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Abstract
Purpose There are environmental problems related to excessive fertilization the intensive spring maize production. The nitrate
accumulation in the soil at 1m before sowing (N soil) should be considered for nitrogen (N) supply sources to implement
sustainable N management. As such, the goal of this study was to identify the optimal total N supply (TNS) to satisfy crop
requirements while lower environmental impacts.

Methods Five different fertilizer rates (0, 120, 175, 230, and 285 N kg ha-1) were conducted in a 3-year on-farm experiment.
Integrated N nutrition index (NNIi), and relative yield (RY), plant N use e�ciency (NutEBY), and N leaching in response to the total N

supply (TNS, from 155 to 416 kg ha-1) were measured.

Results The relationships between TNS and NNIi, RY, NutEBY, and N leaching �rmly �t quadratic, linear-plateau, linear-plateau, and

linear models. A suitable TNS can satisfy crop requirements was 327 kg ha-1, a suitable TNS can obtain higher NutEBY and lower N

leaching 315 kg ha-1. Therefore, the applicable TNS rate should be between 315 to 327 kg ha-1. However, the suitable NNIi should
be 1.0, corresponding to the appropriate N fertilizer rate of 230 kg ha-1. Considering the high soil N residual, sustainable N
management should consider the consumption of N soil and the minimum application of N fertilizer to obtain higher yield and
lower environmental impacts. Conclusion The TNS was proposed as an indicator to implement sustainable N management
suitable for spring maize with similar climatic patterns in northwest China.

Introduction
The global population will reach 9 billion by 2050 (Cui et al., 2018). Therefore, the demand for food will continue to grow steadily.
In recent years, farmers have often applied excessive fertilizers to avoid any risk of yield reduction (Ravier et al., 2021). However,
their risk avoidance strategies cause the waste of resources and lead to greenhouse gas emissions, eutrophication of water
bodies, farmland soil pollution, and other adverse effects (Chen et al., 2014; Padilla et al., 2018; Ramanantenasoa et al., 2019).
Therefore, fertilizer management decisions in crop systems must be changed to achieve more sustainable and effective
agroecosystem management.

In rainfed agriculture, which accounts for approximately three-quarters of global arable land and the dominant agricultural system
in drylands, soil nutrient de�ciencies (mainly nitrogen (N) and phosphorus (P)) tend to be a signi�cant factor in severely limiting
plant growth and grain yields in dryland regions (Bradford et al., 2017). The Loess Plateau in northwest China is a typical dryland
region. In this region, spring maize is one of the leading food crops, and the yield of spring maize plays an essential role in
guaranteeing food security in China. Although the contribution of N fertilizer to the increase of maize yield in the Loess Plateau is
between 30% and 50%, maize yield currently depends heavily on high fertilization or excessive fertilization inputs (Erisman et al.,
2008). The excessive fertilization inputs have not been fully absorbed and utilized by crops, threatening the environment (Chen et
al., 2014; Ramanantenasoa et al., 2019) and human health (Padilla et al., 2018). The Chinese government has invested heavily in
research in comprehensive technology to reduce chemical fertilizer application and improve its e�ciency in recent years.
Therefore, implementing sustainable N management in dryland spring maize systems to reduce environmental pressure and
maintain grain yield stability has become increasingly important.

N leaching is an environmental problem of widespread concern which could contribute to drinking water pollution and
eutrophication of water bodies (Padilla et al., 2018). However, the N leaching caused by continuous large-scale N application in dry
farmland has not received attention due to the common belief that the migration process of soil N to the subsoil is dominated by
water. The level of nitrate-N accumulation in the 0-300 cm soil layer can exceed 714–798 kg ha− 1 after 13 years of continuous N
application in maize systems under different dry-farming cover measures (Dong et al., 2019). 105 groundwater samples were
collected in the western Loess Plateau (78 from shallow aquifers and 27 from deep aquifers), and the results showed that 76.3%
and 51.9% of samples from shallow aquifers and deep aquifers, respectively, had nitrate content in water exceeding the drinking
nitrate limit (50 mg L− 1) (Su et al., 2021). Therefore, improving N fertilizer management strategies is necessary to reduce the risk
of N leaching and control groundwater nitrate pollution (Meng et al., 2018).
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The critical N curve (Nc) is a fundamental tool for improving N management, which can determine the N nutrition index (NNI) and
diagnose crop N status (Ata-Ul-Karim et al., 2017; Bohman et al., 2021; Hu et al., 2014). Speci�c Nc has been identi�ed for different
crops, irrigation measures, and cropping systems, and these studies were based on reactions of N fertilizer to determine the best
fertilization rate for maximum yield (Wang et al., 2016b; Yue et al., 2014; Zhou et al., 2021; Ziadi et al., 2008). However, these
studies take little care of the total N supply (TNS). Therefore, it is still a need for a systematic understanding of the optimal N
supply required to meet maize requirements while minimizing environmental impacts.

