain yields, losses to environment) respectively, and
ACC (Tg) represents N accumulation that is calculated as the difference of inputs and
outputs. If there is N flow from one subsystem to another, the flux in the two related
subsystems should be equal. This was used to constrain the estimation of N fluxes.

The NUE is calculated as total N in products divided by total N input (Yan et al.,
2014; Zhang et al., 2015). Cropland NUE is defined here as the ratio of total N in the
crop harvested (including grain and straw removed from croplands) divided by the total
N input to the cropland (including N fertilizer, manure, BNF, N deposition and irrigation).
Straw recycled to cropland is the portion of straw that is not removed from the croplands,
which is neither harvested N nor the external N input to the farm, so the straw recycle is
not included in the NUE calculation. The calculation of cropland NUE of each county is
formulated as follow:

Harvested N;

X
Total N input to cropland;

NUE;(%) = 100

(2)
Where NUE; is the cropland NUE in county i. Harvested N;(Tg) is the sum of the yield
of each crop multiplied by their N content, 7otal N input to cropland; (Tg) is the sum N
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inputs from various N sources.

Data involved in NUE calculations in the CHANS N cycling model can be divided
into two categories: (i) socioeconomic information such as crop/livestock production,
population and the N fertilizer usage at county scale were obtained from province
statistical yearbooks, and for data that could not be obtained from these sources,
national-level statistical yearbook data were allocated based on the proportion of
cultivated land area, all statistical yearbooks of 2017 are available at
https://data.cnki.net/Yearbook/Navi?type=type&code=A; (i)  coefficients  and
parameters used for the calculation of N fluxes such as N concentrations in grain and
straw or the rate of BNF were mainly taken from the synthesis of peer-reviewed literature
and field measurements. The most important coefficients and parameters can be found
in Gu et al (2015) and Zhang et al (2017).

2.3. Multiple regression analysis

Although N sources providing inputs to croplands play a decisive role in NUE,
NUE is also significantly influenced by other factors such as climate (Sheng et al., 2011),
economic growth (Yan et al., 2022), urbanization level (Wang et al., 2021), GDP and
crop type (Zhang et al., 2015). To gain a comprehensive understanding of NUE dynamics
in China, N sources of cropland (N fertilizer, BNF, manure, N deposition), straw
recycling to cropland, crop type, GDP per capita, urbanization level, temperature and
precipitation were selected as parameters for a multiple regression analysis. Some
counties were excluded from the analysis due to missing data. Data on crop type, GDP
per capita and urbanization level for each county were obtained from the provincial
statistical yearbook of 2017. Raster data of temperature and precipitation with a spatial
resolution of 1km x lkm were downloaded from the China Meteorological Data Web
(http://data.cma.cn/) as well as Fick and Hijmans (2017), and the raster contained in each
county was averaged as the temperature and precipitation data for that county by
applying the spatial statistical tool of GIS. The strong negative correlation between N
fertilizer and BNF is subject to co-linearity in multiple regression analyses, leading to
changes in their positive and negative correlations with NUE. For example, BNF and
NUE showed a negative correlation, inconsistent with previous studies (Lassaletta et al.,
2014). Therefore, four regression models, controlling for other variables, both N
fertilizer and BNF are considered, N fertilizer only, BNF only and neither of the two,
were designed to eliminate this co-linearity and to correctly identify the relationship
between NUE and driving factors. Furthermore, we carried out regressions of single
drivers against NUE within several provinces as case studies to validate the multiple
regression results. All statistical analyses were performed using the Stata statistical
software package. We set the following equation of Model 1 using county-level data of
2017, other models are adapted on this basis according to their selection of drivers:
NUE =a-Nfer + f-BNF +y-Manure + 6 - Ndep + ¢ - Straw + € - Grain + 0 -
Vegfruit + 9; - LnPGDP? + 9, - LnPGDP + u, - Urban? + u, - Urban + m - Tem +
p,-Pre?+p,-Pre+ao

)

a,B,v,0,6,€,0,9,u,mp and o are coefficient calculated by regression analysis.
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Nfer denotes the % of N inputs from N fertilizer; BNF denotes the % of N inputs from
biological N fixation; Manure denotes the % of N inputs from the sum of human and
livestock excreta recycled to cropland; Ndep denotes the % of N inputs from N
deposition (total dry and wet deposition); Straw (1000 kg ha™!) denotes the amount of N
recycled to the field from the straw per hectare (ha). Grain (Million ha) refers to the
harvested area of grains, and Vegfruit (Million ha) refers to the harvested area of
vegetables and fruits. LePGDP (USD) is the logarithm of GDP per capita. Urban (%)
refers to the urbanization level, 7em (°C) refers to the average temperature and Pre (mm)
refers to accumulative precipitation across the year. LnGDP?, Urban® and Pre? are the
quadratic of LnGDP, urbanization level and precipitation respectively.

