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Abstract: Achieving a pathway for green development is a critically important challenge for
agriculture in China and beyond. The current study evaluates the effects of a range of management
interventions including planting, fertilizer nitrogen (N) rate optimization and increasing farm size
to promote agricultural green development across the North China Plain (NCP) based on large-
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scale farm surveys. Our results showed that the mean annual N fertilizer rate for wheat-soybean
rotations was much lower than that of wheat-maize and wheat-peanut. Interestingly, our study
indicated strong pre-crop effects of summer soybean (Glycine max (Linn.) Merr.) on the following
winter wheat (Triticum aestivum Linn.) in N saving compared to summer maize (Zea mays Linn.)
and summer peanuts (Arachis hypogaea Linn.), the low N rate for summer soybean and its ‘legume’
carryover effects led to the low N rate, N surplus and N footprint, and high N use efficiency (NUE)
in wheat-soybean. The survey results showed that the optimal N rates for achieving maximum yield
of summer maize, summer peanuts and winter wheat were 229, 249 and 236-260 kg ha™ across the
NCP, respectively. Moreover, better N management is beneficial for reducing the N surplus and
leads to high a NUE and lower N footprint. Generally, large farms applied less N fertilizer than
small farms, thus leading to a lower N surplus and higher N partial factor productivity with the
same yield level. Here we show for the first time that the combinations of crop rotation design,
optimizing N rate application and increasing farm size are very efficient in reducing N fertilizer
applications and the N footprint with stable crop yields, which should play a more important role
in agricultural green development across the NCP and similar regions around the world.

Keywords: Crop rotations; Nitrogen use efficiency; Nitrogen footprint; Nitrogen surplus; North

China Plain

1. Introduction

Agriculture is a critically important contributor to China’s Carbon Peak and Carbon Neutral
Strategy (CPCNS) (P.R.C., 2021). Agricultural green development has been recognized as the
primary task during China’s agricultural transformation period throughout the 2010s that will
deliver to the CPCNS in terms of achieving high productivity with lower greenhouse gas emissions.
However, it remains challenging to achieve these goals and is the focus of much attention (MARA
2018). The North China Plain (NCP) is China’s largest area of agricultural production for wheat
and peanut, and the second largest for maize and soybean (NBSC 2019). The region is characterized
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by excessive application of mineral fertilizer, particularly nitrogen (N) in order to secure higher
yields (Feng et al., 2020). The oversupply of N fertilizer has also led to reduced N use efficiency
(NUE) and enhanced N losses (i.e. gaseous emissions and leaching) (Hartmann et al., 2015;
Manevski et al., 2016). The current production methods of farmers can be largely optimized by
smallholders navigating a diverse array of personal and environmental demands (Jiang et al., 2021).
Furthermore, crop diversity has declined in the NCP due to increased maize production replacing
part of the soybean area resulting in massively increased consumption of N fertilizers (Zou et al.,
2019). These changes may threaten the agricultural green development in the region. The N
footprint of agricultural production has been used as an indicator for the waste of N resources and
environmental pressures (Einarsson and Cederberg, 2019; Leach et al., 2012). However, the N
footprint of crop production at the farm scale remains uncertain in the NCP due to the limited
samples (He, et al., 2021; Xu et al., 2020). Reducing this uncertainty is vital for developing
effective mitigation efforts and optimization tools to achieve agricultural green development across
the NCP and to realize the United Nations Sustainable Development Goals (SDGS).

The rotational design of cropping systems offers an efficient way to optimize N management
in agricultural production through alternative sequencing to ensure optimal resource use efficiency
(Rahman and Kazal, 2015). Previous studies in the NCP mainly focused on the N management of
single crops in wheat-maize rotation, but little attention has been given to system optimization for
wheat-peanut and wheat-soybean rotations (Cui et al., 2010; Liu et al., 2018). Generally, the
inclusion of legumes within crop rotations reduces synthetic N fertilizer use because of N inputs
by biological nitrogen fixation (BNF) (Jensen et al., 2020; Liu et al., 2011; Peoples et al., 2009). In
addition, previous studies have shown that yield benefits of legumes to the subsequent crops were
highest under low N fertilization, where mineral N could be reduced by about 60 kg N ha™* while
maintaining acceptable yields across Europe (i.e. Preissel et al., 2015). However, the N benefits of
BNF of legume crops and their pre-crop effects have not been fully used in agricultural production
across the NCP. Therefore, the extent to which synthetic N fertilizer for winter wheat can be
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reduced following different summer legume crops compared to the traditional wheat-maize remains
uncertain in the NCP.

Generally, optimizing mineral N fertilizer inputs is another efficient way to increase NUE and
reduce N footprint (Zhang et al., 2021). For example, previous studies have shown that split
fertilization can be beneficial for increasing NUE and reducing N losses (Liu et al., 2019b).
Documenting the optimal N rate is crucial for recommending N application for farmers in
agricultural production. Field studies have shown that maximum yields of winter wheat, summer
maize, summer peanut and summer soybean in the NCP were achieved with the N application at
190-250 kg N ha* (Lu et al., 2014; Ma et al., 2019), 185-280 kg N ha™ (Liu et al., 2019a; Zhou et
al., 2019), 150-225 kg N ha* (Xia et al., 2020; Zhang et al., 2018a) and 60-150 kg N ha™* (Lv et al.,
2020; Zhang et al., 2018hb), respectively, with variation depending on the local weather and soil
conditions. However, most field experiments were conducted for single crop seasons and the
optimal N application rate at the rotation scale are rarely studied (e.g., (Manevski et al., 2016)).
Previous surveys found that the mean N application rate for winter wheat and summer maize was
282 and 234 kg ha, respectively, across NCP before 2014 (Huang et al., 2016; Ren et al., 2019).
Very limited information is available for the optimal N application rates to summer peanut and
summer soybean in the NCP (Hartmann et al., 2015; Liu et al., 2018; Ma et al., 2019). In addition,
large differences exist between the actual production and results from field experiments. This
highlights the importance of identifying the optimal rate and application time of N fertilizer for
individual crops and crop rotations at the rotation scale based on actual agronomic data across the
NCP.