Mineral N accumulation can be regarded as one of the N sources to meet crop demand, and grain yield is strongly responsive to
mineral N (Scharf and Alley, 1994; Cui et al., 2008a, 2008b). Thus soil mineral N pools should be consumed reasonably for crop
production and prevent groundwater pollution (Bai et al., 2018; Yao et al., 2018). In addition, the amount of available N mainly
depends on the mineralization and immobilization processes of different N sources entering the soil, and the amount of available
N has a signi�cant in�uence on N management (Burger and Venterea, 2008). Therefore, the balance of residual soil N and fertilizer
N is crucial to improving N management and sustainable agricultural development. TNS, the sum of residual soil N and fertilizer N,
should be considered for the most e�cient re�ection of N supply. To adequately acquaintance the response of crops to increased
TNS, a series of indicators should be considered, like maize plant dry matter accumulation, plant N uptake, grain yield, various N
use e�ciency, and soil N leaching.

The objectives of this research were to:

(i). Determine the critical N curve in spring maize and maize response to NNIi.

(ii). Clarify the maximum grain yield with minimum TNS values in spring maize.

(iii). Clarify the response of plant N uptake, NUE, N leaching to TNS values.

(iv). Determine a suitable TNS rate to satisfy maize requirements and obtain a higher NUE and lower N leaching.

Materials And Methods

Experimental site
The �eld experiment was conducted at the Pengyang Experimental station (35°51¢N, 106°48¢E) on the Loess Plateau in
Pengyang country of Ningxia Hui Autonomous Region, China. The climate is a typical semi-arid with an average yearly air
temperature of 8.1 oC and average annual sunshine of 2518.2 h. The soil had a total N of 0.74 g kg-1, 100.0 mg kg-1 available
potassium, 7.39 g kg-1 organic carbon content, 12.62 g kg-1 soil organic matter, 4.3 mg kg-1 adequate phosphorus, and pH 8.8 in
the 0-40 cm soil layer, respectively. In the maize growing seasons, the precipitation in 2018, 2019, and 2020 was 567.6, 650.9, and
491.0 mm, respectively, and the average temperature was 17.9, 17.3, and 17.3 oC, respectively Fig. 1.

Experimental design and crop management
The experiment started in 2018, and it was a design that used a randomized block design with �ves treatments and three
replications. Each plot area is 6 m ´ 7 m (42 m2) and with a 1.2 wide isolation belt away from the others. The �ve fertilization rates
(N0, N1, N2, N3, N4) were 0, 120, 175, 230, and 285 kg N ha-1, respectively.

The high-yield spring maize variety (Dafeng 30) was planted at 82500 ha-1 (wide (60 cm) and narrow (20.2 cm) row spacing)
using a hand-planted at a depth of 3-5cm. Maize was sowed on April 25, 24, and 30, 2018-2020, respectively, and harvested on
September 29, 29, and October 8. Urea (46% N) was applied to provide N, and diammonium phosphate (46% P and 18% N)
provided phosphorus. The speci�c steps and details of these �eld management were described in Zhang et al. (2021a) and Zhang
et al. (2021b).

Sampling and analysis
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Soil NO3
--N concentration and N balance

Soil samples were collected to analyze soil NO3
--N content (AA3, SEAL Company, Germany) from 0-100 cm soil depths at 20 cm

increments at about 0 and 160 days after sowing (DAS) during maize growing season. Soil samples were taken from the ridge, the
furrow, and the section connecting ridges and furrows using a hand-held iron soil drill (54 mm diameter) and mixed thoroughly at
the same soil depth. After removing impurities such as maize roots and straw, the soil samples were sieved and transported to the
laboratory, and placed in a 4℃ refrigerator. Soil NO3

--N was extracted using KCl (1 mol L-1) solution. And, the samples were

analyzed by the micro�ow AutoAnalyzer3 to determine NO3
--N concentration.

Calculated the N residue (kg ha-1) in each soil layer as follows (Yang et al., 2015):

NR=Cn BD d 0.1     (1)

Cn is the soil N concentration (mg kg-1), BD is the soil bulk density (g cm-3), d is the depth of the soil layer (cm), and 0.1 is a
conversion factor.

The soil N balance was calculated as follows (Huang et al., 2020):

N soil +N fertilizer – N uptake –N residue =N loss  kg N ha-1             (2)

N soil is the residual NO3-N in 0-100 cm soil pro�le before sowing, N fertilizer is the amount of N fertilizer applied, N uptake is the
plant N uptake, and N residue is the residual NO3-N in 0-100 cm soil pro�le at harvest. In this study, N loss was quantitatively
comparable to N leaching.

Total available N was calculated as follows (Ding et al., 2020; Huang et al., 2020):

TNS= N soil +N fertilizer                                           (3)

TNS is the total N supply.

Dry matter accumulation and N concentration
Five maize plants were randomly selected from each plot at 35(V1), 50(V3), 60(V6), 80(V12), 100(R1), 130(R3), and 160(R6) days
after sowing by hand for determining the dry matter accumulation. Maize plants were �rst dried at 105°C for 0.5 h and continued
to be dried at 75°C for 24 h. The N content of dry matter accumulation was analyzed using a Kjeldahl Autoanalyzer (Kjeltec 8400,
FOSS, Denmark).