2.4. The contribution of drivers to NUE

In addition to the drivers of the multiple regression analysis, we also added other
properties which are subject to large regional differences and are expected to
significantly affect on NUE, such as clay content (Asseng et al., 2001), soil pH (Zou et
al., 2016) and farm size (Ren et al., 2019) to estimate the relative importance of various
natural and anthropogenic variables that potentially drive geographic variation in NUE
by PCA. Soil clay content and soil PH data were obtained from the Harmonized World
Soil Database (FAO, 2012) and Resource and Environment Science and Data Center
(http://www.resdc.cn/data.aspx?DATAID=264), while farm size data was collected from
the Second National Pollution Census across China in 2017. Where data cannot be found
for some counties, we calculated the average of the surrounding counties and used this
as a proxy. All drivers were classified into three categories by attributes: natural factors
(temperature, precipitation, pH and clay content), socio-economic factors (GDP per
capita, urbanization level, crop type and farm size) and sources (N fertilizer, N deposition,
manure application, BNF, straw recycling). N input through irrigation is not considered
due to data limitations at county scale.

To reduce any effects between predictor variables, both PCA and PCR (principal
component regression) were used to identify the relative importance of each of the driver
variables in each county. At the county scale, through PCA, we transformed the input
variables (which have been normalized by standard deviation) into a new set of variables
(principal components) that were now uncorrelated but still explained all the variation
in the data. Each component has a loading which indicates the correlation between the
principal component and the input variables. We then performed a multiple linear
regression with NUE as the dependent variable and the principal components as the
independent variables, defining the sum of the absolute values of the multiplication of
the regression slope of the PCR by the respective loadings of the PCA as the score for
each variable. As a result, we obtained county-level estimates of the relative importance
of the potential driving variables on NUE. The details of PCA and PCR are as follows:
Comp; = a; - Nfer + ;- BNF +y; - Manure + §; - Ndep + ¢; - Straw + €; - Grain

+ 0, -Vegfruit +9; - Lngdp + y; - Urban + mr; - Tem + p; - Pre + g;
Clay+71;-PH+ @; - Farm + w

(4)
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8
NUE = Z A; - Comp; +v
i=1
()

Comp; denotes the i™ principal component, eight principal components were selected for
this analysis. «,f,v,6,¢,€,0,9,u,m,p,0,T and ¢ are loadings of component that
were calculated by PCA. w,A and v are coefficients that need to be estimated. Clay
and PH are soil properties, where Farm (ha) refers to the size of the cropland.

We first calculated the score of each driver on the NUE, and then counted the total
scores of the three types of drivers. Here we showed the calculation of the score for the
natural factors briefly, and so on for other categories. The relative contribution of each
category of drivers to the NUE is calculated by dividing the score of the category by the
total score.

Scorepgiurai = SCOT€tem + ScoTey,e + ScOTe gy + SCOTEPY

8 8 8 8
=Z. |/1i'7-[i|+z' |/1i'pi|+z' |/1i'0-i|+2' 14; - il
=1 =1 =1 =1

Scorenatural

Conyarurai (%) = W x 100
sum

(6)

(7)
Scoreiem, Scorepre, Scoreciay and Scorepy refer to the score of temperature, precipitation,
clay and PH on NUE, respectively. Scorenanra refers to the score of natural factors
(including temperature, precipitation, clay and PH) on NUE. Scoresun refers to the total
score of all 14 variables of the NUE. Conpanrar denotes the contribution of natural
factors to the NUE.

3. Results and discussion
3.1. NUE, N input and crop type

Based on the CHANS model, we calculated the total N input, output, surplus
(defined as N input minus N output as harvest) per hectare (ha) and NUE of all counties
of China in 2017 (Fig. 1). Total N input varied across counties, and values >400 kg N
ha! were mainly found for the south part of the North China Plain, the Sichuan Basin,
and coastal regions in South China. Multiple harvests per year and intensified
agricultural practices are dominant factors leading to higher N input in these regions. N
output is typically much smaller than the input, less than 200 kg ha™! in most counties,
with higher values found in Henan, Hebei, Shandong and Guangxi. This results in an
NUE ranging between 20% and 40% in most counties, with a higher NUE >50%
calculated for Northeast China and parts of Guangxi, where a large amount of sugarcane
production occurs. Regions with high N surplus were consistent with those with high N
input, indicating more N input was not necessarily translated into more yield, but rather
more N losses (Vitousek et al., 2009). Previous studies have also found that agricultural
N practices with N inputs above 550-600 kg N ha! did not considerably boost crop yields,
while resulting in substantial N losses to the environment (Ju et al., 2009) .

We analyzed major N inputs to cropland from N fertilizer, manure application, BNF
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and N deposition in China (Fig. 2). N fertilizer was the dominant N source to croplands,
accounting for more than 40% of total N input in most regions, with the exception of
Northeastern China. In Northwestern China and coastal areas of Southeast China, values
for N fertilizer input exceeded 70% of total N input. Farm sizes are consistently larger
in Northern compared to Southern China, and studies have highlighted that fertilizer use
typically decreases with farm size (Wu et al., 2018). Moreover, a larger share of
vegetable and fruit production occurring Southern China tend to be overfertilized.
Guangxi province is a major center of sugarcane production that also heavily relies on
fertilizer use (Thorburn et al., 2017). In contrast, high BNF rate is mainly found in
Northeastern China and Central China, where large areas cultivating leguminous crops
can be found. Compared to N fertilizer input, BNF is a sustainable, non-polluting, cheap
and more efficient source of N provision to agricultural crops (Ci and Gao, 2004). The
proportion of BNF input increased regionally on a transect from Southern to Northern
China, consistent with the spatial distribution of soybean production, as the symbiotic
relationship between legumes and rhizobia is considered to be the most important N
fixation mechanism (Liu et al., 2011). The BNF rate is also affected by N fertilizer
application, as a high N fertilizer application rate inhibits the activities of N-fixing
bacteria (Pandey et al., 2017). Regions with low BNF values have a significant
proportion of N inputs delivered by N fertilizer application. Soumare et al. also pointed
out that more than 60% of the fixed N inputs globally result from BNF, which is the best
alternative to N fertilizer (Soumare et al., 2020).