Small farms have historically dominated agricultural production in the NCP, where the farm
size is generally smaller than 3 ha (Cui et al., 2018; Ju et al., 2016). The farm sizes is linked to the
degree of agricultural modernization, especially in using unified irrigation systems, pesticides and
large and effective machines (i.e. Wang et al., 2014). Previous study conducted in the NCP showed
that small farms cultivating wheat-maize rotation apply larger amounts of chemical N fertilizer (on
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average 600 kg N ha™) compared to field experiments, which resulted in low NUE and high GHG
emissions (Feng et al., 2020). In recent years, an increasing number of large farms have been
established in the NCP (Wang et al., 2014), characterized by managers of large farms that have a
higher education level and find it easier to accept new agricultural technologies compared to
smallholder farmers. Such farmers will play a more important role in future agricultural production
(Wang et al., 2017). Increasing the farm scale might have benefits from the economic aspects and
at the national scale through reduced mineral N inputs (Ju et al., 2016). However, whether
increasing farm scale is beneficial for N management, thus promoting agricultural green
development in the NCP, needs further exploration.

The objectives of the current study were therefore to 1) quantify the differences in N rate,
NUE, N surplus and N footprint in the major crop rotations and individual crops across the NCP,
2) evaluate the pre-crop effects of different summer crops on N rate, NUE, N surplus and N
footprint of the following winter wheat, 3) explore N management effects on NUE and N footprint
for each individual crop at the rotation scale, and 4) test if it is beneficial for increasing NUE and
reducing N footprint through increasing farm scale. These objectives were pursued through large-

scale field surveys conducted across the NCP.

2. Materials and methods
2.1 Research area

The study area was conducted in the NCP, mainly included the provinces of Hebei, Henan and
Shandong, municipalities of Beijing and Tianjin; an area with a warm and semi-humid continental

monsoon climate (Fig. 1). The annual mean annual temperature of the NCP is 8-15 °C, the

cumulative rainfall is 500-900 mm and more than 70% of which is concentrated in the summer
season (Ti et al., 2018). The agricultural soils are mainly calcareous and alluvial. Generally, the
pedo-climatic conditions allow double cropping with relative high yields, where wheat-maize was

the dominant cropping system, followed by wheat-peanut and wheat-soybean (Jiang et al., 2020).
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Fig. 1 Distributions of the surveyed counties and villages across the North China Plain (NCP).
Solid red circles represent the locations of survey counties, and the solid green circles show the

distributions of survey villages in Wugiao (A), Yanzhou (B) and Huaxian (C).

2.2 Data collection

The data were collected from surveys conducted in three representative counties across the
NCP, namely Wugiao in Hebei Province, Huaxian in Henan Province and Yanzhou in Shandong
Province (Fig. 1). The counties were selected based on differences in climate, water resources, soil
types, social economics and crop yield levels (Ti et al., 2018). For instance, Wugiao is a county
with high yields but low economic activity. Huxian is a county with high yields and moderate
economic activity, and Yanzhou has high yields and high economic activity. Moreover, all counties
have either high yield demonstration experiments or field experimental stations, which provides

good opportunities for interactions with farmers. The questionnaire used in the study included three
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major topics: 1) Basic farm information, including the types of crops, crop planting area and crop
yield; 2) Crop production information, including the amount of seeds, fertilizers, pesticides, and
diesel for agricultural machinery, electricity input for irrigation in the production process of
different crops; 3) N management information for crops, including the type of fertilizer used, time,
amount and method of fertilizer application, and the ratio of N, P and K in the fertilizer.

All major agricultural townships were visited in each county to thoroughly document
agricultural production. Afterwards, a stratified random sampling was used in each township to
select study villages, and four villages in each township were selected for field survey (Fig. 1). In
each village, we randomly selected 10-20 farm households based on the size of the village (Ti et
al., 2021; Yin et al., 2016), and we interviewed the household head and the manager of the
collective farm face to face. Generally, there were one to three large farms (or collective farms) in
each village in Wugiao and Huaxian, and three to six large farms in most village in Yanzhou. All
guestionnaires were conducted in July and August 2018, and the information for crop production
focused mainly on the year of 2017 and the previous 3 years. During the survey, we first asked the
interviewee whether they had grown either winter wheat, summer maize, summer soybean or
summer peanut in recent years, and interviewee continued only if answered affirmative. In total,
there were 805 households that participated in the survey, and we obtained 792 valid questionnaires
with full records from 91 villages across the NCP, with 289 surveys from Wugiao, 245 from
Huaxian and 258 from Yanzhou. Generally, winter wheat was planted in all surveyed farms, and
the number of the farmers who planted summer maize, summer peanut and summer soybean were

743, 108 and 73, respectively.
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2.3 Data analysis
2.3.1 Calculations of N use efficiency and N surplus

NUE was evaluated using N partial factor productivity (PFP) calculated as:

PFP =Y/Nyqte 1)
where Y represents crop yield after drying to the standard water content at the selling stage (about
12.5% for wheat, 14% for maize, 13% for soybean and 10% for peanut) (kg ha?), N,.4 is the
amount of fertilizer (kg N ha™) applied to the crop. Specifically, the grain yield of peanut was
calculated as 0.71 of the pod weight (the mean ratio of kernel yield to pod yield) in the study (Gao
etal., 2015).

The N surplus calculation was according to Yin et al. (2020):

Nsurplus = Ninput - Noutput (2)

Ninput = Nrate + NBNF + Nseed + Ndeposition (3)

{Noutput =Y X Neontent for wheat, maize and soybean @
Noutput = P X Neontent + Straw X N’ copnrent for peanut

where Nippy: (kg N ha™) is the total N inputs, N, is the mineral N applications , Ngy is
the BNF of legume crops, Nseed iS the N inputs from seed, and Ngeposiion represents atmospheric
deposition, Ny, Was the amount of N exported by crop harvest, specifically, the N exported of
summer peanut include both pods (P) and straws (Straw). Generally, a positive surplus represents
higher N storage in the soil or reactive loss to the environment, while a negative surplus indicates
depletion of the soil total N pool (Yin et al., 2020).