Maize yield
At the physiological maturity of maize, continuous and unbroken four-row plants (area 7.2 m2) with a length of 3.0 m in the middle
row were hand-harvested from each plot to determine the grain yield. The harvest index (HI) was calculated as the ratio of grain
yield to biomass yield. The N harvest index (NHI) was determined by the ratio of grain N uptake to biomass N uptake. 

Establishment and evaluation of NC 

The critical N dilution curve and N dilution boundary curves were determined and developed by Justes et al. (1994) and Plénet et
al. (2000):

Nc=aDM-b                                                      (4)



Page 5/25

Where Nc(%) is the N concentration in plant expressed in g 100 g-1 of aboveground biomass weight, DM is the weight of
aboveground biomass (Mg ha-1), a is the plant N concentration when the aboveground biomass is 1 Mg ha-1, and b is the
characteristic of decreasing nitrogen concentration during maize growth.

Curve validation was performed using the root mean square error (RMSE) and standardized root mean square error (NRMSE) to
evaluate the curve �t. The curve stability was measured with reference to the criteria proposed by Jamieson et al. (1991): NRMSE <
10%, excellent curve stability; 10% < NRMSE < 20%, good curve stability; 20% < NRMSE < 30%, fair curve stability; NRMSE > 30%,
poor curve stability. 

Critical N uptake and nitrogen nutrition index
Nuptc (kg ha-1), the plant N uptake corresponding to the maximum accumulated aboveground biomass of the crop at the critical N
concentration state, was the critical N uptake.

Nuptc=10NcDM                                                  (5)

Where Nuptc is the critical N uptake (g kg-1).

Substitution of (4) into (5)

Nuptc=10aDM1-b                                                 (6)

According to the N nutrient index (NNI) curve described by Lemaire et al. (2008),

NNI=Na/Nc                                                     (7)

Where Na is the N concentration value (g kg-1), and Nc is the critical N concentration value. If NNI < 1 indicated an N de�ciency, NNI
= 1 indicated just the right amount of N, and NNI > 1 indicated an excess of N.

In addition, the integrated NNI value (NNIi) was calculated to describe the crop N status of treatment throughout the whole growth
period. An integrated NNI value was calculated as (Lemaire et al., 2008):

NNIi=1/D NNIs ds                                              (8)

Where D is the total number of days in the whole growth stages, NNIs is the NNI value under each sampling day, and ds is the
interval between two sampling dates.

Nitrogen use e�ciency
Calculated N use e�ciency indexes as follows (Caviglia et al., 2014):

NuptE = (N uptake)/ TNS    (9)

NutEGY = GY/ (N uptake)    (10)

NutEBY = BY/ (N uptake)    (11)

NUEGY = GY/ TNS    (12)

NUEBY = BY/ TNS    (13)

NuptE (kg kg-1) is N uptake e�ciency, NutE (kg kg-1) is N use e�ciency, N uptake is plant N uptake, GY is grain yield, BY is biomass
yield, and TNS is total N supply.
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Statistical analyses
Results were calculated using Microsoft Excel 2013, plotted with Origin 2021 software, and statistically analyzed using SPSS 26.0
software. Mean comparisons were made at P < 0.05 using Fisher's LSD (Least Signi�cant Difference) test. Used 2018-2019 data
to build the curve and used 2020 data for veri�cation. This study evaluated linear, quadratic, and linear-plateau models and
reported best-�tting curves (Cerrato and Blackmer, 1990).

Results

Determination and evaluation of a critical nitrogen curve for maize
Critical nitrogen curve for maize

N concentration decreased with increasing dry matter (Fig. 2). The maximum (Nmax, %) and minimum (Nmin, %) N concentration
dilution curves for maize, i.e., the N dilution boundary curve, were obtained by simulating the maximum and minimum measured
values of N concentrations for each sampling day, respectively, and were also consistent with an angle (4). The parameters are
shown in Table 1. The NRMSE of the critical N dilution curve was calculated to be less than 10, indicating that the simulation
performance of the constructed curve was excellent.

Nitrogen nutrition index

There were signi�cant differences in the NNIi values among the N treatments during the 3-year experimental period (Table 2). The
NNIi increased with fertilizer application increase from N0 to N3 treatments, which remained relatively stable. Differences were
highly signi�cant between N0, N1, N2, and N3 treatments and not signi�cant between N3 and N4 treatments. 

Critical nitrogen uptake

The relationships between estimated critical N uptake and measured plant N uptake under different fertilizer treatments (Fig. 3).
The NRMSEs for critical N uptake were 674.3%, 86.7%, 44.9%, 13.1%, and 12.5%, respectively, and those for critical P uptake were
290.1%, 24.3%, 11.1%, 8.9%, and 6.8%, respectively. These results indicate that reasonable fertilization management practices were
in N3 treatment. The difference in NRMSEs between N3 and N4 treatments indicates a small luxury N uptake with a high N supply. 

