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Abstract: Summer maize constitutes a major food crop in the Yellow River Basin. Optimizing
nitrogen (N) application management for this crop not only elevates its yield but also reduces N
leaching, thereby ensuring food security and lessening agricultural surface pollution. Utilizing two
years of summer maize field experiments, the soil water heat carbon and N simulator (WHCNS)
was calibrated and validated against empirical measurements. Subsequent analyses employed the
calibrated WHCNS to analyze 56 different N management scenarios. These scenarios varied in
terms of N application levels, basal N to topdress application ratios, and chase ratios. The entropy-
weighted TOPSIS method was utilized for the optimization, considering agronomic, environmental,
and economic aspects. The model’s calibration accuracy was validated by root mean square errors,
relative root mean square errors, and mean errors for soil volumetric water content and soil nitrate
N content. The calibration results demonstrated that the new model was capable of simulating the
soil hydraulic characteristics, N cycling, and the growth and development of summer maize during
the reproductive phase in the Yellow River Basin. Scenario analyses revealed that increasing the
N application initially elevated, then stabilized, summer maize yields, whereas the N agronomic
efficiency first increased and then decreased. Moreover, reducing the basal N to topdress application
ratios and increasing the chase ratios during the tasseling and flowering stages could minimize the
nitrate N leaching and optimize both the yield and N fertilizer agronomic utilization. Specifically,
the optimal N management for the current year involved applying 170 kg-ha~! of N with a basal N
to the topdress N application ratio of 1:5 and a chase ratio of 1:1 during the tasseling and flowering
stages. This study lays the foundation for developing N fertilizer management strategies for summer
maize cultivation in the Yellow River Basin. Furthermore, the methodology established here can be
adapted for optimizing the management of diverse crops in different geographical regions.

Keywords: summer maize; yellow river basin; WHCNS model; entropy-weighted TOPSIS method;
fertilizer ratio; scenario analysis; nitrate-N leaching

1. Introduction

The Yellow River Basin serves as a significant base for maize cultivation in northern
China. In recent years, the maize-cultivated area within this basin has expanded pro-
gressively, highlighting the crop’s vital role in safeguarding food security [1]. Owing to
injtiatives promoted by the Chinese government, such as water conservation concepts and
the deployment of agricultural water-saving technologies, irrigation water-use efficiency in
the region has been on the rise.
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Maize is inherently a high-yield, N-loving crop. Enhancing the application of N
fertilizer can lead to marked improvements in maize yields [2]. In fact, N fertilizers
contribute as much as 50% to maize yields [3]. Despite its significance, the lack of scientific
N fertilizer management remains a critical factor contributing to both the excessive annual
usage of N fertilizer and low N utilization efficiency in the Yellow River Basin. The aver-
application of N fertilizer results in an overly N-rich environment for maize, subsequently
inducing high N stress and adversely affecting crop quality as well as economic viability.

Previous research conducted by Fang et al. [4] examined the optimal N application
rate for a winter wheat-summer maize rotation system in the northern region of the North
China Plain, considering the environmental effects. Their findings indicated that, beyond
a certain application rate, increasing N amounts no longer elevated maize yields but did
lead to residual N accumulation in the soil. This excess N has the potential to leach into
lower soil layers, causing groundwater nitrate contamination [5,6] and soil acidification [7],
thereby posing a risk to human food security [8,9].

Therefore, formulating scientific N fertilizer management strategies is necessary for
resolving food security concerns and mitigating the agricultural surface pollution in the
Yellow River Basin. Such strategies are crucial for elevating the N fertilizer utilization
efficiency and promoting sustainable, high-quality agricultural development.

Numerous studies have explored the problem of N application management in maize
cultivation [10-12]. Insufficient N application has been found to hinder maize growth and
development, leading to issues such as delayed maturity [13], weakened plant vigor, and
reduced leaf functionality. This ultimately results in diminished yields and compromised
seed quality. Conversely, excessive N application can result in a rapid expansion of the leaf
area coefficient in the crop’s later growth stages, leading to a decline in chlorophyll content
per unit leaf area and premature leaf aging, thereby inhibiting nutrient accumulation within
the plant and consequently lowering yields [14].

The maize planting season in the Yellow River Basin typically spans from May to
October, coinciding with a period of substantial and concentrated rainfall. During this
period, the over-application of N fertilizer could exacerbate nitrate N leaching from the soil.
Some research suggests that appropriate N application can benefit plant growth and grain
development while optimizing the N fertilizer utilization and reducing N leaching, thereby
alleviating agriculture-induced surface pollution [15]. Tilman et al. [16] also emphasized
that soil nitrate N concentration played a crucial role in controlling nitrate N leaching.

Nakamura et al. [17] explored the effects of both concentrated and split N applications
on N leaching under specific crop and management conditions. They concluded that split N
applications were more effective in minimizing N leaching compared to concentrated appli-
cations. While field experiments offer valuable insights, they are often time-consuming and
expensive to conduct. Moreover, the generalizability of findings is limited due to variable
soil, geological, and climatic conditions across different study locations. To overcome these
limitations and provide more universally applicable results, researchers have combined
agroecosystem modeling approaches with field experiments [18,19].

For instance, Zhang et al. [18] determined the optimal N application rate for sum-
mer maize in the North China Plain through a five-year field study combined with the
denitrification—decomposition (DNDC) model. Their integrated approach, which took
environmental impacts into account, indicated that an N application rate of 180 kg-ha !
led to lower nitrate N leaching (The nitrate N leaching is 18.4 kg-ha~!) and maximized
crop yields. Similarly, Liang et al. [19] utilized the water heat carbon and N simulator
(WHCNS) model alongside field trials in Alashan, Inner Mongolia, to compare traditional
with improved water N treatments. They found that the improved treatment reduced water
leakage and N leaching by 165 mm and 93 kg-ha~!, respectively, compared to traditional
farmer practices. Nonetheless, the preceding studies primarily concentrated on optimizing
the N application amount, fertilizer chasing practices, and mitigating N leaching from a
single perspective, which can be considered somewhat limited in scope.
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There is currently limited comprehensive research concerning the optimal N appli-
cation rates for summer maize in the Yellow River Basin that accounts for agronomic,
economic, and environmental considerations. Additionally, the impact of varying N appli-
cation periods and rates on maize physiology and N utilization remains largely unexplored.