As the world’s largest meat and egg producer (Bai et al., 2018), China’s animal
husbandry operations produce around 25% of global manure (Bai et al., 2016; Bai et al.,
2018). Despite farmers considering manure as a nutrient rather than a waste product
(Swaney et al., 2018) , only one-third of manure N in China was recycled to cropland in
2010, while the remaining two thirds are lost as environmental pollution (Bai et al.,
2017). Manure recycling rarely contributes more than 20% of the total N input to the
croplands. Only few regions with predominantly vegetable and fruit production
operations have slightly higher manure input rates compared to other regions. An
increasing of decoupling of animal and crop production (Ju et al., 2005) is an important
driver for low manure recycling rates, since the share of rural households with both crop
planting and livestock raising has sharply declined from 71% in 1986 to only 12% in
2017 (Jin et al., 2021). Tibet, Sichuan and Qinghai have a higher proportion of manure
recycled to croplands, mainly due to cattle manure in these regions as an important
nutrient for crop production where fertilizer supplies and affordability is low (Bai et al.,
2016; Liu and Li, 2018). Of the main sources of N applied to cropland, N deposition
accounts for a smaller proportion, in the range of 10%, with comparatively little variation
between regions.

Cash crops, such as vegetables and fruit typically receive higher N fertilizer inputs
to increase yields and consequently profits. A higher proportion or vegetable and fruit
cultivation in southern coastal areas thus results in a higher proportion of N fertilizer use
(Fig. 2a and 3a). In contrast, the proportion of grain cultivation (rice, wheat and corn)
increases on a gradient from southern to northern China (Fig. 3b), in line with a lower
manure recycling ratio. The distribution of bean production is consistent with the BNF
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spatial distribution (Fig. 2¢ and 3c).

3.2. Driving forces

NUE is affected by three major driving factors: natural factors such as precipitation
and air temperature, socioeconomic factors such as GDP per capita and urbanization that
represent the management, and N input sources. The results of the PCA regarding the
three types of drivers and their influence on NUE are shown in Fig. 4. Natural factors
have a greater impact in the southern and coastal areas of China (Fig. 4a), mainly due to
the higher rainfall and climate variations. As the largest economic zone in China, the
Yangtze River Delta is affected by socio-economic factors including economic
development and urbanization (Fig. 4b). In addition, Yunnan is also affected by socio-
economic factors due to the prevalent cultivation of cash crops such as vegetables, fruit,
flowers and tobacco (Fig. 4c). NUE in North-central China is primarily associated with
N inputs, while southern coastal areas are less affected mainly due to the vegetables and
fruits cultivated here have long been overfertilized. Different regions are affected by
different drivers from N input sources to natural and socio-economic factors, illustrating
that the identification of measures for an effective increase in NUE in China needs to
consider local conditions.

The results of the multiple regression analysis showed that the drivers, with the
exception of BNF, remained relatively stable across the different regression models
(Table 1). NUE was negatively related to manure, vegetables and fruits, and positively
related to N deposition, straw recycling and grain production. It is worth noting that in
the case of controlling other variables, NUE was negatively correlated with BNF in
model 1, which considered N fertilizer input, while positively correlated in model 3,
which excluded N fertilizer input. While the relationship between NUE and BNF was
found to be positive for all provinces in China (Table S1). This could be due to the strong
negative correlation between N fertilizer input and BNF (R?=0.5563) which led to an
interaction during the multiple regression analysis, affecting the positivity and negativity
of BNF and NUE. Moreover, NUE has an inverted U-shaped relationship with input,
urbanization level and precipitation and a U-shape relationship with GDP per capita. In
addition, our study shows a positive rather than an inverted U-shape relationship
between temperature and NUE, which is inconsistent with the findings of previous
studies (Peng et al., 2004; Ma et al., 2010). This is due to the fact that China’s cropland
1s mainly located in the cooler northern regions, with only few cropland areas in the
warmer southern regions, leading to a linear, rather than an inverted-U shaped
relationship of NUE with temperature.