All parameters used in calculating N surplus were obtained from the NCP: the BNF of summer
soybean was set to 57% of the N uptake from aboveground biomass (Guan et al., 2014; Lam et al.,
2012), and the BNF of summer peanut was 41% of N uptake of biomass (Zheng et al., 2019). The
harvest index of 0.40 and 0.41 was set for summer soybean and summer peanut, respectively (Ran
etal., 2021). The average N content for the biomass of summer soybean was 35 g kg™ (Lam et al.,

2012). The average N content of pods and straws for summer peanut was 43 and 16 g kg™,
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respectively (Zhang et al., 2018a). The average N content for the grain of winter wheat, summer
maize, summer soybean and summer peanut were 23, 12, 61 and 47 g kg, respectively (Gao et al.,
2015; Maetal., 2019; Qin et al., 2018; Zhang et al., 2020). The N deposition was 23 and 35 kg ha’

! for the winter wheat and the summer crop growing season, respectively (Zhang et al., 2021).

2.3.2 Calculations of N footprint

The N footprint was calculated using the life cycle assessment (LCA) method proposed by
1SO14044 (ISO 2006). Generally, the N footprint indicates the reactive (Nr) emissions and losses
during the entire process of crop production from cradle to farm gate. The following calculation
was used as described by Xue et al. (2016):

NFs = indirectNF + NVyy, + NEy,o + NLyoz + NRyys+ ()

where NFs is the N footprint per unit area (kg N-eq ha), including both direct and indirect
contributions, the former referring to the active N released into the environment during crop
production, which mainly includes ammonia volatilization (NHs, NVnnz) and nitrous oxide
emissions (N20O, NEnzo) released in the form of gases, and ammonium (NH4*, NRnus) and nitrate
(NOs’, NRno3) that are lost through leaching. Previous studies have shown that nitrate leaching is
the main form of N loss in agricultural production in the NCP (Xu et al., 2020), and ammonium
leaching was ignored as it is typically very low. Therefore, Equation 5 can be simplified as:

NFs = indirectNF + NVyy, + NEy,o + NLyo; (6)

indirectNF = Y. (Qm X fm) (7
where indirectNF is the N footprint caused by substances input in the production. @, is the actual
amount of each substance input in the production, and f,, is the coefficient of active N emission.
The emission coefficients for different types of material inputs were the same as the most recent
studies in the NCP (Chen et al., 2020; Xu et al., 2020). The emission coefficients of soybean and

peanut seeds were used the same value as maize in the study due to the lack of recording in the
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previous study.
The calculation of the active emissions from volatilization (NHs), nitrous oxide (N»O) and

leaching (NO3") are shown in Equations (8-10):

NVt = Fy—inpue X @ X 7 X 0.883 X 1000 ®)
NEn,0 = Fy_input X € X g x 0.476 x 1000 )
NLyo; = Fy—inpue X 8 X 7= X 0.238 X 1000 (10)

where Fy_inpy: 1S the amount of nitrogen fertilizer input, @, &, and § are the emission factors
for NHs, N2O and NOg’, respectively (Tables S1). The eutrophication potential factors for NHs (kg
N-eq ha* of NHs), N2O (kg N-eq ha™ of N,O), NO3 (kg N-eq ha™ of NOs) were obtained from the
CML2002 methodology, and the values were 0.833, 0.476 and 0.238, respectively (Guinee et al.,
2002).

NF, represents N footprint for crop grain yield (g N-eq kg ), which was calculated as follows:

NE, = NF,/Y (11)

2.3.3 Optimal nitrogen rate

Generally, linear plateau models, quadratic plateau models, quadratic models and exponential
models have been the most widely used methods to determine the optimal nitrogen application rate
in agricultural production (Bullock and Bullock 1994; Cerrato and Blackmer 1990; Wang et al.,
2020). Previous studies have shown that the linear plateau model performed best in determining
the optimal N application rate for winter wheat across the NCP (Cui et al., 2010). Therefore, the
linear plateau model was adopted in this study to explore the relationship between crop yield and
fertilization rate based on the survey database across the NCP.

{Y=a+b*x (x <=1x1) (12)

Y=c (x>x)

where Y means crop yield, x means N rate, b is the coefficient, x; is the amount of N fertilizer

10
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when the maximum yield is reached, c is the intercept.
Our preliminary analysis showed that soybean did not reach the maximum yield due to a low
fertilization rate. A linear equation was used to fit the relationship between N rate and yield.
Generally, winter wheat was divided into three types depending on the previous summer crops
in the study, including winter wheat following summer maize (MWW), winter wheat following

summer peanut (PWW), and winter wheat following summer soybean (SWW).

2.3.4 Statistical analyses

In general, the Kruskal-Wallis test was first used to test the differences in N rate, PFP, N
surplus and N footprint between individual crops, crop rotations and farm scales (large vs. small
farms). Afterwards, the pairwise comparisons were applied to evaluate the differences between
each group with p-value adjusted according to the Benjamini & Hochberg method for multiple
comparisons. Subsequently, a linear regression model was used to evaluate the relationship between
N surplus, PFP and N footprint. All analyses were undertaken using R 4.0.2 (R Core Team, 2015),
the spatial distribution of survey counties was displayed using ArcGIS 10.4 (Environmental

Systems Research Institute, Inc., Redlands, CA, USA).

2.3.5 Scenario analysis

Four types of scenario analysis were carried out to explore the effects of proportion of crops
grown, N optimization and increasing farm size on the N application, N footprint and crop yield
for wheat-maize and wheat-soybean across the NCP. Scenario 1 (S1) only considered the crop
proportion that mainly focused on the changes of the summer maize and summer soybean cropping
area without changing farm size and N management; S1-1 represented a ratio of the cropping area
of soybean and maize of 1:5, and S1-2 represents a ratio of 1:11 according to agricultural situation
in NCP. Scenario 2 (S2) considered optimizing N management without changing farm size and

cropping structure; S2-1 used the optimal N application rate based on previous experimental results
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applied to all crops, and S2-2 used the optimal N application rate determined in this study and
applied to all crops. Scenario 3 (S3) considered the changes of farm size without modifying
cropping structure and N management; S3-1 represented large farms, and S3-2 small farms.
Scenario 4 (S4) considered the combinations of farm size, crop proportion adjustment and N
optimization, assuming all farms were large and that the ratio of the cropping area of summer
soybean and summer maize was 1:5. The optimal N rate from experiments was applied for each
crop in this scenario.