The present study aims to address these gaps by focusing on summer maize cultivation
in the Yellow River Basin. Utilizing two years of field trial data (2022-2023), we calibrated
and validated the WHCNS model. The validated model was then combined with the
entropy-weighted technique for order preference by similarity to ideal solution (TOPSIS)
method to conduct a comprehensive evaluation. This integrated approach enabled us
to examine various N application periods, application rates, and basal N to topdress
application ratios. Ultimately, our goal was to identify an optimal N fertilizer management
strategy that maximizes both the N utilization efficiency and crop yields while minimizing
the nitrate N leaching. This study aims to contribute to safeguarding food security in the
Yellow River Basin, controlling nitrate N leaching from agricultural lands, and mitigating
the environmental pollution.

2. Materials and Methods
2.1. Overview of the Study Area

The study was conducted from June 2022 to September 2022 and from June 2023 to
September 2023 at the Experimental Station for Efficient Water Use in Agriculture, affiliated
with North China University of Water Resources and Hydropower. Located 9.8 km from
the right bank of the Yellow River in northeastern Zhengzhou City, the station’s geographic
coordinates are 113°46'56"E, 34°47'3"N, at an elevation of 85.5 m. Figure 1 illustrates the
location of the experimental site.
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Figure 1. Location of the test area.
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The station experiences a temperate continental monsoon climate with an average
annual temperature of 14.3 °C, 6.57 h of daily sunshine, and an average annual rainfall
of 637.1 mm. Figure 2 presents temperature and rainfall data for the test area during the
reproductive period of summer maize. Precipitation predominantly occurs from July to
September, coinciding with the peak growth period of summer maize. Precipitation in 2023
was mainly concentrated 40-50 days after planting, while precipitation in 2023 was more
scattered and peaked lower than in 2022. The topography is relatively flat, the groundwater
depth exceeds 3 m, and the soil profile up to 100 cm is characterized by sandy loam. The
soil contains 13.6 g-kg ! of organic matter, 539 mg-kg ! of total N, 11.8 mg-kg ! of readily
available phosphorus, and 104.4 mg-kg ! of readily available potassium. Table 1 presents
the soil’s basic physicochemical properties.
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Figure 2. Temperature and rainfall in the test area during the reproductive period of summer maize.
Table 1. Basic physicochemical properties of soil (0-100 cm soil layer).
Mechanical Composition/% . . Initial
Soil Organic Nitrate-N
Soil Depth/cm Volume/(g-cm—3) Matter Content
Grit Granule Agglomerate Ngkg™1) onten

/(mg-kg=1)

0-20 1.52 422 43.3 14.5 15.6 6.8

2040 1.48 442 353 20.5 13.2 48

40-60 1.46 38.4 39.5 22.1 32 3.8

60-80 1.55 43.7 38.6 17.7 3.5 41

80-100 1.55 43.3 38.5 18.2 1.6 4.0

2.2. Experimental Design

A field trial for summer maize was conducted from June 2022 to September 2023. The
maize variety used was “Zhengdan 958”, and basin irrigation was employed for the study.
Each experimental plot measured 10 m x 1.5 m, with protective rows set at a distance of
1.5 m between adjacent plots. A ternary compound fertilizer, containing 60 kg-ha~! each of
N, K, and P [20], was uniformly applied as the base fertilizer. Chase fertilization involved
the use of urea, which contains 46.3% N.

Three levels of N application were established, featuring N application rates of
120 kg-ha~!, 220 kg-ha™!, and 320 kg-ha~!, respectively. According to the fertilizer appli-
cation times, three time points for fertilizer application were designated: the nodulation
stage on 20 June, the tasseling stage on 18 July, and the flowering stage on 7 August, based
on the 2022 summer maize cycle. Each fertilizer application type was administered during
the flowering stage of the summer maize’s fertility period.
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During each of these stages, the different N application levels were further divided
into three N fertilizer treatments. Additionally, a blank control group, which received
no fertilizer, was included. This culminated in a total of 10 N fertilizer treatments, each
replicated three times.

Due to varying weather conditions, the sowing date for the 2023 summer maize season
(13 June 2023) was delayed by five days compared to the previous year (8 June 2022).
Consequently, the dates for chase fertilizer applications were also postponed by five days.
The specific experimental design is shown in Table 2.

Table 2. Field management practices for different N application treatments during the period 2022-2023.

Fertilizer Dates

Treatment Base Fertilizer/(kg-ha—1) June 20 July 18 August 7 N Application/(kg-ha—1)
(June 25) ** (July 23) (August 12)

N120 (1:1:0) * 60 30 30 0 120
N120 (1:0:1) 60 30 0 30 120
N120 (0:1:1) 60 0 30 30 120
N220 (1:1:0) 60 80 80 0 220
N220 (1:0:1) 60 80 0 80 220
N220 (0:1:1) 60 0 80 80 220
N320 (1:1:0) 60 130 130 0 320
N320 (1:0:1) 60 130 0 130 320
N320 (0:1:1) 60 0 130 130 320

CK 0 0 0 0 0

* Proportions in parentheses are the ratios of the fertilizer amounts at three fertilizer time points. ** Data in
parentheses are the timing of each fertilizer application for summer maize in the second season.

2.3. Observational Items and Methods
2.3.1. Meteorological Data

Meteorological data for the test site were collected using a high-precision automatic
weather station (HM-HLO0S).

2.3.2. Soil Moisture Content

Soil moisture was determined using an approach that combined the drying method
and the TRIME tube test. Measurements were conducted in 20 cm soil layers at depths
ranging from 0 to 100 cm. These measurements were taken at intervals of 5-10 days prior
to sowing, post-harvest, and during critical periods of fertility.