3.3. Impact of N input sources

The proportion of each N input source (N fertilizer, manure, BNF, N deposition) on
total N inputs are strongly correlated with NUE (Fig. 5). The relationship between NUE
and total N inputs is marked by an inverted U-shaped curve, with the positive effect of
N input on NUE diminishing and eventually turning negative once input levels exceeded
the optimal rate (Li et al., 2019). China applies twice as much fertilizer per unit area
compared to the US, leading to 50% lower in NUE , confirming that more N fertilizer is
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not more productive, but soil degradation, higher production costs and increased
environmental risks instead (Galloway et al., 2008; Sutton et al., 2011; Lassaletta et al.,
2014; Timilsenaetal., 2015; Juetal., 2016; Yu et al., 2019). NUE is positively correlated
with the relative contributions of N deposition, straw recycling and BNF, but negatively
correlated with N fertilizer and manure application rates. Lassaletta et al. found that
countries with a higher share of BNF rather than N fertilizer in total N inputs have a
higher NUE (Lassaletta et al., 2014). N deposition is an important pathway of delivery
for nutrient to crops, contributing 7% to 13% of terrestrial ecosystem productivity (Zhu
etal., 2021) , especially when other N inputs are scarce. Since N deposition is typically
small compared to other N inputs, a high N deposition proportion normally indicates a
low input of N fertilizer and manure, which in turn results in a higher NUE. China is a
country with abundant straw resources (Zeng et al., 2007). Straw recycling could replace
a portion of the N in fertilizer, which can reduce the application of N fertilizer (Yin et
al., 2018) . In addition, straw recycling improves soil quality through carbon input and
better soil physical structure, which benefits NUE and long-term crop production.

NUE is inversely correlated to manure N input as a share of total inputs, which is in
line with a study by Swaney et al (2018). This is mainly because on the one hand, manure
transport can be prohibitively costly due to the increased spatial disconnect between
livestock and plant production (Zhang et al., 2019). Farmers cannot afford the cost of
long-distance manure recycling and choose to apply excessive amounts of manure
locally instead. Compared to other N inputs, manure recycling is used more often not for
grain, but for vegetable production that has a relatively lower NUE. Since N fertilizer
input to vegetable production is typically excessive at present, an additional application
of manure would not be conducive to yield increases, but rather reduce overall NUE. On
the other hand, partial substitution of mineral fertilizers by manure could increase crop
yields, while the yield response declined with the increasing substitution level (Gai et
al., 2018; Zhang et al., 2020). In particularly, rice yields can be maintained with the rate
of manure replacing N fertilizer is 20% or less (Ding et al., 2018). Therefore, it is not
better to have more manure and less N fertilizer, but a suitable proportional relationship
between both so as to guarantee grain yield.

3.4. Impact of natural and socio-economic factors

Corresponding to the multiple regression results, the response of NUE to drivers in
several provinces as case studies is shown in Fig. 6. An inverted U-shaped relationship
between NUE and precipitation was found, which is in line with the results of Sharma
et al. who showed that within the appropriate range, sorghum yields increase with
increased precipitation, while the decline in sorghum yield may range from 18% to 38%
with excess precipitation (Sharma et al., 2019) . It suggests that extreme climate damages
crop production and reduces the NUE. Previously, we seldom took climate into
consideration when managing N for sustainable agriculture and environmental
protection. In fact, the interaction between climate and N cycle is also important driving
forces for the NUE improvement. Better micro-climate controls such as greenhouse and
irrigation could be used to promote the NUE.

Farmers’ purchasing power of N fertilizer increases with economic development,
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leading to an increase in crop yield and a decrease in NUE (Conant et al., 2013). With
the further development of the economy, people began to pay attention to their own
health and environmental quality and reduced N loss through measures such as applying
efficient N fertilizer, balancing N application with other nutrient amendments, soil
testing and precision fertilization, which also resulting in an increase in NUE (Cassman
et al., 2003; Snyder et al., 2014). Therefore, the NUE in developed regions of China is
expected to be increased with the further growth of economy. However, urbanization
level shows a different pattern with economic growth on cropland NUE, which declines
with urbanization (Yan et al., 2015). This may be due to variations of crop types with
urbanization. With the increase of urban population, suburban vegetable and fruit
production is commonly found, which normally have a substantial low NUE compared
to other crop types. Positive correlations between the proportion of grain area of total
agricultural area and NUE were found in this study while the reverse was observed for
vegetables and fruits. Previous studies have also verified that NUE varies among
different crops, with beans having a higher NUE than cereal crops, while vegetables
typically having the lowest NUE (Zhang et al., 2015; Yan et al., 2022). This means that
the higher the proportion of cereals grown the greater the NUE, and conversely the lower
the NUE for a higher proportion of vegetables. Therefore, improving the NUE for more
food with less pollution require managing multiple driving forces, not only socio-
economic factors but also natural factors. Meanwhile, due to large variation on country
scale, fine scale policy and measure arrangement is also crucial to improve the overall
NUE in China.

3.5. Uncertainty analysis

The uncertainty range in our analysis is mainly related to activity data and
coefficients used in the calculations, all activity data are from statistical yearbooks,
including the Chinese Statistical Yearbook, Provincial Statistical Yearbooks. These are
the most reliable data sources in China. The coefficients such as excretion rate and
nitrogen fixation rate are mainly obtained by summarizing the results published in peer-
reviewed literature. To analyze the extent of uncertainty inherent in such a calculation,
we used a Monte Carlo ensemble simulation to quantify the variability of the NUE and
more details can be found in SI.