Agronomic response and nitrogen loss
Effect of fertilizer on yield and N uptake

The same trend was observed for grain yield, biomass, plant N uptake, and grain N uptake. For example, fertilizer application
signi�cantly affected spring maize grain yield in 2018, 2019, and 2020 maize growing seasons (Table 3). With increasing fertilizer,
spring maize grain yield tended to increase. Statistically, the grain yield of maize showed no signi�cant level of difference between
N3 and N4 treatments in 2018, 2019, and 2020 maize growing seasons. Moreover, the N3 treatment had the highest grain yield with
a lower fertilizer supply than the N4 treatment, which indicated that excessive fertilizer application could not signi�cantly improve
maize grain yield. Both HI and NHI tended to increase with increasing fertilizer. However, there was did not reach a signi�cant level
of difference between N3 and N4 treatments for HI and NHI.

Grain yield response to TNS and NNIi

Both maize grain yield and relative grain yield increased with increasing the TNS (Fig. 4b, d). A linear-plateau model can describe
the relationship between maize grain yield and TNS in 2018, 2019, and 2020 maize growing seasons. In these three years, the
maximum maize grain yield was estimated to be 10.95, 6.42, and 6.31 t ha-1, respectively, with an R2 value higher than 0.95. The
minimum TNS values corresponding to the maximum maize grain yield were 316, 341, and 306 kg N ha-1 in the 2018, 2019, and
2020 maize growing seasons. A linear-plateau regression model can also be used for the relationship between maize relative grain



Page 7/25

yield and TNS, and the R2 value is 0.95 (Fig. 4d). The minimum TNS value corresponding to the maximum maize relative grain
yield was 327 kg N ha-1 (TNSRY-MAX). The same trend was observed for NNIi.

A quadratic model can describe the relationship between the total N supply and the integrated NNI value with an R2 value of 0.92
in the three-year experience (Fig. 5). The minimum NNIi value corresponding to the maximum relative grain yield was 1.00 (NNIiRY-

MAX). The NNIiRY-MAX value relevant TNS value was 326 kg N ha-1.

Nitrogen use e�ciency

Table 3 lists the values of each N use e�ciency (NUE) at different fertilizer supply levels for spring maize in 2018, 2019, and 2020
maize growing seasons. The NutEBY decreased signi�cantly with increasing TNS during the three-year experience. The NutEBY

values decreased from 188.6 to 114.1, 184.2 to 88.3, and 141.4 to 89.2 kg kg-1 in 2018, 2019, and 2020 maize growing seasons,
respectively.

A linear-plateau model can describe the relationship between NutEBY and plant N uptake (Fig. 6a), and the corresponded minimum

plant N uptake at which the NutEBY tends to be stable value �rst appeared was 111 kg N ha-1. The nitrogen use e�ciency (NutEBY)
of plants decreased �rst and then tended to be stable with the increase of TNS or NNIi, which could also be speci�ed by a linear-
plateau model (Fig. 6c, d). The TNSRY-MAX (327 kg N ha-1) value corresponded to a NutEBY value was 96.6 kg kg-1, and the NNIiRY-

MAX (1.00) value corresponded to a NutEBY value was 96.1 kg kg-1.

Effect of fertilizer on nitrogen loss

With the increase of TNS, the N residual amount increased (Table 4), and the soil nitrate-N residual amount in 2018, 2019, and
2020 maize growing seasons reached the maximum value of 70.2, 84.1, and 83.4 kg ha-1, respectively. The TNSRY-MAX (327 kg N

ha-1) value corresponded to a soil nitrate-N residual value was 66.0 kg ha-1 (Fig. 7).

N leaching increased with increasing TNS, and a linear model could describe the relationship with R2 of 0.70 (Fig. 8a). The N
leaching value corresponding to TNSRY-MAX (327 kg N ha-1) was 94.2 kg ha-1. A quadratic model could describe the relationship

between N leaching and NNIi with an R2 of 0.38 (Fig. 8b). The N leaching value corresponding to NNIiRY-MAX (1.00) was 93.6 kg ha-

1.

Discussion

Critical N curve
Critical N curve in spring maize

In this study, a critical N curve (Nc = 2.64DM-0.25) was established for a dryland spring maize sustainable production in northwest
China, and the relationship between NNIi and relative yield, plant N use e�ciency, and N leaching was studied. According to the
critical N curve of spring maize, the relationship between the critical N content of spring maize and the aboveground biomass was
a power function. The equation's determination coe�cient was 0.8221, and the �tting degree reached a very signi�cant level.
Compared with the results of previous studies (Table 5), the plant critical N curve results were close to the range of other existing
model parameters a and b, which ranged from 2.33-4.17 and 0.22-0.41. Therefore, we believe that the critical N curve is suitable
for diagnosing the N nutrition of spring maize in the semi-arid area of northwest China. However, a recent review (Ciampitti et al.,
2021) suggests minor variations in key N-curve parameters may occur in different cropping varieties and �eld management
practices, including planting densities. However, since the experiment did not involve planting density and variety experiments, the
model's universality may be insu�cient. In the future maize production practice in the semi-arid area of northwest China, the
variety and density experiments of dryland N application should be added to verify further and enhance the universality of the
model.