2.3.3. Soil Nitrate-N Content

The soil nitrate N content was assessed using UV spectrophotometry [21]. Measure-
ments were taken three days before and after each base and chase fertilizer application. Soil
samples were extracted using a soil auger at 20 cm intervals, down to a depth of 100 cm.

2.3.4. Above-Ground Biomass

During the ripening phase of the summer maize, three representative plants were
selected from each experimental plot. The above-ground portions were harvested, chopped,
and initially oven-dried at 105 °C for 30 min. Subsequent drying continued at 80 °C until a
constant weight was achieved. The above-ground biomass for each experimental plot was
then calculated in accordance with the crop’s planting density.

2.3.5. Yield

To assess the yield, a 1 m x 1 m area was chosen from each experimental plot during
the maize harvest. The maize from this area was threshed, dried, and weighed to obtain
maize yield measurements. The total maize yield of each experimental plot was later
calculated from the measured values (kg-ha™!).
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2.4. Model Introduction

The WHCNS model serves as a quantitative tool for analyzing key processes within
the soil-crop system. It comprises several modules, including meteorological, soil water—
heat-N co-transport, crop growth, organic matter, root water, and N uptake, inorganic N,
and field management modules. Soil water infiltration was modeled using the Green—-Ampt
model [22], whereas soil water redistribution relied on the Richards equation. Evapotran-
spiration was calculated via the Penman-Monteith formula [23]. Soil heat movement was
represented by the convection—conduction equation, and inorganic mass movement within
the soil was described using the convection—dispersion equation. Carbon and N cycling
in the soil were linked to the organic matter conversion module of the DAISY model [24].
For crop growth modeling, the PS123 generic crop model from Wageningen University,
Netherlands [25], was employed.

2.5. Inputs and Rates of Model Parameters

The WHCNS model operates on a daily timestep, and its primary inputs include
meteorological data (daily maximum and minimum temperatures, daily average wind
speed, solar radiation intensity, daily average relative humidity, and precipitation), basic
soil physicochemical properties, crop parameters, and field management data (such as
sowing and harvest dates, planting density, and fertilizer application strategies).

Model parameter rates were established based on prior studies, utilizing treatments
that were devoid of moisture and nutrient stress. This was done to ensure that these
stresses did not compromise the model’s simulation accuracy for various treatments [26].
Calibration was performed using data gathered from the 2022 summer maize field trial.
This involved the iterative adjustments of parameters using the "trial-and-error method"
until simulated outputs closely matched the measured data. Subsequently, appropriate
parameters for soil hydraulic properties, carbon and N cycling, and crop growth were con-
firmed. Tables 3-5 present the soil hydraulic parameters, carbon and N cycling parameters,
and crop parameters, respectively.

Table 3. Parameters of soil hydraulic properties after rate determination.

Soil Saturated Hydraulic Saturated Water Residual Moisture
Depth/cm Conductivity Ks Content Os Content Or of(cm—1) * m n 1
/(em-d—1) /(cm®-cm—3) /(cm3-cm—3)

0-20 14.7 0.365 0.056 0.02 0.25 1.34 0.5
20-40 33.8 0.380 0.046 0.016 0.21 1.27 0.5
40-60 21.0 0.400 0.046 0.016 0.25 1.34 0.5
60-80 28.9 0.380 0.030 0.011 0.22 1.29 0.5

80-100 30.2 0.380 0.030 0.015 0.24 1.32 0.5

* o, m, n, and | are parameters of the van Genuchten moisture signature curve.

Table 4. Main parameters of soil carbon and N cycling after rate determination.

Parameter Numerical Value Unit
SOM1 library decomposition rate 2.7 x 1076 d-!
SOM2 library decomposition rate 1.4 x 1074 d-!
SMBI library death rate 1.85 x 1074 d-!
SMB2 library death rate 1 x 1072 d-!
AOM1 library decomposition rate 5x 1072 d-!
AOM2 pool decomposition rate 5x 1072 d-!
Maximum nitrification rate Vn 20 g-(m3 d)~1
Nitrification half-saturation constant Kn 80 gm~3
Denitrification example coefficient Kd 0.5 /
Denitrification empirical constant Ad 0.05 /

Ammonia volatilization first-order kinetic

-1
constant Kv 0.05 d
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Table 5. Main crop parameters after rate determination.

Parameter Numerical Value Unit

Accumulated temperature

. . 1660 °C
required for crop maturity

Early crop coefficient Kc 0.6 /
Middle crop coefficient Kc 1.55 /

Late crop coefficient Kc 1.05 /
Maximum specific leaf area 27 m? -kg_l
Minimum specific leaf area 18 m? -kg*1
Minimum assimilation rate 0.5 kg-hef1 h1
Maximum assimilation rate 60 1<g~ha1_1 h1

Maximum root length 120 cm

2.6. Inputs and Rates of Model Parameters

To assess the consistency between model simulation results and measured data, as
well as the overall performance of the simulation, three key evaluation indicators were
employed in this study:

(1) Root mean square error (RMSE)

I A2
RMSE = E;(P, 0;) (1)

(2) Relative root mean square error (nRMSE)

RMSE

RMSE =
nRMS 0

x 100% 2)

(3) Mean error (ME)

ME:EZR-—OZ- ©)

where 7 is the number of measured values; P; and O; are the ith simulated and measured
values, respectively; and O is the average value of measured values.

RMSE is utilized to quantify the absolute deviation between simulated and measured
values. nRMSE reveals the degree of consistency between simulated and measured values.
A value closer to zero indicates a more accurate simulation. According to prior research [27],
an nRMSE of less than 15% suggests good consistency; between 15% and 30% indicates
moderate consistency; and greater than 30% signifies poor consistency with considerable
divergence between the simulated and measured values. ME serves to indicate whether
the model error is positively or negatively skewed.

2.7. Indicator System for Evaluating the Effectiveness of N Application Management

To optimize the agronomic, environmental, and economic outcomes, an evaluation
system comprising four key indicators was established. These include the yield, N agro-
nomic efficiency (NAE), nitrate-N loss, and value-to-cost ratio (VCR). This system aims to
assess the effectiveness of N management in each summer maize crop.