The parameters used in the scenario analysis were as follows: The planting areas of winter
wheat, summer maize and summer soybean in the NCP were derived from statistical data. The ratio
of large farms to small farms was estimated based on the area ratio observed in the survey. Based
on previous experiments, the optimal N application rates for winter wheat and summer maize were,
respectively, 220 and 230 kg ha™ (Liu et al., 2019b; Lu et al., 2014; Ma et al., 2019; Zhou et al.,
2019), and the corresponding NFs were 71.6 and 64.8 kg N-eq ha™, and yields are 8.3 and 9.3 Mg
ha, respectively. The optimal N application rate and yield of winter wheat, summer maize and
summer soybean based on the summary of this investigation were described in Section 3.3, and the
corresponding N footprints were 84.2, 64.4 and 18.8 kg ha™’. Due to the large uncertainties of the
optimal N rate for maximum summer soybean yield level from field experiments in the NCP, only

the surveyed N rate and yield for soybean was applied in the scenario analysis.

3. Results
3.1 N managements in crop production across the NCP

Our results showed that the N fertilizer rate differed significantly between the summer crops
grown across the NCP. Specifically, the mean annual N rate was 204, 191 and 46 kg N ha™ for
summer maize, summer peanut and summer soybean, respectively (Fig. 2 A-C). More than 50% of
farmers applied less than 200 kg ha® N to summer maize, while the 71% of N application was
concentrated in 150-240 kg ha™. Similar trends were observed for summer peanut (Fig. 2B). In
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general, N application to summer soybean was between 40 and 60 kg ha™ (Fig. 2C). N management
varied considerably in summer crops across the NCP, and most farmers applied mineral N in
summer maize, summer peanut and summer soybean production at one time during crop growing
season (Table 1). Specifically, 67% of farmers applied all N fertilizer before summer maize sowing,
and 31% applied both basal fertilizer and top dressings during the summer maize growing season.
For summer peanut, 36% of farmers applied all N fertilizer before sowing and 42% applied all N
fertilizer during the flowering stage. Split applications were made by 22% of farmers during the
summer peanut growing season. Most farmers applied all N before the summer soybean sowing.
Interestingly, farmers who split the N application always used more N fertilizer compared to single

applications for all three summer crops (Table 1).
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Fig. 2 Frequency of nitrogen applications in (A) summer maize (SM), (B) summer peanut (SP), (C)
summer soybean (SS), (D) winter wheat following maize (MWW), (E) winter wheat following
peanut (PWW), (F) winter wheat following soybean (SWW), (G) wheat-maize rotation (W-M), (H)
wheat-peanut rotation (W-P) and (I) wheat-soybean rotation (W-S) across the NCP.

The N applications were much lower in SWW compared to MWW or PWW, and the mean N
application value was 264, 274 and 216 kg ha™ for MWW, PWW and SWW, respectively (Fig. 2
D-F). Generally, all farmers used two N applications in wheat production (Table 1). Our results
showed that the annual N rate was much lower in winter wheat-soybean compared with wheat-

maize and wheat-peanut rotations. The mean annual values were 468, 464 and 263 kg ha™ for
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wheat-maize, wheat-peanut and wheat-soybean, respectively (Fig. 2 G-1). Moreover, the high
frequency of annual N application for wheat-maize, wheat-peanut and wheat-soybean was mainly
focused on the ranges of 360-580, 340-560 and 220-300 kg ha™ (Fig. 2 G-1).

Table 1 The amount of base and latter fertilizer of different crops and the proportion of the

number of farmers

Crop BF (kg N ha) TD (kg N hal) TF (kg N ha) Pro. (%)
181.3+33.3 — 181.3+33.3 67.3
SM 156.1+43.5 94.8+41.2 250.9+44 31.1
— 234+44.9 234+44.9 1.6
189.2+53.9 — 189.2+53.9 36.1
SP 93.5+38.4 128.3+41.8 221.9+46.1 22.2
— 174.9+38.2 174.9+38.2 41.7
45.846.0 — 45.846.0 86.3
SS 35.625.9 16.7+1.2 52.4+5.6 6.8
— 48.4+2.8 48.4+2.8 6.8
MWW 122.1424.1 141.9+36.7 264.1+41 100
PWW 127.1+22.9 146.9+43.5 273.9+48.8 100
SWW 114.5+11.6 101.6+13.5 216.1+14.2 100

Note: BF means base fertilizer (kg N ha'), TD means top dressing (kg N ha), TF means total
fertilizer (kg N ha™), Pro. means proportion (%). SM is summer maize, SP is summer peanut, SS
is summer soybean, MWW is winter wheat after maize, PWW is winter wheat after peanut, and

SWW is winter wheat after soybean.

3.2 Crop yield, PFP, N surplus and N footprint
Summer maize yields were about 5 Mg ha™* higher than those of peanut and soybean (Fig. 3A).
Significant differences were observed for PFP between the three summer crops and the mean PFP

for summer soybean, summer maize and summer peanut, which were 70, 42 and 18 kg kg™ N,
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respectively (Fig. 3D). The N surplus was highest in summer maize and lowest in summer peanut,
with a mean N surplus of 140, 48 and 49 kg N ha™ for summer maize, summer peanut and summer
soybean, respectively (Fig. 3G). NFs were much lower in summer soybean compared to summer
maize and summer peanut, and the mean values were 57, 57 and 15 kg N-eq ha™ for summer maize,
summer peanut and summer soybean, respectively (Fig. 4A). The NFy was lowest in summer
soybean and highest in summer peanut, and the mean NFys were 4.7, 6.9 and 17.8 g N-eq kg™ for

summer soybean, summer maize and summer peanut, respectively (Fig. 4D).
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Fig. 3 Distributions of crop yield (A, B, C), nitrogen partial factor productivity (PFP) (D, E, F) and
N surplus (G, H, I) for summer maize (SM), summer peanut (SP), summer soybean (SS), winter

wheat following maize (MWW), winter wheat following peanut (PWW), winter wheat following
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soybean (SWW), wheat-maize rotation (W-M), wheat-peanut rotation (W-P) and wheat-soybean
rotation (W-S) across the NCP. The dashed line corresponds to the Y axis equal to 0.