NNIi and luxury N uptake
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The minimum NNIi value corresponding to the maximum relative grain yield was 1.00. If the measured NNIi value is below 1, the
relative grain yield decreases, and above 1, there is no increase in the relative grain yield. This NNIi identi�es N nutrient de�ciencies
and non-de�ciencies, and it can be used to assess the N status of maize in rainfed spring maize systems. However, the critical
NNIi value corresponding to the maximum relative grain yield in this study was 1, which may be due to the one-time application of
solid granular urea before sowing. It has been shown that two-stage N application can improve both grain yield and apparent N
recovery e�ciency while reducing N losses in semi-arid mulching maize planting systems compared to one-time fertilization
before sowing (Wang et al., 2016a). However, with the advancement of simpli�ed fertilizer management in dryland, one-time
fertilization before sowing has increased interest. Then, whether a new critical N curve can be developed by replacing one-time
fertilization before sowing with slow-release fertilizer is the direction that needs attention in the future. 

When the soil N supply was higher than the plant N requirement, the NNI value of rice and pepper was signi�cantly greater than 1.0
(Ata-Ul-Karim et al., 2017; Rodríguez et al., 2020; Wang et al., 2016b). However, in this study, the NNIi value of excess N supply was
close to 1. The relationship between measured crop N accumulation and critical crop N accumulation under N3 and N4 treatments
(Fig. 3) indicates that N accumulation under N3 and N4 treatments were similar to critical NRMSE. These results suggested little
luxury N uptake by maize under high N supply. Similar results were reported for maize by Yue et al. (2014) and Zhou et al. (2021).
Therefore, our study demonstrated that excessive N supply would not signi�cantly increase the plant N uptake. 

Response of spring maize to total nitrogen supply and NNIi
Grain yield

The highest yields were achieved in the 2018 crops, with a maximum grain yield of 11.54 t ha-1. Under the same N supply
condition, the grain yields in 2019 and 2020 were lower, with the maximum yield of 6.27 and 5.96 t ha-1-the uneven distribution of
precipitation presumably an in�uential contributing factor. In 2018, there was more precipitation in the silking stage and lower
precipitation in the grain �lling stage, while 2019 and 2020 were opposite to 2018. The water sensitivity in rainfed spring maize of
China at different growth stages was in the order of silking stage > nutrient stage > �lling stage, and drought during the maize
silking stage will shorten the grain �lling time, thereby reducing the ear length and the number of grains per ear, ultimately reducing
maize yield (Jia et al., 2018; Liu et al., 2013).

Nitrogen use e�ciency

This study indicated that N uptake rates decreased with increasing TNS. Similar results were reported in potatoes and peppers and
in other horticultural crops (Bohman et al., 2021; Hagai et al., 2013; Rodríguez et al., 2020). Therefore, N uptake was negatively
correlated with TNS in �eld crops (Table 5). With the increase of N uptake by plants, plants' N use e�ciency (NutEBY) decreased

�rst and then stabilized. The minimum plant N uptake when NutEBY �rst appeared stable was 111 kg N ha-1.

This data proved to reduce initially in�uence reductions with NUEBY increasing N supply in NuptE and NutEBY. When the plant N

uptake values were higher than about 111 kg N ha-1, the reductions in NUEBY were due to a reduction in relatively large NuptE.
Caviglia et al. (2014) and Rodríguez et al. (2020) reported similar results on potatoes and peppers. Therefore, our study
demonstrated that the N uptake e�ciency (NuptE) is crucial for maize NUE rather than is N use e�ciency in �eld crops when the
plant N uptake values were higher than the critical threshold.

Most studies show that NutE, NUEBY, and NUEGY are only related to the N application rate, not TNS (Bohman et al., 2021; Caviglia
et al., 2014). Milroy et al. (2019) and Rodríguez et al. (2020) in horticultural crops considered nitrate-N residues affected NutE,
NUEBY, and NUEGY change, similar to the results of this study. Thus, TNS may signi�cantly affect NutE, NUEBY, and NUEGY changes
in horticultural and �eld crops.

NO3
- leaching into the environment

The amount of soil N leaching increased with the increase of TNS, and this was consistent with the effect of fertilization on soil N
leaching in farmland (Dai et al., 2015; Ju et al., 2006). These results suggest that reducing the total N supply to crops can help
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reduce environmental N loss in this system. Compared with N4 treatment, N3 treatment reduced soil N leaching by 11.4%-41.5%
without reducing grain yield, which agrees with Quan et al. (2020) and Milroy et al. (2019). Therefore, reducing N input can reduce
the amount of soil N leaching to a certain extent in �eld crops systems. In other words, the surest way to reduce soil N leaching is
to ensure that as little nitrate-N remains in the soil at all times. It was found that there was no signi�cant difference in plant N
accumulation between N3 and N4 treatments (Table 4), which indicated that the total N supplied to crops by N3 treatment had
already met the N demand of plants. Therefore, maintaining a balance between crop N demand and total N supply to crops
effectively reduces N leaching, reducing soil environmental pollution (Ju et al., 2009). Therefore, the total N supply re�ects the N
supply capacity of the cropping system.