(1) N agronomic efficiency (NAE):

NAE = Y= Yot
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(2) Value-to-cost ratio (VCR):

Y x YP

VER =t Fp

)

where Y is the yield (kg-ha™!); Y, is the yield of the control group without N application
(kg-ha™1); YP is the crop unit price (CNY-kg~!); F is the N amount applied (kg-ha~1!); and
FP is the N fertilizer unit price (CNY-kg~!). Both the N application rates and the unit cost
of N fertilizer are evaluated in terms of N content. According to local agricultural practices
in the Yellow River Basin, the unit price for summer maize is set at 2 CNY-kg~!, and for N
fertilizer, it is 5 CNY-kg’l. The evaluation is conducted on a per hectare basis [28].

2.8. Entropy-Weighted TOPSIS Method

TOPSIS is one of many multi-objective decision-making tools [29,30] frequently em-
ployed to address multi-level and multi-objective preferences due to its wide applicability
and high efficiency [31]. Numerous scholars have already used this method to solve
problems in agriculture [32,33]. However, the traditional TOPSIS method relies on expert
opinions to assign indicator weights, making the approach subjective. Integrating the
entropy weight method with the TOPSIS method and forming the entropy-weighted TOP-
SIS method effectively solves this limitation. It employs the entropy weight method to
objectively determine the indicator weights, thereby making the evaluation more accurate
and impartial. Figure 3 shows the Methodological scheme of the method used in this study.
The entropy-weighted TOPSIS method involves the eight following steps:

(1) Define the initial matrix as R, with i representing the evaluation objects and j repre-
senting evaluation indicators, and r;; is the original data.

i T2 ... T
r r c.. I . .

R=|? "2 I ie(l,m),je1n] (6)
rihn Tip ... 7’,']‘

The standardized data a;; are computed using Equation (7) for a benefit indicator j and
Equation (8) for a cost indicator j.

_ i 7
%j = max )
)
r;nin
ajj = — )]
1] rl]

(2) Determine the share p;; of the ith evaluation object in the jth indicator.

(3) Compute the entropy value ¢; for the jth indicator.

m
6]' = —kz pl] In Pl] (10)
i=1
(4)  Determine the entropy weight w; for the jth indicator.

(1 — 6])
(1 — €])

ZU] = (11)

It

]
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To avoid the impact of diverse units among indicators, the original matrix R is normal-

ized to yield the decision matrix Z.

©)

(6)

@)

®)

T
Zz] = —
\/ Li=1Tij

Multiply the weights derived from the entropy weighting method with the normalized
decision matrix to create a weighted decision evaluation matrix X.

(12)

xij = ZU] . Zij (13)

Compute the positive (x]*) and negative (xj_) ideal solutions for each indicator.

x{ = max{x;; | (14)

x]f = min{xij} (15)

Calculate the distance of each object to the positive and negative ideal solutions.

d?=:\/2:iJ(Xq——XT)2 (16)

d; ::\/leq(xﬁx;)z (17)

Calculate C;, relative proximity, and the progress of each object toward the positive
ideal solution. The value of C; ranges between 0 and 1, with values closer to 1
indicating a higher level of N application management effectiveness.

¢ =i (18)
Yod; tdf

Define the initial Determine the
matrix R shareof the
Compute the evaluation object in
\ entropy value theindicator
Data
standardization
y

R normalized to obtain the

Determine the
entropy weight

decision matrix Z

create a weighted decision evaluation matrix X

A

Calculate relative proximity Ci

y
Optimization of the best objects
according to Ci

Figure 3. Methodological scheme.
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3. Results and Analyses
3.1. Model Calibration

The WHCNS model was verified using measured data from the 2023 summer maize
field trials. Figure 4 provides a comparison between the simulated and measured values of
soil volumetric water content across varying soil depths for the N320 (1:1:0) treatment. Due
to space constraints, only data for this particular treatment are displayed. The simulated
values exhibit a strong correlation with the measured values.

Figure 5 illustrates the dynamic shifts in soil nitrate-N content at different soil depths.
The simulated values closely align with the measured values. The soil volumetric water
content and nitrate-N content at different depths reached their highest levels following
both precipitation and fertilizer application. Similar patterns were noted in the case of the
two other treatments, N320 (1:0:1) and N320 (0:1:1), at this N application level.

Figure 6 confirms that the model effectively simulates the above-ground biomass. Simi-
larly, yield estimates for all treatments closely approximate the empirically measured values.

0.4
034 © Measured value———5i d valge, 0-20cm
0.2 4 ° © ~0
f"q\ 0-1 T T T T T
£ 04
g 0.3 S S X o 20-40cm
=0.2
§ 0-1 T T T T T
£ 04
2034 o o > ° o 40-60cm|
202 ¢ o O
201 x x x x x
-2
£04
£ 0.3 5 60-80cm
o
% 0.2 © o
01 T : : : ;
304
034 - 3 80-100cm|
o
0.2+ ° 5
0.1 T T T T T
0 20 40 60 80 100
Days after sowing/d

Figure 4. Comparison of simulated and measured values of soil volumetric water content in each soil
layer across the 0-100 cm depth for N320 (1:1:0) treatment in 2023.
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Figure 5. Comparison of simulated and measured values of soil nitrate-N content in each soil layer
across the 0-100 cm depth for N320 (1:1:0) treatment in 2023.
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Figure 6. Relationship between simulated and measured values of summer maize yield and above-
ground biomass in 2023. (a) Yield. (b) Above-ground biomass.