4. Conclusion

This paper calculates the NUE of counties in China and systematically studies the
driving forces of the NUE of crop production. The overall NUE of China’s cropland is
still at a low level, mainly due to the excessive use of N fertilizer and a large share of
vegetable and fruit production. Opposite to vegetables, the higher the share of cereals
grown the greater the NUE. The imbalance between N input and N output leading to
massive N lost to the environment. Different regions are affected by different drivers
from N input source to natural and socioeconomic factors, which reminds us that an
efficient increase in NUE in China needs to consider local conditions. The inverted U-
shaped relationship between NUE and urbanization level, precipitation and N input
suggests that too little or too much would both result in significant declines in NUE.
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Combined application of manure and N fertilizer can be effective in increasing yields
and reducing environmental pollution, while the degree of substitution is not as high as
it could be as the yields decrease beyond a certain point.

Acknowledgments

This study was supported by the National Natural Science Foundation of China
(42061124001, 42261144001 and 41822701), National Key Research and Development
Project of China (2022YFD1700014, 2022YFE010118), and Pioneer and Leading
Goose R&D Program of Zhejiang (2022C02008).

References:

Asseng, S., Turner, N.C., Keating, B.A., 2001. Analysis of water- and nitrogen-use
efficiency of wheat in a Mediterranean climate. Plant. Soil 233, 127-143.

Bai, Z., Li, X,, Lu, J., Wang, X., Velthof, G.L., Chadwick, D., Luo, J., Ledgard, S., Wu,
Z., Jin, S., Oenema, O., Ma, L., Hu, C., 2017. Livestock Housing and Manure
Storage Need to Be Improved in China. Environ. Sci. Technol. 51, 8212-8214.

Bai, Z., Ma, L., Jin, S., Ma, W., Velthof, G.L., Oenema, O., Liu, L., Chadwick, D., Zhang,
F., 2016. Nitrogen, Phosphorus, and Potassium Flows through the Manure
Management Chain in China. Environ. Sci. Technol. 50, 13409-13418.

Bai, Z., Ma, W., Ma, L., Velthof, G.L., Wei, Z., Havlik, P., Oenema, O., Lee, M.R.F.,
Zhang, F., 2018. China’s livestock transition: Driving forces, impacts, and
consequences. Sci. Adv. 4, r8534.

Cassman, K.G., Dobermann, A., Walters, D.T., Yang, H., 2003. Meeting Cereal Demand
While Protecting Natural Resources and Improving Environmental Quality. Annu.
Rev. Env. Resour. 28, 315-358.

Ci, E., Gao, M., 2004. Research progress on biological nitrogen fixation. Chinese
Agricultural Science Bulletin, 25-28.

Conant, R.T., Berdanier, A.B., Grace, P.R., 2013. Patterns and trends in nitrogen use and
nitrogen recovery efficiency in world agriculture. Global Biogeochem. Cy. 27, 558-
566.

Cui, K., Shoemaker, S.P., 2018. A look at food security in China. npj Science of Food
2,4.

Ding, W., Xu, X., He, P., Ullah, S., Zhang, J., Cui, Z., Zhou, W., 2018. Improving yield
and nitrogen use efficiency through alternative fertilization options for rice in China:
A meta-analysis. Field Crop. Res. 227, 11-18.

FAOQ, 2012. FAO/IIASA/ISRIC/ISS-CAS/JRC. Harmonized World Soil Database. Italy
and IIASA, Rome. Laxenburg, Austria, Version 1.2.

FAO, 2017. FAOSTAT: FAO Statistical Databases. http://faostat.fao.org/home/E
(accessed 2017).

Fick, S.E., Hijmans, R.J., 2017. WorldClim 2: new 1-km spatial resolution climate
surfaces for global land areas. Int. J. Climatol. 37, 4302-4315.

Fowler, D., Coyle, M., Skiba, U., Sutton, M.A., Cape, J.N., Reis, S., Sheppard, L.J.,
Jenkins, A., Grizzetti, B., Galloway, J.N., Vitousek, P., Leach, A., Bouwman, A.F.,
Butterbach-Bahl, K., Dentener, F., Stevenson, D., Amann, M., Voss, M., 2013. The



480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523

global nitrogen cycle in the twenty-first century. Philos. Trans. R. Soc. B-Biol.
Sci. 368, 20130164.

Gai, X., Liu, H., Liu, J.,, Zhai, L., Yang, B., Wu, S., Ren, T., Lei, Q., Wang, H., 2018.
Long-term benefits of combining chemical fertilizer and manure applications on
crop yields and soil carbon and nitrogen stocks in North China Plain. Agr. Water
Manage. 208, 384-392.

Galloway, J.N., Townsend, A.R., Erisman, J.W., Bekunda, M., Cai, Z., Freney, J.R.,
Martinelli, L.A., Seitzinger, S.P., Sutton, M.A., 2008. Transformation of the
nitrogen cycle: recent trends, questions, and potential solutions. Science 320, 889-
892.

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

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

Gu, B., Lam, S.K,, Reis, S., van Grinsven, H., Ju, X., Yan, X., Zhou, F., Liu, H., Cai, Z.,
Galloway, J.N., Howard, C., Sutton, M.A., Chen, D., 2019. Toward a Generic
Analytical Framework for Sustainable Nitrogen Management: Application for
China. Environ. Sci. Technol. 53, 1109-1118.