There were no differences between the yields of MWW, PWW and SWW, that were estimated
at about 8 Mg ha™* (Fig. 3B). Interestingly, significant differences were found for the PPF of winter
wheat following different summer crops in the study, and the mean the PFP value was 38, 31 and
29 kg kg™ N for SWW, MWW and PWW, respectively (Fig. 3E). The N surplus showed a different
pattern to PFP (Fig. 3H), where the mean N surplus was 52, 109 and 120 kg N ha* for SWW,
MWW and PWW, respectively. Both NFs and NFy of SWW were much lower than those of MWW
and PWW (Fig. 4B & E). Our results showed that N leaching was the largest contributor to NFs
and NFy, followed by ammonia volatilization and nitrous oxide emissions. The NFs and NFy

caused by N leaching accounts for 60-70% (Fig. 4 A-B and D-E).
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Fig. 4 Ranges of NFs (N footprint per hectare) (A, B, C) and NFy (N footprint per kg yield) (D, E,
F) of summer maize (SM), summer peanut (SP), summer soybean (SS), winter wheat following

maize (MWW), winter wheat following peanut (PWW), winter wheat following soybean (SWW),
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wheat-maize rotation (W-M), wheat-peanut rotation (W-P) and wheat-soybean (W-S) across the
NCP. The red color represents the indirect NF, the blue color represents the NF caused by released
N2O, the yellow color represents the NF caused by NHjs volatilization, and the green color
represents the NF caused by NOs™ leaching.

Generally, the annual grain yield was highest in wheat-maize rotation and lowest in wheat-
peanut rotation, with mean values of 16.2, 11.0 and 11.5 Mg ha* for wheat-maize, wheat-peanut
and wheat-soybean rotations, respectively (Fig. 3C). Our results showed that PFP was highest for
the wheat-soybean and lowest in the wheat-peanut rotations across NCP, and the mean PFP value
was about 44, 35 and 24 kg N for wheat-soybean, wheat-maize and wheat-peanut, respectively
(Fig. 3F). The N surplus was highest in wheat-maize, followed by wheat-peanut and wheat-soybean,
with mean values of 250, 168 and 101 kg N ha™, respectively (Fig. 31). In general, the NFs of
wheat-soybean were much lower than those of wheat-maize and wheat-peanut rotations, with
means of 143, 143 and 85 kg N-eq ha™ for the respective systems (Fig. 4C). On the other hand,
NFy was lowest in wheat-soybean and highest in wheat-peanut, with means of 7.4, 8.8 and 12.9 g

N-eq kg™ for wheat-soybean, wheat-maize and wheat-peanut, respectively (Fig. 4F).

3.3 N management effects on crop yield and N footprint

Our results identified the threshold N application rate for maize, peanut and winter wheat
across the NCP based on the basis of actual production data. The regression model results showed
that a kg ha™*increase of N applied would lead to 18.4 kg ha™ increase of summer maize yield when
the N rate ranges from 100 to 229 kg ha™ (Fig. 5A). The threshold N rate for summer peanut was
249 kg ha*, where a 1 kg ha increase of N rate would lead to 8 kg ha™ increase of summer peanut
yield below the threshold value (Fig. 5B). The threshold N rate for summer soybean production
was not determined but a 1 kg ha™ increase of N rate would lead to 35 kg ha™ increase of summer
soybean yield under the current N application range (Fig. 5C). The threshold of N rate for winter
wheat varied between different previous summer crops, which were 260, 252 and 236 kg ha™ for
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379 MWW, PWW and SWW, respectively. Specifically, the regression results indicated that an increase

380  of N rate in PWW and SWW contributed more to yield increase than that of summer maize (Fig. 5
381  D-F). According to the optimal N application rate determined in this study, the proportion of
382  farmers in this area with excessive N application rates for winter wheat, maize and peanut was 49%,
383  27%, and 12%, respectively (Figs. 2 & 5).
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385  Fig. 5 Responses of crop yield to N fertilizer application of (A) summer maize (SM), (B) summer
386  peanut (SP), (C) summer soybean (SS), (D) winter wheat after maize (D), (E)winter wheat after
387  peanut (PWW) and (F) winter wheat after soybean (SWW) across the NCP considering different
388  farm scales. LF means large farms, SF means small farms, HX, WQ and YZ represents Huxian,
389  Wugaio and Yanzhou, respectively.
390 The results showed that the increased N surplus led to lower PFP (Fig. S1), and decreased PFP
391  led to a higher N footprint (Fig. S2). Thus an increased N surplus resulted in a higher N footprint
392  (Fig. 6). For all crops, the R? of each regression equation was relatively high and P value was
393  smaller than 0.01. Thus, N surplus provides a good indicator of PFP and NFs.
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Fig. 6 Influences of N surplus on N footprint of (A) summer maize (SM), (B)summer peanut (SP)
and (C) summer soybean (SS), (D) winter wheat after maize (MWW), (E) winter wheat after peanut
(PWW) and (F) winter wheat after soybean (SWW) across NCP. LF means large farms, SF means

small farms, HX, WQ and YZ represents Huxian, Wugaio and Yanzhou, respectively.