Table 6 provides a statistical analysis of soil volumetric water content across different
depths and treatments. RMSE values range from 0.02 to 0.05 cm®.cm~3, suggesting a
minimal deviation from the measured data. Moreover, ME values lie between -0.036 and
0.004 cm®.cm 3, confirming the model’s efficacy [34]. Notably, the nRMSE values for soil
volumetric water content vary from 9% to 21%. For the soil layer spanning 20-100 cm,
nRMSE values are all below 15%, indicating a strong consistency between the simulated
and measured data [27]. These statistics confirm that the WHCNS model offers a highly
accurate simulation for soil volumetric water content, particularly in the 20-100 cm depth
range. The simulation effect on the soil volumetric water content within the 0-20 cm depth
layer is deemed acceptable, making it highly applicable and valuable for various uses.

Table 6. Statistical indicators of soil volumetric water content across the 0-100 cm depth soil layer
under various treatments for summer maize in 2023.

Soil Depth/cm
Treatment Statistical Indicator
0-20 20-40 40-60 60-80 80-100

N120 RMSE/(cm3-cm™3) 0.05 0.02 0.03 0.03 0.02
(1:1:0) nRMSE /% 21% 9% 10% 13% 10%
ME/(cmB3-cm3) —0.036 0.008 —0.004 0.025 0.008

N120 RMSE/(cm3-cm™3) 0.04 0.02 0.03 0.03 0.02
(1:0:1) nRMSE /% 21% 9% 10% 13% 10%
ME/(cm®-cm~3) —0.036 0.008 —0.003 0.025 0.009

N120 RMSE/(cm3-cm™3) 0.05 0.02 0.03 0.03 0.02
0:11) nRMSE /% 21% 9% 10% 13% 10%
ME/(cm3-cm™3) —0.036 0.008 —0.003 0.025 0.008

N220 RMSE/(cm3-cm™3) 0.05 0.02 0.03 0.03 0.02
(1:1:0) nRMSE /% 21% 9% 10% 11% 10%
ME/(cm®-cm~3) —0.036 0.006 —0.006 0.022 0.005

N220 RMSE/(cm3-cm™3) 0.05 0.02 0.03 0.03 0.02
(1:0:1) nRMSE /% 21% 9% 10% 12% 10%
ME/(cm3-cm™3) —0.035 0.007 —0.004 0.024 0.008

N220 RMSE/(cm3-cm™3) 0.05 0.02 0.03 0.03 0.02
0:1:1) nRMSE /% 21% 9% 10% 12% 10%
- ME/(cm®-cm~3) —0.036 0.007 —0.004 0.024 0.008
N320 RMSE/(cm3-cm™3) 0.05 0.02 0.03 0.03 0.02
(1:1:0) nRMSE /% 21% 9% 10% 11% 10%
ME/(cm3-cm3) —0.036 0.006 —0.006 0.022 0.005
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Table 6. Cont.
Soil Depth/cm
Treatment Statistical Indicator
0-20 20-40 40-60 60-80 80-100
N320 RMSE/(cm3-cm™3) 0.05 0.02 0.03 0.03 0.02
(1:0:1) nRMSE /% 21% 9% 10% 12% 10%
e ME/(cm3-cm™3) —0.035 0.007 —0.004 0.024 0.008
N320 RMSE/(cm3-cm—3) 0.05 0.02 0.03 0.03 0.02
0:1:1) nRMSE /% 21% 9% 10% 12% 10%
- ME/(cm3-cm™3) —0.036 0.007 —0.004 0.024 0.008
RMSE/(cm3-cm™3) 0.05 0.02 0.03 0.03 0.02
CK nRMSE /% 21% 9% 10% 13% 10%
ME/(cm3-cm3) —0.036 0.008 —0.005 —0.024 0.008

Field data show that the soil nitrate-N content peaks 5-10 days post-fertilizer appli-
cation. During the maize’s reproductive phase, elevated levels of nitrate-N are observed
in the 040 cm soil layer, while lower concentrations are found between depths of 40 and
100 cm. The overall pattern in soil nitrate-N distribution shows a decrease in nitrate-N
content as the soil depth increases, with relatively minor fluctuations in nitrate-N levels
observed in the deeper soil layers.

Table 7 further proves this observation, revealing RMSE values from 0.23 to 3.20 mg-kg "
and ME values that align well with both the simulated and measured data (—1.730-
0.050 mg-kg~!). nRMSE values fluctuate between 9% and 29%, all falling below the
30% threshold. This affirms that the WHCNS model provides a reliable simulation of soil
nitrate-N content across various soil depths and treatments [35].

Table 7. Statistical indicators of soil nitrate-N content across the 0-100 cm depth soil layer under
various treatments of summer maize in 2023.

Soil Depth/cm
Treatment Statistical Indicator
0-20 20-40 40-60 60-80 80-100
N120 RMSE/(mg-kg_l) 2.76 1.19 1.00 0.78 0.46
(1:1:0) nRMSE /% 27% 23% 24% 25% 16%
ME/(mg-kg_l) —1.629 0.036 —0.100 0.429 0.257
N120 RMSE/(mg-kgfl) 2.18 1.07 0.81 0.24 0.36
(1:0:1) nRMSE /% 24% 26% 26% 9% 16%
ME/(mg-kgfl) —1.288 0.083 —0.316 0.002 0.071
N120 RMSE/(mg-kg‘l) 1.34 0.47 0.34 0.47 0.23
(0:1:1) nRMSE /% 28% 22% 18% 27% 13%
ME/(mg-kg_l) —0.817 —0.098 0.065 0.174 —0.051
N220 RMSE/(mg-kgfl) 3.20 2.07 1.05 1.16 0.37
(1:1:0) nRMSE /% 27% 22% 15% 25% 10%
ME/(mg-kgfl) 0.333 1.097 0.654 0.872 -0.110
N220 RMSE/(mg-kgfl) 3.10 1.87 0.96 0.33 0.58
(1:0:1) nRMSE /% 26% 29% 25% 12% 24%
ME/(mg~kg‘1) —1.730 —0.605 —0.467 0.128 0.162
N220 RMSE/(mg-kgfl) 0.85 0.83 0.69 0.54 0.33
(0:1:1) nRMSE /% 13% 24% 27% 28% 17%
ME/(mg-kgfl) —0.503 —0.157 -0.177 0.335 0.101
N320 RMSE/(mg-kgfl) 3.09 2.25 1.71 1.43 0.54
(1:1:0) nRMSE /% 29% 25% 27% 28% 14%
o ME/(mg~kg*1) 1.838 1.510 1.222 0.983 0.235
N320 RMSE/(mg-kgfl) 2.03 1.37 1.26 0.71 0.90
(1:0:1) nRMSE /% 17% 22% 22% 18% 25%