Table 4 shows that the level of residual nitrate-N is related to the amount of N application. Huang et al. (2020) reported similar
results. Residual nitrate-N mainly comes from excessive N application (Ju et al., 2006; Huang et al., 2020), which is closely related
to nitrate leaching (Cui et al., 2010; Chen et al., 2014). In addition, the amount of water �owing through the soil affects N leaching
(Cameron et al., 2013). A large amount of concentrated precipitation in July and August will produce a large amount of N leaching
(Dong et al., 2019; Lu et al., 2021), which can explain why the N leaching amount of each treatment in 2019 was higher than that
in 2018 and 2020. Therefore, accumulated nitrate-N must be exhausted to reduce leaching risk. 

Suitable total N supply and N application guidance
The relationships between the TNS, relative grain yield (RY), N leaching, and N use e�ciency were summarized in Fig. 9. TNS was
the sum of residual soil N and fertilizer N. When the TNS was more signi�cant than 327 kg ha-1 (Fig. 4d), maize achieved its
maximum relative grain yield (determined by linear-plateau modal between TNS and RY). However, when the TNS was not
exceeded 315 kg ha-1, maize �rst achieved its minimum NutEBY (96.6 kg kg-1). Furthermore, the relationships between TNS and N

leaching �rmly �t the linear model. Therefore, the appropriate TNS rates should be between 315 to 327 kg ha-1, at the same time to
ensure high grain yields and minimize environmental impacts.

The integrated N nutrition index (NNIi), RY, N leaching, and N use e�ciency were summarized in Fig. 9. This study found that
suitable NNIi should be 1.0, corresponding to the appropriate N fertilizer rate of 230 kg ha-1. Spring maize planting system of
residual NO3

-- N accumulation should not be more than 100 kg ha-1. The more you exceed this value, the higher the environmental
cost (Cui et al., 2010; Chen et al., 2014). As a result, the value is de�ned as a safety threshold for the nitrate accumulation of
residues in soil N management. If the residual amount of nitrate-N in the soil before sowing exceeds 100 kg ha-1, the sum of soil
mineral N and suitable fertilizer will be higher than the reasonable total N supply rate, resulting in high environmental impacts.
Therefore, to balance the relationship between soil N supply and crop N demand, we propose to use total N supply as an indicator
to implement sustainable N management in dryland spring maize systems. Hence, this can reduce fertilizer N input and N leaching
and achieve a high grain yield. However, how to make the most of these recommendations could be challenging. We show a
�owchart (Fig. 10) classi�ed according to N supply rate to illustrate the recommended N fertilizer application at reasonable TNS
rates by measuring soil nitrate-N residues before sowing.

Conclusions
In conclusion, integrated N nutrition index (NNIi), RY, plant N use e�ciency (NutEBY), and N leaching in response to the TNS (total N
supply, sum of the soil N supply (N soil)and fertilizer N supply (N fertilizer)) �t quadratic, linear-plateau, linear-plateau, and linear
models, respectively. The applicable TNS rates should be between 315 to 327 kg ha-1, at the same time to ensure high grain yields
and minimize environmental impacts. However, the suitable NNIi should be 1.0, corresponding to the appropriate N fertilizer rate of
230 kg ha-1. When considering the Nsoil (>100 kg ha-1), the Nsoil plus Nfertilizer (230 kg ha-1) may be higher than the suitable
TNS. Therefore, TNS may be a sustainable N supply that can reduce the input of N fertilizers. In terms of re�ecting N supply in
spring maize systems, the TNS was proposed as an indicator to implement sustainable N management.
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Tables
Table 1 Model parameters values and veri�cation of critical N concentration dilution curve in maize growing seasons.

      Model parameters Validation

    a b R2   RMSE NRMSE

N Nmin   2.15 0.24 0.84   0.18 8.33

  Nmax   2.78 0.26 0.83   0.25 11.8

  Nc   2.64 0.25 0.82   0.16 9.68

Table 2 The integrated N nutrition index (NNIi) values for each treatment in 2018, 2019, and 2020 maize growing seasons.

Treatment Integrated NNI

2018 2019 2020

N0 0.57±0.01d 0.54±0.01d 0.65±0.01d

N1 0.79±0.01c 0.81±0.01c 0.83±0.01c

N2 0.95±0.01b 0.95±0.01b 0.96±0.01b

N3 1.04±0.00a 1.01±0.03a 1.02±0.02a

N4 1.02±0.02a 1.02±0.00a 1.02±0.02a

Signi�cance ** ** **

Note: ** means extremely signi�cant difference level, * means difference level, NS means no difference level. The values represent
the mean ± standard error (n =3). Different letters indicate differences (P < 0.05) among treatments. 