3.4 Farm size effects

The average N fertilizer rate was slightly lower for large compared to small-scale farming for
each crop (Fig. 7A-B), and PFP was slightly higher for large than small farms for all individual
crops in the study (Fig. 7D-E) whereas the N surplus was much lower for large than small farms
(Fig. 7G-H). Moreover, large farms had smaller NFs for summer maize, summer peanut, summer
soybean, and MWW, PWW and SWW (Figs. 7J-K). Similar patterns were found for large and small

farms for three rotations in the study (Fig. 7C, F, I&L).
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Fig. 7 Effects of farm scale on N rate, PFP, N surplus, NFs of summer maize (SM), summer peanut
(SP), summer soybean (SS), winter wheat after maize (MWW), winter wheat after peanut (PWW),
winter wheat after soybean (SWW), wheat-maize rotation (W-M), wheat-peanut rotation (W-P) and
wheat-soybean rotation (W-S) in NCP. LF and SF represents the large farms and small farms,

respectively. Different lowercase letters denote significant differences at p < 0.05.
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3.5 Scenarios analysis

The estimated total N application and N footprint for the major crop rotations (wheat-soybean
and wheat-maize) in the NCP was 4.7 million tons 4 million tons of N-eq in 2017, respectively The
corresponding production of winter wheat, maize and soybean was 82.6, 82.5 and 1.7 million tons
of grain yield (Table 2). The scenario analysis showed that adjusting the proportion of soybean in
the rotations would be the most efficient way of reducing the N rate and N footprint in wheat-
soybean and wheat-maize rotations across the NCP (Table 2). The current proportion of soybean
to maize was 1:18, and if the ratio increased to 1:5, the total N rate and N footprint would be reduced
to considerably 4.4 and 1.4 million tons, respectively. On the other hand, the soybean production
would increase to 5.6 million tons, and wheat production would increase by 0.4 million tons due to
the positive pre-crop effects of soybean. Optimizing N rate and increasing farm size would also
reduce N applications and the N footprint, which according to the scenario study would increase
maize and soybean production. Compared to the baseline, increasing the proportion of soybean in
combination with optimization of N fertilizer rates and greater farm size would efficiently reduce

N rate and NF, as well as increasing soybean and wheat production in the NCP (Table 2).

Table 2 Effects of the combinations of planting, N rate application and increasing farm size on N
rate, N footprint and crop yeild for winter wheat (WW), summer maize (SM) and summer

soybean (SS) under different scenarios across the NCP.

N appl NE Yield (Mt) T_otal Area (Mha)
yield

(Mt) (MtN-ea) \ww sSM  SS (M) WW SM  SS

Baseline 4.68 1.43 82.62 8247 173 16682 1041 987 0.54
S1-1 4.45 1.36 83.00 7249 555 161.04 1041 867 1.73
S1-2 4.62 141 8273 79.74 278 16525 1041 954 0.87
S2-1 4.59 1.40 86.39 91.77 195 180.11 1041 9.87 0.54
S2-2 4.98 1.52 86.66 87.83 195 176.44 1041 9.87 0.54
S3-1 4.65 1.42 8239 8289 173 167.01 1041 987 0.54
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S3-2 4.81 1.47 83.48 80.92 173 166.13 1041 987 0.54
S4 4.39 1.34 86.39 80.67 6.25 173.31 1041 867 1.73

Note: Baseline represents the current situation based on the farmer survey, the detailed descriptions

of each scenario was shown in the materials and methods section. .

4. Discussion
4.1 Effects of proportion of maize, soybean and peanut grown
4.1.1 Comparisons of N rate, PFP, N surplus and N footprint between crops and rotations
Our results showed that the mean annual N fertilizer rate of wheat-soybean was about 200 kg
ha™* lower than that of wheat-maize and wheat-peanut rotations (Fig. 2), where the lowest N rate in
wheat-soybean led to the highest PFP and the lowest N surplus. This means that increasing the
proportion of soybean in rotation with wheat would be beneficial for N management in the NCP.
A similar conclusion was reached in a study recently by (Zhang et al. 2021) who showed that
inclusion of soybean into wheat maize rotations in the NCP contributed to high NUE whilst
reducing the overall C footprint. Previous studies have mainly focused on the N fertilizer
management in wheat-maize rotations across the NCP without considering the pre-crop effects of
grain legumes in the wheat-peanut and wheat-soybean systems (Cui et al., 2010; Liu et al., 2018;
Michalczyk et al. 2020). Our results showed that the annual mean N applied to wheat-maize
rotations was 468 kg ha™, which was in the lower range of that previous reported N of 410-588 kg
ha (Feng et al., 2020; Ju et al., 2009). Generally, the annual N rate for winter wheat of 220-260
kg N ha* was consistent with the results of a recent study (Ren et al., 2019). On the other hand, the
surveyed annual N rate for summer maize was also in the range of previous reported annual N
application rates of 172-417 kg ha™* across the NCP based on farmer surveys (Huang et al., 2016).
This is mainly because previous studies were conducted before 2015, and the application of the
“Action Plan for the Zero Increase of Fertilizer and Pesticides Use (APZIFPS)” policy in 2015

promoted the reduction of N rate in crop production across NCP.
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Both NFs and NFy were lowest for wheat-soybean among the three major crop rotations in
the NCP, thus suggesting smaller environmental costs of wheat-soybean compared to the other
rotational systems. On the other hand, even though there was no significant difference for the NFs
between wheat-maize and wheat-peanut, the NFy of wheat-peanut was much higher compared to
wheat-maize, indicating a higher environmental risk of wheat-peanut due to lower yields of summer
peanut compared to summer maize. Nitrate leaching, and ammonia volatilization were the major
contributors to the N footprint at the rotational level (Fig. 4; Xu et al., 2020), which implies better
management in reducing nitrate leaching and ammonia volatilization would be beneficial for

reducing the N footprint.

4.1.2 Pre-crop effects on winter wheat of different summer crops

Our study indicated the benefits of soybean on the following winter wheat in improving NUE,
reducing the N surplus and N footprint without influencing wheat yield (Figs. 3 & 4). Generally,
the lower N rate in wheat-soybean rotations was not only because of the low N inputs in the soybean
growing season, but also the pre-crop effects of soybean. Legume-based rotations have been widely
used in tightening the field N cycle by adding N to the soil in crop residues (i.e. Mawois et al., 2019;
Yigezu et al., 2019), and the positive effects of soybean as the pre-crop on increasing yield and
NUE of the subsequent crops have been observed in various studies (Espinoza et al., 2020; Preissel
et al., 2015). For example, previous studies indicated that N applications for winter wheat can be
reduced by about 60 kg N ha* following legume crops compared to that following cereal crops
without influencing yield (Preissel et al., 2015; Yin et al., 2020). The effects of BNF of legume
crops in reducing N application has been widely recognized in legume-based rotations (Liu et al.,
2011; Peix et al., 2015; Peoples et al., 2009). Moreover, due to the higher N concentrations and
lower C:N ratio, in addition to the nitrogen rhizodeposition of legumes, compared to cereal residues,
the inclusion of legume crops in crop rotations would not only contribute to reduce the use of
external N inputs, but also improve the soil N cycling (Guinet et al., 2020).
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However, the pre-crop effects of peanut on the PWW rotation were not documented in the
study. This is probably because farmers applied large amounts of mineral N in peanut production
to pursue high yield thus neglecting the BNF of the legume crop (Fig. 2). The advantage of BNF
for legume crops disappear with N application rates in excess of 150 kg ha™ (Cernay et al., 2017),
and the high N rate applied to peanut in the NCP probably restrained the BNF process, including
the amount of N exudates from roots. Moreover, peanut is generally grown in sandy soils, which
have relatively low soil fertility and higher needs for mineral N fertilization. On the other hand,
peanut residue contains a relatively large amount of N, and its effective recycling can reduce the
input of fertilizer N to support sustainable agricultural production (Cui et al., 2021). However, the
peanut straw was also harvested from the farmland as feed for animals, resulting in higher needs