ME/(mg-kg™1) —1.471 0.792 —0.479 0.230 —0.213
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Table 7. Cont.
Soil Depth/cm
Treatment  Statistical Indicator
0-20 20-40 40-60 60-80 80-100
N320 RMSE/(mg-kgfl) 2.30 1.57 0.97 0.56 0.40
(0:1:1) nRMSE /% 25% 29% 28% 21% 16%
o ME/(mg-kgfl) —0.379 0.412 —0.105 0.402 0.128
RMSE/(mgkg’l) 1.56 0.89 0.78 043 0.23
CK nRMSE /% 23% 27% 23% 15% 12%
ME/(mg~kg’1) 0.231 0.210 0.164 0.151 0.080

Figure 6 presents the correlation coefficients for simulated versus measured values
of yield and above-ground biomass. With correlation coefficients of 0.9496 for yield and
0.8562 for above-ground biomass, the simulation demonstrates high reliability to empirical
measurements. The regression equations for yield and above-ground biomass exhibit
slopes of 0.976 and 0.891, respectively. RMSE values for these metrics are 310.33 kg-ha~!
and 740.80 kg-ha~!, respectively, while ME values are 43.181 kg-ha~! and 162.428 kg-ha™ 1.
nRMSE values for both parameters are below 10%, indicating a high degree of consistency
between the simulated and observed values.

In summary, the WHCNS model, after thorough parameter calibration, effectively
simulates key soil and plant indicators, including soil volumetric water content, nitrate-N
levels, yield, and above-ground biomass. The statistical indicators RMSE, nRMSE, and
ME validate the model’s robustness in capturing the intricate dynamics of soil moisture, N
cycling, and crop growth in the Yellow River Basin under varying N application regimes.

3.2. Situational Application Analysis
3.2.1. Scenario Setting

To optimize N fertilizer management for summer maize cultivation in the Yellow
River Basin, a comprehensive scenario analysis was conducted for the 2023 growing season.
The N application rate varied from 80 to 260 kg-ha~! in increments of 30 kg-ha=! [28],
resulting in seven distinct levels of N application. Additionally, two basal N to topdress the
application ratios (1:5 and 1:4) were investigated to examine their influence on maize growth
during different developmental stages [36]. Four configurations of chase fertilization
schedules were also considered (1:1:0, 1:0:1, 0:1:1, 1:1:1). The timing for all fertilizer
applications remained consistent. A total of 56 N fertilizer management scenarios were
thus formulated, as illustrated in Table 8.

Table 8. N fertilizer management scenarios for summer maize.

Base Fertilizer

Fertilizer/(kg-ha—1) Fertilizer/(kg-ha—1)

Base Fertilizer

Treatment /(kg-ha~1) 13 23 12 Treatment /(kg-ha~1) 13 23 12
June July  August June July August

N80 (1:1:0)a * 16 32 32 0 N170 (1:1:0)b 43 64 64 0
N80 (0:1:1)a 16 0 32 32 N170 (0:1:1)b 43 0 64 64
N80 (1:0:1)a 16 32 0 32 N170 (1:0:1)b 43 64 0 64
N80 (1:1:1)a 16 21 21 21 N170 (1:1:1)b 43 43 43 43
N80 (1:1:0)b 20 30 30 0 N200 (1:1:0)a 40 80 80 0
N80 (0:1:1)b 20 0 30 30 N200 (0:1:1)a 40 0 80 80
N80 (1:0:1)b 20 30 0 30 N200 (1:0:1)a 40 80 0 80
N80 (1:1:1)b 20 20 20 20 N200 (1:1:1)a 40 53 53 53
N110 (1:1:0)a 22 44 44 0 N200 (1:1:0)b 50 75 75 0
N110 (0:1:1)a 22 0 44 44 N200 (0:1:1)b 50 0 75 75
N110 (1:0:1)a 22 44 0 44 N200 (1:0:1)b 50 75 0 75
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Table 8. Cont.

Base Fertilizer

Fertilizer/(kg-ha—1) Fertilizer/(kg-ha—1)

Base Fertilizer

Treatment /(kg-ha~1) 13 23 12 Treatment /(kg-ha—1) 13 23 12
June July  August June July  August

N110 (1:1:1)a 22 29 29 29 N200 (1:1:1)b 50 50 50 50
N110 (1:1:0)b 28 41 41 0 N230 (1:1:0)a 46 92 92 0
N110 (0:1:1)b 28 0 41 41 N230 (0:1:1)a 46 0 92 92
N110 (1:0:1)b 28 41 0 41 N230 (1:0:1)a 46 92 0 92
N110 (1:1:1)b 28 28 28 28 N230 (1:1:1)a 46 61 61 61
N140 (1:1:0)a 28 56 56 0 N230 (1:1:0)b 58 86 86 0
N140 (0:1:1)a 28 0 56 56 N230 (0:1:1)b 58 0 86 86
N140 (1:0:1)a 28 56 0 56 N230 (1:0:1)b 58 86 0 86
N140 (1:1:1)a 28 37 37 37 N230 (1:1:1)b 58 58 58 58
N140 (1:1:0)b 35 53 53 0 N260 (1:1:0)a 52 104 104 0
N140 (0:1:1)b 35 0 53 53 N260 (0:1:1)a 52 0 104 104
N140 (1:0:1)b 35 53 0 53 N260 (1:0:1)a 52 104 0 104
N140 (1:1:1)b 35 35 35 35 N260 (1:1:1)a 52 69 69 69
N170 (1:1:0)a 34 68 68 0 N260 (1:1:0)b 65 98 98 0
N170 (0:1:1)a 34 0 68 68 N260 (0:1:1)b 65 0 98 98
N170 (1:0:1)a 34 68 0 68 N260 (1:0:1)b 65 98 0 98
N170 (1:1:1)a 34 45 45 45 N260 (1:1:1)b 65 65 65 65

* a is the basal N to topdress N application ratio of 1:5, b is the basal N to topdress N application ratio of 1:4, and
the ratio of N applied between the three chase fertilizers is in parentheses.