Guo, Y., Chen, Y., Searchinger, T.D., Zhou, M., Pan, D., Yang, J., Wu, L., Cui, Z.,
Zhang, W., Zhang, F., Ma, L., Sun, Y., Zondlo, M.A., Zhang, L., Mauzerall, D.L.,
2020. Air quality, nitrogen use efficiency and food security in China are improved
by cost-effective agricultural nitrogen management. Nat. Food 1, 648-658.

Jin, S., Zhang, B., Wu, B., Han, D., Hu, Y., Ren, C., Zhang, C., Wei, X., Wu, Y., Mol,
A.PJ., Reis, S., Gu, B., Chen, J., 2021. Decoupling livestock and crop production
at the household level in China. Nat. Sustain. 4, 48-55.

Ju, X., Gu, B., Wu, Y., Galloway, J.N., 2016. Reducing China’s fertilizer use by
increasing farm size. Global Environ. Change 41, 26-32.

Ju, X., Xing, G., Chen, X., Zhang, S., Zhang, L., Liu, X., 2009. Reducing environmental
risk by improving N management in intensive Chinese agricultural systems. Proc.
Natl. Acad. Sci. U. S. A. 106, 3041-3046.

Ju, X., Zhang, F., Bao, X., Romheld, V., Roelcke, M., 2005. Utilization and management
of organic wastes in Chinese agriculture: Past, present and perspectives. Sci. China
Ser. C-Life Sci. 48, 965-979.

Lassaletta, L., Billen, G., Grizzetti, B., Anglade, J., Garnier, J., 2014. 50 year trends in
nitrogen use efficiency of world cropping systems: the relationship between yield
and nitrogen input to cropland. Environ. Res. Lett. 9, 105011-105019.

Le Noé, J., Billen, G., Garnier, J., 2017. How the structure of agro-food systems shapes
nitrogen, phosphorus, and carbon fluxes: The generalized representation of agro-
food system applied at the regional scale in France. Sci. Total Environ. 586, 42-55.

Li, Y., Li, Z., Cui, S., Chang, S.X., Jia, C., Zhang, Q., 2019. A global synthesis of the
effect of water and nitrogen input on maize (Zea mays) yield, water productivity
and nitrogen use efficiency. Agr. Forest Meteorol. 268, 136-145.

Liu, J., Williams, J.R., Zehnder, A.J.B., Yang, H., 2007. GEPIC — modelling wheat yield



524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567

and crop water productivity with high resolution on a global scale. Agr. Syst. 94,
478-493.

Liu, X., Li, S., 2018. Temporal and spatial distribution of nutrient resource from
livestock and poultry feces and its returning to cropland. Transactions of the
Chinese Society of Agricultural Engineering 34, 1-14.

Liu, Y., Wu, L., Baddeley, J.A., Watson, C.A., 2011. Models of biological nitrogen
fixation of legumes. A review. Agron. Sustain. Dev. 31, 155-172.

Ma, Q., Yu, W., Shen, S., Zhou, H., Jiang, Z., Xu, Y., 2010. Effects of fertilization on
nutrient budget and nitrogen use efficiency of farmland soil under different
precipitations in Northeastern China. Nutr. Cycl. Agroecosys. 88, 315-327.

MOA, 2015. Ministry of Agriculture. Action Plan for Zero Growth of Fertilizer

Consumption by 2020.
http://www.moa.gov.cn/ztzl/mywrfz/gzgh/201509/t20150914 4827907.htm  (in
Chinese).

MOA, 2017a. China Ministry of Agriculture. China Agricultural Yearbooks. China
Agriculture Press: Beijing, China, (accessed 2017).

MOA, 2017b. Ministry of Agriculture. Action Plan for Manure Nutrient Usage.
http://www.moa.gov.cn/nybgh/2017/dbq/201801/t20180103_6134011.htm (in
Chinese).

Pandey, A., Li, F., Askegaard, M., Olesen, J.E., 2017. Biological nitrogen fixation in
three long-term organic and conventional arable crop rotation experiments in
Denmark. Eur. J. Agron. 90, 87-95.

Peng, S., Huang, J., Sheehy, J.E., Laza, R.C., Visperas, R.M., Zhong, X., Centeno, G.S.,
Khush, G.S., Cassman, K.G., 2004. Rice yields decline with higher night
temperature from global warming. Proc. Natl. Acad. Sci. U. S. A. 101, 9971-9975.

Ren, C,, Liu, S., van Grinsven, H., Reis, S., Jin, S., Liu, H., Gu, B., 2019. The impact of
farm size on agricultural sustainability. J. Clean. Prod. 220, 357-367.

Robertson, G.P., Bruulsema, T.W., Gehl, R.J., Kanter, D., Mauzerall, D.L., Rotz, C.A.,
Williams, C.O., 2013. Nitrogen—climate interactions in US agriculture.
Biogeochemistry 114, 41-70.

Sharma, Kannan, Cook, Pokhrel, McKenzie, 2019. Analysis of the Effects of High
Precipitation in Texas on Rainfed Sorghum Yields. Water 11, 1920.