for N application in the PWW rotation (Zhang et al., 2018a; Zhang et al., 2019).

4.2 Optimizing N application to increase NUE and reduce N footprint
4.2.1 N rates in crop production

It's widely recognized that the increase of N inputs will improve crop yield below the optimal
N rate, followed by stable yields with N inputs exceeding the threshold value (Cui et al., 2010; Lu
et al., 2014). Our results showed that the optimal N rate for summer maize was 229 kg ha™ across
the NCP (Fig. 5), in line with the reported optimal N rate for maize from field experiments of 185-
280 kg ha* (Liu et al., 2019a; Zhou et al., 2019). Our results showed that the optimal N rate for
winter wheat was 230-260 kg ha™, which was slightly higher than the previously reported optimal
rate of 190-250 kg ha™ (Lu et al., 2014; Ma et al., 2019). This is mainly because previous studies
were all based on field experiments using precise N management strategies, such as water-nitrogen
coupling, soil testing and formula fertilization, which contributed improved NUE compared to the
farmer’s situation (Cui et al., 2010).

Previous studies have shown that the mean annual BNF of soybean and peanut from the
atmosphere can reach 137 and 103 kg ha'?, respectively (Peoples et al., 2009). The BNF contributes
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23-65% and 33-51% of total aboveground N accumulation in soybean and peanut, respectively,
thus additional N supply, possibly through fertilizer, is needed to achieve their optimum yields
(Cordova et al., 2019; Zheng et al., 2019). However, previous studies reported optimal N rates for
a high soybean yield of 50-150 kg ha™ with large uncertainties (i.e. Lv et al., 2020; Zhang et al.,
2018b). Our results showed that soybean yield always increased when the N application rate was
below 60 kg ha, and that no definite optimal N rate could be identified. On the other hand, the
BNF effects of peanut were not found in the study as the optimal N rate for peanut was 249 kg ha’
1 (Fig. 5B), which was slightly higher than the reported optimal N rate of peanut from field
experiments of 150-225 kg ha™ (Xia et al., 2020; Zhang et al., 2018a). It is known that additional
N fertilizer reduces the activity of rhizobia on grain legumes and thus inhibits BNF (Lyu et al.,
2019). Therefore, further research to estimate the optimal N input for peanut and soybean across

the NCP is required..

4.2.2 N application time in crop production

Previous studies have shown that split fertilization is more efficient than base fertilization,
typically around sowing, based on the N requirement of the cereal crop growth, which is beneficial
for increasing crop yield and NUE (i.e. Liu et al., 2019b). However, our results showed that a split
fertilizer application was linked to greater N applications compared to single fertilizer application
(Table 1). Furthermore, split fertilization has higher labour and economic costs for farmers, which
may prevent farmers from adopting this practice. Nevertheless, very limited information is
available on split fertilization for peanut and soybean across the NCP, and further documentation
on benefits of this practice is therefore needed. The practice of splitting N application for winter
wheat into two applications was probably linked to irrigation, which is normally conducted at the
jointing stage and the top N dressing is applied before irrigation. In addition, N uptake in the early
stage of winter wheat growth is relatively small, and too much basal fertilizer application will
enhance N losses (Cui et al., 2010). However, the amount of basal fertilizer and top dressing by
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farmers is almost equal in this study, to a previous study which reported that the ratio of basal

fertilizer and top dressing as 1:1.3 increased NUE(Jia et al., 2011).

4.2.3 N management effects on N footprint

Our study confirmed that optimizing N management is beneficial for improving NUE and
reducing the N footprint (Figs. 5-6). Significant and linear relationships between NFs, PFP and N
surplus were observed for all crops included in the study, which means that a larger N surplus is
linked to a smaller PFP (Fig. S1) and higher NFs (Fig. 6), probably because both N surplus and the
N footprint are directly linked to N fertilizer inputs (Table S1). Our results showed that the values
of NFs and NFy for the three summer crops in the study were in line with previous studies (He et
al., 2021; Xu et al., 2020). The NFy of winter wheat was slightly larger than previously reported,
which mainly because of the different calculations of nitrate leaching, for instance Xu et al. (2020)
used crop model to calculate it, whereas this study used an empirical approach. Generally, N
leaching is the major source of the N footprint, with previous studies showing that the increase of
the N surplus is linked to larger amounts of N leaching (De Notaris et al., 2018; Peng et al., 2017).
In the NCP, N leaching mainly occurs in the summer crop as about 70% of rainfall is concentrated
in this period(Jia et al., 2014). Our results showed that N surplus was lowest in the summer soybean
and winter wheat-soybean rotations, which means the lowest N leaching risks are found in wheat-

soybean compared to wheat-maize and wheat-peanut rotations.