3.2.2. Scenario Simulation Results

Utilizing the calibrated WHCNS model, the 56 N management scenarios were simu-
lated to evaluate the yield, nitrate-N leaching, NAE, and VCR under different N manage-
ment scenarios.

Figure 7a reveals that crop yield generally increases with increasing N application
rates. For most treatments, the yield plateaued at 170 kg-ha~!, while only treatment (1:1:0)
showed an exceptional maximum at 200 kg-ha—!. A basal N to the topdress N application
ratio of 1:5 consistently outperforms the 1:4 ratio in terms of yield. The relationship between
the yields for the same basal N to the topdress N application ratio with different chase
times and chase ratios was (0:1:1) > (1:1:1) > (1:0:1) > (1:1:0). This suggests that decreasing
the amount of base fertilizer and increasing the proportion of chase fertilizer during the
tasseling and flowering stages can enhance the growth and grain development of summer
maize, ultimately leading to higher yields.

Figure 7b establishes a linear relationship between N application and nitrate-N leach-
ing, indicating increased leaching with higher rates of N application. Among basal N to
topdress application ratios, the (1:1:0) treatment incurred the greatest nitrate-N losses, and
the (0:1:1) treatment the lowest nitrate-N losses, particularly when the basal ratio was 1:5.

As depicted in Figure 7c, the NAE initially increased with higher N application rates
but peaked at 140 kg-ha~?, after which it declined.

Figure 7d demonstrates that the VCR progressively diminishes with rising N applica-
tion rates. Beyond 230 kg-ha~! of N, the ratio remained constant across treatments due to
yield stabilization. The (1:1:0) treatment showed the lowest VCR, while variations among
other treatments were marginal.
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Figure 7. Crop yield, nitrate-N leaching, N agronomic efficiency, and value-to-cost ratio under
different N fertilizer managements. a is the basal N to topdress N application ratio of 1:5, b is the
basal N to topdress N application ratio of 1:4.

3.2.3. Analysis of Optimal N Fertilizer Management Based on the Entropy-Weighted
TOPSIS Method

To identify the optimal N fertilizer management strategy for summer maize, a multi-
objective decision-making analysis was conducted using the entropy-weighted TOPSIS
method. This comprehensive approach evaluated the agronomic efficiency, environmental
impact, and economic feasibility. The entropy weighting method determined the weighting
coefficients for crop yield, nitrate-N leaching, NAE, and VCR to be 7.03%, 51.17%, 27.13%,
and 14.67%, respectively. Table 9 reveals that the highest relative proximity was achieved
with an N application rate of 170 kg-ha~!, a basal N to topdress N application ratio of 1:5,
and a chase ratio of 1:1 at both the tasseling and flowering stages. This scenario resulted in
a maximum yield of 8,354.3 kg-ha~! and a maximum NAE of 32.80 kg-ha~!, and minimized
nitrate-N leaching to 25.7 kg-ha~!, constituting a 56% reduction compared to the maximum
leaching value. In summary, the optimal N management strategy for the 2023 summer
maize season in the study area involved these specific rates and ratios.
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Table 9. Results of optimal N fertilizer management analysis using the entropy-weighted TOPSIS method.

] ) N Evaluation of Calculation
Deal with /(k?;l:fl) Leacl;lli;r;/tflzghafl) . Agronomic Results
Efficiency/(kg-kg=") VCR Relative Proximity C  Sorting Results
N170(0:1:1)a * 8354.3 25.7 22.5 19.7 0.980 1
N170(0:1:1)b 8354.3 27.5 225 19.7 0.977 2
N200(0:1:1)a 8354.3 29.0 19.1 16.7 0.973 3
N170(1:0:1)a 8354.3 29.9 225 19.7 0.972 4
N200(0:1:1)b 8354.3 30.9 19.1 16.7 0.970 5
N110(1:1:0)b 5459.0 28.6 8.5 19.9 0.225 52
N80(1:1:1)a 5210.4 189 8.6 26.1 0.167 53
N80(1:1:1)b 5202.8 19.6 8.5 26.0 0.165 54
N80(1:1:0)a 4666.0 22.7 1.8 23.3 0.066 55
N80(1:1:0)b 4648.6 23.0 1.5 23.2 0.065 56

* a is the basal N to topdress N application ratio of 1:5, b is the basal N to topdress N application ratio of 1:4, and
the ratio of N applied between the three chase fertilizers is in parentheses.

4. Discussion
4.1. Evaluation of WHCNS Model Simulations

In this investigation, the WHCNS model was parameterized using the data collected
from a 2022 field trial involving summer maize. The calibrated model was subsequently
employed to simulate various parameters, such as soil hydraulic characteristics, N cycling,
and crop growth and development. These simulations were conducted during the fertility
phase of summer maize within the Yellow River Basin and further calibrated with 2023
field data. The calibration confirmed that the WHCNS model is proficient at precisely
simulating soil hydraulics, N cycling, and crop growth during this critical period.

Various statistical indicators were employed to evaluate the model’s performance.
For instance, the RMSE, nRMSE, and ME for soil volumetric water content in the soil
layers of 20~100 cm were as follows: the RMSE of 0.02-0.03 cm®-cm 3, nRMSE between
9% and 13%, and ME from -0.025 to 0.003 cm3-cm~3. For the topsoil layer (0-20 cm), the
mean RMSE, nRMSE, and ME values were 0.05 cm’-cm ™3, 21%, and -0.036 cm?-cm 3,
respectively. Notably, the model demonstrated less accuracy in simulating the surface soil
water content, confirming the findings of a previous study [37].