Sheldrick, W., Keith Syers, J., Lingard, J., 2003. Contribution of livestock excreta to
nutrient balances. Nutr. Cycl. Agroecosys. 66, 119-131.

Sheng, W., Ren, S., Yu, G., Fang, H., Jiang, C., Zhang, M., 2011. Patterns and driving
factors of WUE and NUE in natural forest ecosystems along the North-South
Transect of Eastern China. J. Geogr. Sci. 21, 651-665.

Snyder, C.S., Davidson, E.A., Smith, P., Venterea, R.T., 2014. Agriculture: sustainable
crop and animal production to help mitigate nitrous oxide emissions. Curr. Opin.
Env. Sust. 9-10, 46-54.

Soumare, A., Diedhiou, A.G., Thuita, M., Hafidi, M., Ouhdouch, Y., Gopalakrishnan,
S., Kouisni, L., 2020. Exploiting Biological Nitrogen Fixation: A Route Towards a
Sustainable Agriculture. Plants 9, 1011.

Sutton, M.A., Oenenma, O., Erisman, J.W., 2011. Too much of a good thing. Nature 472,



568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611

159-161.

Swaney, D.P., Howarth, R.W., Hong, B., 2018. Nitrogen use efficiency and crop
production: Patterns of regional variation in the United States, 1987-2012. Sci.
Total Environ. 635, 498-511.

Thorburn, P.J., Biggs, J.S., Palmer, J., Meier, E.A., Verburg, K., Skocaj, D.M., 2017.
Prioritizing Crop Management to Increase Nitrogen Use Efficiency in Australian
Sugarcane Crops. Front. Plant Sci. 8.

Tilman, D., Fargione, J., Wolff, B., D'Antonio, C., Dobson, A., Howarth, R., Schindler,
D., Schlesinger, W.H., Simberloff, D., Swackhamer, D., 2001. Forecasting
agriculturally driven global environmental change. Science 292, 281-284.

Timilsena, Y.P., Adhikari, R., Casey, P., Muster, T., Gill, H., Adhikari, B., 2015.
Enhanced efficiency fertilisers: a review of formulation and nutrient release
patterns. J. Sci. Food Agr. 95, 1131-1142.

Vitousek, P., Naylor, R., Crews, T., David, M., Drinkwater, L., Holland, E., Johnes, P.,
2009. Nutrient imbalances in agricultural development. Science 324, 1519-1520.

Wang, S., Bai, X., Zhang, X., Reis, S., Chen, D., Xu, J., Gu, B., 2021. Urbanization can
benefit agricultural production with large-scale farming in China. Nat. Food 2, 183-
191.

Wu, Y., Xi, X., Tang, X., Luo, D., Gu, B., Lam, S.K., Vitousek, P.M., Chen, D., 2018.
Policy distortions, farm size, and the overuse of agricultural chemicals in China.
Proc. Natl. Acad. Sci. U. S. A. 115, 7010-7015.

Yan, T., Wang, J., Huang, J., 2015. Urbanization, agricultural water use, and regional
and national crop production in China. Ecol. Model. 318, 226-235.

Yan, X., Ti, C., Vitousek, P., Chen, D., Leip, A., Cai, Z., Zhu, Z., 2014. Fertilizer
nitrogen recovery efficiencies in crop production systems of China with and
without consideration of the residual effect of nitrogen. Environ. Res. Lett. 9, 95002.

Yan, X., Xia, L., Ti, C., 2022. Temporal and spatial variations in nitrogen use efficiency
of crop production in China. Environ. Pollut. 293, 118496.

Yin, H., Zhao, W., Li, T., Cheng, X., Liu, Q., 2018. Balancing straw returning and
chemical fertilizers in China: Role of straw nutrient resources. Renew. Sust. Energ.
Rev. 81, 2695-2702.

Yu, C., Huang, X., Chen, H., Godfray, H.C.J., Wright, J.S., Hall, J.W., Gong, P., Ni, S.,
Qiao, S., Huang, G., Xiao, Y., Zhang, J., Feng, Z., Ju, X,, Ciais, P., Stenseth, N.C.,
Hessen, D.O., Sun, Z., Yu, L., Cai, W., Fu, H., Huang, X., Zhang, C., Liu, H.,
Taylor, J., 2019. Managing nitrogen to restore water quality in China. Nature 567,
516-520.

Zeng, X., Ma, Y., Ma, L., 2007. Utilization of straw in biomass energy in China. Renew.
Sust. Energ. Rev. 11, 976-987.

Zhang, C., Liu, S., Wu, S., Jin, S., Reis, S., Liu, H., Gu, B., 2019. Rebuilding the linkage
between livestock and cropland to mitigate agricultural pollution in China. Resour.
Conserv. Recycl. 144, 65-73.

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

Zhang, X., Fang, Q., Zhang, T., Ma, W., Velthof, G.L., Hou, Y., Oenema, O., Zhang, F.,



612
613
614
615
616
617
618
619
620
621
622
623
624
625

2020. Benefits and trade-offs of replacing synthetic fertilizers by animal manures
in crop production in China: A meta-analysis. Global Change Biol. 26, 888-900.