Table 3 Maize yield and N uptake and utilization for each treatment in 2018, 2019, and 2020 maize growing seasons.
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Year/

Treatment

Grain
yield

(GY, t
ha-1)

Biomass
yield

(BY, t ha-

1)

Grain N
uptake

(GNU, kg
ha-1) 

Crop N
uptake

(CNU, kg
ha-1)

HI

(kg
kg-1)

NHI

(kg
kg-1)

NutEGY

(kg kg-

1)

NutEBY

(kg kg-

1)

NUEGY

(kg
kg-1)

NUEBY

(kg
kg-1)

NuptE

(kg
kg-1)

2018                      

N0 1.1 d 4.8 d 7.1 d 25.5 d 0.24
c

0.28
c

44.4 b 188.6
a

60.0 a 255.0
a

1.35
a

N1 5.7 c  15.2 c 39.4 c 89.4 c 0.36
b

0.44
b

63.4 a 170.1
b

36.5 b 98.0 b 0.58
b

N2 7.2 b 18.4 b 79.8 b 147.4 b 0.39
b

0.54
a

48.8 b 124.6
c

31.3 b 80.1 c 0.64
b

N3 11.1 a 24.1 a 122.6 a 203.1 a 0.46
a

0.53
a

54.6 a 118.9
c

35.0 b 76.2 c 0.64
b

N4 11.5 a 24.9 a 120.9 a 218.0 a  0.46
a

0.55
a

53.0 b 114.1
c

32.0 b 69.1 c 0.51
bc

2019                      

N0 0.2 d 2.7 e 3.1 d 14.6 e 0.06
b

0.21
c

10.3 d 184.2
a

3.7 c 66.7 a 0.36 c

N1 3.9 c 10.9 d 33.5 c 88.0 d 0.36
a

0.39
b

44.3 a 124.7
b

19.8 a 55.4 a 0.45
b

N2 4.8 b 13.4 c 68.6 b 145.2 c 0.36
a

0.47
a

33.1 b 92.0 c 17.5
ab

48.4 b 0.53
a

N3 6.6 a 16.1 b 93.5 a 178.4 b 0.41
a

0.52
a

36.8 b 90.4 c 18.5
ab

45.4
bc

0.50
a

N4 6.3 a 17.5 a 97.7 a 197.8 a 0.36
a

0.49
a

31.7 c 88.3 c 15.1 b 42.0 c 0.48
a

2020                      

N0 0.1 d 2.7 d 5.9 d 19.3 d 0.02
c

0.31
d

3.0 c 141.4
a

1.4 c 68.2 a 0.48
a

N1 3.6 c 10.1 c 41.2 c 88.0 c 0.35
b

0.47
c

40.4 a 114.4
b

20.1 a 56.7 a 0.50
a

N2 4.2 b 11.4 b 60.4 b 116.6 b 0.37
b

0.52
b

35.7 b 97.6 c 17.6 b 47.9 b 0.49
a

N3 5.9 a 13.8 a 93.9 a 158.7 a 0.43
a

0.59
a

37.3 a 86.9 d 18.5
ab

43.0 b 0.49
a

N4 6.0 a 14.1 a 93.8 a 158.3 a 0.43
a

0.59
a 

37.7 a 89.2 d 15.3 b 36.2 c 0.41
b

Tests of Treatment Effect  

T ** ** ** ** ** ** ** ** ** ** **

Y ** ** ** ** ** ** ** ** ** ** **

T*Y ** ** ** ** ** ** ** ** ** ** **

Note: HI is harvest index, NHI is nitrogen harvest index, NutEGY is N utilization e�ciency for grain yield, NutEBY is N utilization
e�ciency for biomass yield, NuptE is N uptake e�ciency, NUEGY is nitrogen use e�ciency for grain yield, and NUEBY is nitrogen use
e�ciency for biomass yield. ** means extremely difference level (P < 0.01), * means difference level (P < 0.05), NS means no
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difference level. The values represent the mean ± standard error (n = 3). Different letters indicate differences (P < 0.05) among
treatments.

Table 4 Soil N balance in 0-100cm soil layer for each treatment in 2018, 2019, and 2020 maize growing seasons.

Year/

Treatment

N fertilizer

(kg ha-1)

N initial

(kg ha-1)

N residual

(NR, kg ha-1)

N leached

(NL, kg ha-1)

N uptake

(kg ha-1)

TNS

(kg ha-1)

2018            

N1 120 35.1 26.0 d 39.7 d 89.4 c 155.1 d

N2 175 54.1 36.0 c 45.8 c 147.4 b 229.1 c

N3 230 86.7 52.6 b 60.9 b 203.1 a 316.7 b

N4 285 75.3 70.2 a 72.1 a 218.0 a 360.3 a

2019            

N1 120 75.9 40.2 d 67.7 d 88.0 d 195.6 d

N2 175 100.9 48.4 c 82.3 c 145.2 c 275.9 c

N3 230 125.4 58.3 b 118.6 b 178.4 b 355.4 b

N4 285 130.8 84.1 a 133.8 a 197.8 a 415.8 a

2020            

N1 120 46.0 62.6 d 26.7 d 88.0 c 177.3 d

N2 175 62.2 69.1 c 51.6 c 116.6 b 237.2 c

N3 230 90.7 75.4 b 86.7 b 158.7 a 320.7 b

N4 285 104.9 83.4 a 148.3 a 158.3 a 389.9 a

Tests of Treatment Effect  

T - - ** ** ** **

Y - - ** ** ** **

T*Y - - ** ** ** **

Note: ** means extremely difference level (P < 0.01), * means difference level (P < 0.05), NS means no difference level. The values
represent the mean ± standard error (n = 3). Different letters indicate differences (P < 0.05) among treatments.