4.3 Farm size effects on increasing NUE and reducing N footprint

Farm size is generally increasing in the NCP, which strongly changes the agricultural
production and management in the region. Generally, farmer responses to available production
inputs, policies and technical training are highly related to farm scale (Cui et al., 2018). Our results
showed that crop yield is not affected by farm scale, which has also been reported earlier (Yan et
al., 2015). Furthermore, our results indicated that large farms have greater NUE and lower N surplus
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and NF. Specifically, the N rate was generally lower for large farms compared to small-holder
farms for each individual crop included in the study, and the lower N rate in large farms led to
higher PFP and lower N surplus (Fig. 7). Similar trends were observed for wheat-maize, wheat-
peanut and wheat-soybean rotations (Fig. 7). Generally, the household head of large farms was
younger and with a higher education level than smallholders, which made them more responsive to
new information and technologies. Moreover, agricultural technology demonstrations were
imlemented to a greater extent on large farms, and large farms had better farm equipment for N
application. Both aspects promoted the household head of large farms to better target and reduce N
rates in crop production. Furthermore, agro-economic benefits play a dominant driver for the
household of large farms reducing N rate. A previous study showed that increasing the scale of
production reduced the total fertilizer input for crop production, which was highly related to N
fertilizer prices and related policies that have subsidized fertilizer inputs to enhance production (Ju
et al., 2016). However, the reduction of N rate for large farms led to lower NFs and NFy compared
to small farms. These showed that large farms would play an important role in contributing to

agricultural green development in the NCP.

4.4 Perspectives and implications

An LCA-based method was used to calculate the N footprint in the study, which was mainly
based on empirical formulae and large-scale field surveys, that can relatively well reflect the
environmental effects of N application in agricultural production across the NCP (Qin et al., 2011;
Shibata et al., 2017). Empirical formulas based on experiments were used to estimate the amount
of N volatilization (NHs), nitrous oxide (N-O) and nitrate leaching (NO3’) in the study (Table S1),
which performed well in calculating N footprint across the NCP (Bellarby et al., 2018). In this
study, the N surplus calculation considered all N inputs in crop production, including fertilizer N,
the BNF of soybean and peanut, N decomposition and the N inputs of seeds, which can adequately
reflect the N status in the major crop rotations in the NCP. Due to the lack of direct measured data,
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the calculations of BNF were mainly based on the experiments in the NCP to minimize
uncertainties as shown in the materials and methods section. Furthermore, the N decomposition
value considered both wet and dry decomposition that was measured in the NCP (Zhang et al.,
2021).

The CPCNS has raised the requirements for the green development of agriculture across the
NCP (P.R.C., 2021). High crop yield and resource use efficiency with low environmental impact
are the basic goals for agricultural production in China as well in the NCP. It is impossible to realize
this goal using one single technology, and more integrated strategies, like climate-smart agriculture,
should be adopted. Our study provided evidence to promote agricultural green development
considering the composition of the crop rotations by enhancing the area of soybean and optimizing
N management, supported by increasing farm size. Our results showed that growing more soybean
to replace maize is an efficient way of reducing N applications and enhancing soybean production
in the region. If the soybean cropping area was increased to 20% of the current maize area, and
farmers adopt optimal N rate and management, crop production would increase with reduced N
applications and N footprint. Soybean production could then reach 5.6 million tons with a slight
reduction of maize production in the NCP (Table 2).

Generally, crop production was different in each county included in the study, which was
highly related to the local soil and climatic conditions and agricultural management. For instance,
the lowest N rate for wheat-maize in Wugiao was probably related to the technological
demonstration of the Wugiao Experimental Stations. Our results show that farmers in Huaxian and
Wougiao applied less N to both summer maize and summer peanut compared to those in Yanzhou,
while higher N rates were used in the winter wheat production in Huaxian and Wugiao compared
to Yanzhou (Table S2). The high N surplus in summer maize and summer peanut in Yanzhou can
be explained by the lower N application in winter wheat, which was supported by the N transfer
from the previous crop (Liu et al. 2018). Our results showed that the N rate for summer soybean
was about 200 kg ha™* lower than that of summer maize and summer peanut. The N rate for SWW
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was still about 23 kg ha™ lower than that of MWW and PWW in Yanzhou, and there were no
differences in the yields of winter wheat with the different pre-crops (Table S2). This strongly
demonstrates the pre-crop effects of soybean on reducing the N rate and increasing NUE for the
subsequent winter wheat. Since the wheat-soybean rotation was mainly concentrated in Yanzhou
in our survey, this may have caused some bias at the region level. Moreover, the high N rates in
winter wheat may hide the pre-crop effects of soybean, which should be stronger when the N
application was smaller than 150 kg N ha™ in the winter wheat season as demonstrated in our field
experiment in the region. It shows a large room was existed to reduce N application in winter wheat

production in the NCP.

5. Conclusions

This is the first study that systematically evaluated the effects of a range of management
interventions including crop rotation design, fertilizer nitrogen (N) rate optimization and increasing
farm size to promote agricultural green development across the NCP based on large-scale farm
surveys. Our results showed that the mean annual N rate of the wheat-soybean rotations was much
lower than that of wheat-maize and wheat-peanut, specifically, the mean N fertilizer rate was 204,
191, 46, 264, 274 and 216 kg ha™ for maize, peanut, soybean, and MWW, PWW and SWW,
respectively, in the NCP. On most farms, N fertilizer was applied twice during the winter wheat
season, and once for summer crops. The low N fertilizer requirement of soybean, coupled with
strong pre-crop effects on N supply for the following winter wheat contributed to the low N
fertilizer rate of the wheat-soybean rotations, and thus induced high PFP, a lower N surplus and the
lowest N footprint of the three rotations. This highlights the importance of adjusting crop rotations
by expanding the planting area of wheat-soybean rotations in the region. The management of N
fertilizers has improved in recent years, and the survey results showed that optimal N rates
corresponding to the maximum yield of summer maize, summer peanut, and MWW, PWW and
SWW were 229, 249, 260, 252 and 236 kg ha™, respectively. Better N management is beneficial
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for reducing the N surplus, which is correlated with higher PFP and a lower N footprint. Moreover,
the results showed that large farms used less N fertilizer than small farms without compromising
crop yield and thus leading to higher PFP, a lower N surplus and lower N footprint. The scenario
analysis showed that the combinations of crop rotations with soybean, optimal N rate and increased
farm size would increase NUE and reduce the N footprint at the regional level, which is also
beneficial for enhancing soybean production. The approach used in this study could be applied in
other agricultural regions dominated by smallholder farmers and characterized by a diversity of

crops and crop rotations.
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