Zhang, X., Wu, Y., Liu, X., Reis, S., Jin, J., Dragosits, U., Van Damme, M., Clarisse, L.,
Whitburn, S., Coheur, P., Gu, B., 2017. Ammonia Emissions May Be Substantially
Underestimated in China. Environ. Sci. Technol. 51, 12089-12096.

Zhu, J., Wang, Q., He, N., Yu, G., 2021. Effect of atmospheric nitrogen deposition and
its components on carbon flux in terrestrial ecosystems in China. Environ. Res. 202,
111787.

Zou, Y., Hu, Z., Zhang, J., Xie, H., Guimbaud, C., Fang, Y., 2016. Effects of pH on
nitrogen transformations in media-based aquaponics. Bioresource Technol. 210,
81-87.



626  Table 1. Multiple regression analysis of NUE and drivers

Driving factors Modell Model2 Model3 Model4
Coefficient Standard Coefficient Standard Coefficient Standard Coefficient Standard
error error error error
Nfer (%) -0.6792 0.170 -0.01 0.035 NO NO
BNF (%) -0.6832 0.170 NO 0.02 0.035 NO
Manure (%) -0.7242 0.170 -0.055 0.035 -0.048° 0.016 -0.046° 0.016
Ndep (%) 24782 0.252 3.1722 0.183 3.2832 0.151 3.217° 0.089
Straw (1000 kg ha'") 0.01 0.014 0.008 0.014 0.008 0.014 0.008 0.014
Grain (Mha) 0.5892 0.053 0.5812 0.054 0.5842 0.054 0.5822 0.054
Vegfruit (Mha) -0.233 0.159 -0.239 0.159 -0.268 0.159 -0.249 0.155
Ln PGDP? (USD) 0.005 0.004 0.006 0.004 0.006 0.004 0.006 0.004
Ln PGDP (USD) -0.023 0.025 -0.025 0.025 -0.024 0.025 -0.024 0.025
Urban? (%) -0.1712 0.034 -0.1702 0.034 -0.1722 0.034 -0.1702 0.034
Urban (%) 0.1952 0.038 0.1922 0.038 0.195° 0.038 0.1942 0.038
Tem (102°C) 0.376* 0.079 0.3882 0.080 0.379° 0.080 0.385? 0.080
Pre?(10*mm) -3.0192 0.850 -2.678° 0.849 -2.691° 0.849 -2.679° 0.849
Pre (10*mm) 0.8782 0.258 0.783° 0.258 0.779° 0.258 0.781° 0.258
Province Yes Yes Yes Yes
Number 2249 2249 2249 2249
Adjust R? 0.5899 0.5871 0.5872 0.5873

627 2P <0.001,° P <0.01. Each column represents a separate regression model. Model 1,
628  all factors considered; Model 2, BNF removed; Model 3, N fertilizer removed; Model 4,
629  both BNF and N fertilizer have been removed. Province means province-level regional
630  effect is controlled as the degree of fragmentation of cropland varies from province to
631  province. Mha, Million hectare. Number, the number of samples. Nfer denotes the % of
632 N inputs from N fertilizer; BNF denotes the % of N inputs from biological N fixation;
633  Manure denotes the % of N inputs from the sum of human and livestock excreta recycled
634  to cropland; Ndep denotes the % of N inputs from N deposition; Straw denotes the
635 amount of N recycled to the field from the straw per hectare (ha). Grain refers to the
636  harvested area of grains, and Vegfruit refers to the harvested area of vegetables and fruits.
637  Ln PGDP is the logarithm of GDP per capita. Urban refers to the urbanization level. Tem
638 and Pre are the abbreviations of the average temperature (10>°C) and accumulative
639  precipitation (10* mm) across the year, respectively. Pre? is the quadratic of precipitation.
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Fig. 1. The spatial distribution of NUE of China in 2017. (a) Nitrogen input per

hectare (ha); (b) Nitrogen output per hectare; (c) Nitrogen surplus per hectare; (d) NUE

of China’s croplands.
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Fig. 2. The spatial distribution of main N input sources of cropland in 2017. (a) %
of N inputs from N fertilizer; (b) % of N inputs from the sum of human and livestock
excreta recycled to cropland; (c) % of N inputs from biological N fixation; (d) % of N
inputs from N deposition.
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area for vegetables and fruits; (b) % of total harvested area for grain (including rice,
wheat and corn); (c) % of total harvested area for beans; (d) Total harvested area in 10°
ha.
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677  Fig. 5. The relationship between N input sources and NUE in selected provinces.

678  Each dot represents one county. (a) N input vs NUE in Inner Mongolia; (b) N fertilizer
679  vs NUE in Jiangsu; (¢) Manure vs NUE in Inner Mongolia; (d) BNF vs NUE in Zhejiang;
680  (e) Straw recycle vs NUE in Jilin; (f) N deposition vs NUE in Jiangxi.
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Fig. 6. The relationship between natural, socio-economic factors and NUE in
selected provinces. Each dot represents one county. (a) Temperature vs NUE in Hubei;
(b) Precipitation vs NUE in Shandong; (¢) Ln PGDP (GDP per capita) vs NUE in Inner
Mongolia; (d) Urbanization level vs NUE in Jilin; (¢) Grain vs NUE in Sichuan; (f)

Vegetable + Fruit vs NUE in Anhui.
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