Table 5 Comparison of the critical N curve for maize and other model parameters.
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Reference Field
cultivation

Growth
period

DM

t ha-1

Model parameters   Associated indicators

a b R2   NNI NUE Yield NO3
--

N
N
leaching

(Plénet et
al., 2000)

N/A V1-R3 DM<1 3.40   N/A   N/A N/A N/A N/A N/A

    22≥DM≥1 3.40 0.37              

(Liang et
al., 2013)

N/A V13-R6 DM≥1 3.49 0.41 0.82   Y N/A Y N/A N/A

(Yue et
al., 2014)

N/A V6-R3 11.17≥DM≥0.64 2.72 0.27 N/A   Y N/A Y Y N/A

(Zhao et
al., 2017)

N/A V6-R3 N/A 3.45 0.22 N/A   Y Y Y N/A N/A

(Liu et al.,
2020)

Plastic
�lm
mulching
of dry
land

V6-R6 23.1≥DM≥1 3.60 0.35 0.99   Y N/A Y N/A N/A

15.2≥DM≥1 3.50 0.23 0.96   Y N/A Y N/A N/A

(Zhou et
al., 2021)

drip-
irrigated

V6-R6 21.2≥DM≥1 3.58 0.36 0.98   Y N/A Y Y N/A

Plastic
�lm
mulching
of drip-
irrigated

  22.6≥DM≥1 4.17 0.35 0.94   Y N/A Y Y N/A

(Su et al.,
2020)

irrigated V3-R6 10≥DM≥1 2.47 0.24 0.92   Y Y Y N/A N/A

  10.5≥DM≥1 2.33 0.26 0.98   Y Y Y N/A N/A

Present
study

Plastic
�lm
mulching
of dry
land

V1-R6 24.9> DM> 0.02 2.64 0.25 0.82   Y Y Y Y Y

Note: N/A indicate that there is no data in the reference papers.

Figures



Page 17/25

Figure 1

Dynamics of temperature and precipitation from 2018 to 2020 at the experimental site.
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Figure 2

(a) Critical N curve for maize using plant N content and dry matter accumulation (DM), and (b) Critical P curve for maize using
plant P content and dry matter accumulation (DM).
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Figure 3

(a) 1:1 comparison of critical N accumulation and measured plant N accumulation for each treatment, and (b) 1:1 comparison of
critical P accumulation and measured plant P accumulation for each treatment.
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Figure 4

Grain yield in response to the integrated N nutrition index (NNIi) and total N supply (TNS) in 2018, 2019, and 2020 maize growing
seasons were applying a linear-plateau model with (a, b) grain yield and (c, d) relative grain yield values.
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Figure 5

Relationship between the integrated N nutrition index (NNIi) and total N supply (TNS) in 2018, 2019, and 2020 maize growing
seasons. NNIiRY-Max is the minimum value of NNIi associated with the minimum relative yield from Fig. 4c.
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Figure 6

Nitrogen utilization e�ciency for (a) dry matter biomass per unit of N uptake (NutEBY), and (b) grain yield per unit of N uptake
(NutEGY), to crop N uptake in 2018, 2019, and 2020 maize growing seasons, (c) the relationship between biomass yield N
utilization e�ciency (NutEBY) and total N supply (TNS) in 2018, 2019, and 2020 maize growing seasons, (d) the relationship
between biomass yield N utilization e�ciency (NutEBY) and the integrated N nutrition index (NNIi) in 2018, 2019, and 2020 maize
growing seasons.
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Figure 7

The relationship between residual mineral N in the soil at the end of 2018, 2019, and 2020 maize growing seasons and total N
supply (TNS). A quadratic model represents the best-�t model. TNSRY-Max is the minimum amount of TNS associated with
maximum relative yield from Fig. 4d.
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Figure 8

Relationship between N leaching in the soil at the end of 2018, 2019, and 2020 maize growing seasons, and (a) total N supply
(TNS) and (b) the integrated N nutrition index (NNIi).

Figure 9

Summary of the relationships between total nitrogen supply (TNS), integrated N nutrition index (NNIi), relative grain yield (RY), N
leaching, and NUE. Note: The dependent variable Y in the �gure represents the variable in front of the arrow, while the independent
variable X represents the variable at the end of the arrow.
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Figure 10

Flowchart of the suitable total nitrogen supply (TNS) rate. Note: The units are kilograms per hectare. 