The limited accuracy in modeling the surface soil water content might be attributable
to the inherent variability and instability of the soil moisture conditions in the field, which
can be influenced by various factors, including crops, climatic conditions, and human
intervention. Moreover, the spatial and temporal variations in soil hydraulic properties
during field tests make it challenging for the model to replicate these conditions.

Regarding N cycling, the RMSE, nRMSE, and ME for soil nitrate-N content were found
to be 0.23-3.20 mg-kg~!, 9-29%, and -1.730-0.050 mg-kg !, respectively. Although the
model’s simulation accuracy for nitrate-N was not as strong as for soil moisture, it was still
within acceptable limits [38].

Furthermore, our model displayed greater fluctuations in simulated values when
compared to measured data, especially concerning the nitrate-N content peaks, which
was different from the results in [39]. This discrepancy may be rooted in the complex
interactions of soil physicochemical properties, climatic conditions, and crop-related factors
that influence the rate of fertilizer decomposition [40]. Therefore, the model tends to
overestimate the decomposition rate, leading to early and elevated peaks in simulated
nitrate-N levels.

In terms of crop growth metrics, the RMSE, nRMSE, and ME for crop yield were
310.33 kg-ha!, 4%, and 43.181 kg-ha~!, respectively. For above-ground biomass, these
values were 740.80 kg-ha~!, 6%, and 162.428 kg-ha~!. The coefficient of determination
(R?) between the simulated and measured data for these metrics was 0.9496 and 0.8562,
respectively, indicating a high degree of correlation and simulation accuracy [41].
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4.2. Optimal N Management for Summer Maize Based on the Entropy-Weighted TOPSIS Method

The optimization of N application in summer maize has been extensively studied,
revealing a multitude of variables that influence the practice, such as planting methods,
crop varieties, sowing times, soil types, N application schedules, and basal N to the
topdress application ratios [41—43]. These variables contribute to disparate findings among
researchers working in different geographical contexts. For example, Zhao et al. [42]
employed the Agricultural Production Systems Simulator (APSIM) model to suggest an
optimal N application rate of 180 kg-ha~! for summer maize in the North China Plain.
Conversely, Wang and Huang [41] recommended a rate of 120 kg-ha~! for summer maize
in Beijing. Furthermore, a three-year field trial by Jin et al. [43] in Wengkou, Shandong
Province, advocated for a shift to direct sowing and an N application of 185 kg-ha~!. This
approach significantly outperformed traditional tillage methods, enhancing the yield, N
bias productivity, and N use efficiency by 67.0%, 104.0%, and 53.5%, respectively.

In the current investigation, a multi-criteria approach that incorporated agronomic,
economic, and environmental factors was adopted. Evaluation indicators such as crop
yield, nitrate-N leaching, NAE, and VCR were considered. Consequently, the optimal N
management strategy for summer maize in the Yellow River Basin was determined to be
an N application of 170 kg-ha~!, with a basal N to topdress the N application ratio of 1:5.
Fertilization is recommended at both the tasseling and flowering stages, maintaining a
balanced fertilization ratio of 1:1. This prescribed N application level is notably lower than
the traditional practices commonly employed by farmers in the Yellow River Basin for
summer maize cultivation.

The reduction in N application to 170 kg-ha~!, compared to a previously higher level
of 240 1<g~ha*l [44], resulted in a 29.2% decrease in N fertilizer use. This change not only
yields greater economic benefits but also addresses the environmental concern of surface
water pollution caused by excessive N fertilizer application in the Yellow River Basin [45],
all while sustaining high crop yields.

Recent studies affirm that N management strategies aligned with crop demand can
substantially minimize N losses while enhancing N fertilizer utilization and maintaining
high yields [46]. For instance, Huang et al. [47] proposed an N application rate of 180 kg
ha~! for summer maize in the North China Plain, as per a three-year rotation trial with
winter wheat. This rate balances the need for reduced N leaching and sustained crop yields.
Similarly, Yin et al. [48] observed effective nitrate N leaching reduction in a rice-wheat
rotation system in Suzhou City, Jiangsu Province, through improved farmland management
measures.

This study’s findings reinforce these observations. Specifically, the utilization of a basal
N to the topdress N application ratio of 1:5 and a balanced 1:1 N application at the tasseling
and flowering stages diminished nitrate N losses by 56% while maintaining optimal yields
and an improved VCR. Past research also suggests that reducing the base and seedling stage
fertilizers can enhance the resilience of summer maize to adverse conditions [49]. Min-Wei
et al. [50] noted that 43.9-50.9% of the summer maize’s N accumulation occurs during the
post-flowering fertility phase, advocating for increased post-flowering N application in line
with the crop’s N requirements.

5. Conclusions

(1) The current study, focused on summer maize under different N management
practices in Zhengzhou City for the years 2022-2023, validated soil hydraulic movement,
carbon and N cycling, and crop growth parameters through the WHCNS model. The
simulated soil volumetric water content, nitrate-N levels, crop yield, and above-ground
biomass closely matched the observed data. Therefore, the WHCNS model is a robust
tool for simulating soil moisture movement, N cycling, and crop growth during summer
maize’s reproductive phase in the Yellow River Basin.

(2) Our simulations revealed that, while the increasing N application initially improved
the crop yield, the yield eventually plateaued; meanwhile, the nitrate N loss consistently
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escalated. Among various N application scenarios, a 1:5 basal N to topdress N application
ratio showed a superior performance in crop yield, NAE, VCR, and nitrate N loss compared
to a 1:4 ratio. Within the same N application levels and basal N to topdress application
ratios, employing a balanced 1:1 N application at the tasseling and flowering stages proved
optimal. This method yielded a 79.7% increase in crop yield and a 56% reduction in nitrate-
N leaching compared to the worst treatment. Through entropy-weighted TOPSIS analysis,
it was concluded that the optimal N management strategy for summer maize in the Yellow
River Basin involves an N application of 170 kg-ha~!, a basal N to topdress N application
ratio of 1:5, and a chase ratio of 1:1 during the tasseling and flowering stages.
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