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A B S T R A C T   

Seed yield (SY) of hybrid maize tends to be emphasized over seed quality, which collectively determine maize 
planting and production. The maize seed production in the Hexi Corridor supports more than half of China’s 
maize cultivation, but the shortage of water resources and inefficient agricultural resource use limit high-yield, 
high-quality, and high-efficient production of hybrid maize. In this study, the Jensen- and Rao-based models 
were developed for SY and seed vigor (SV) of hybrid maize based on data collected from multi-year field ex-
periments, and found that the heading and filling stages were sensitive to water and nitrogen (N) for SY, and 
jointing and filling for SV. Building on these insights, a framework was developed to optimize irrigation and N 
fertilization management under different hydrological years, considering interactive sensitivity coefficients of 
water and N at different growth stages, precipitation, and initial soil available water and N content. Results 
showed that the optimized irrigation (22.6–37.8%) and N fertilization inputs (34.1–53.2%) and N-surplus 
(35.3–60.6%) were significantly decreased and irrigation water productivity (WPI) and partial factor produc-
tivity from applied N fertilization (PFPN) were significantly increased compared with the current scenario, 
regardless of whether SV maximization is set in the optimization framework. The optimized scenario that 
maximizes both SY and SV objectives requires 0.6–8.8% more water and N inputs than the scenario considering 
only the maximized SY objective in wet, normal, and dry years. The best optimization scenario evaluated by 
using the osculating value method considering SY and SV, WPI, PFPN, and N-surplus varied between different 
hydrological years. Our optimization framework and findings would guide high-yield, high-quality and high- 
resource use efficient production of hybrid maize, with low risk of agricultural N pollution in the Hexi 
Corridor, and has the potential for further use for optimizing irrigation and fertilization management of other 
crops.   

1. Introduction 

Maize products are important as human food, animal feed, and in-
dustrial feedstock, and their production largely depends on the seed 
industry of hybrid maize (Jiang et al., 2020). With growing maize de-
mand and cultivation expansion, the seed production of hybrid maize 
has also greatly increased (Arisnabarreta and Solari, 2017). The culti-
vation and production of hybrid maize seeds require not only a suitable 
environment, but also appropriate management and guidance (Bedő and 
Barnabás, 2013). Hence, many studies have focused on the optimization 
of management strategies to achieve high yields and water use efficiency 

(WUE) (Shi et al., 2022; Wang et al., 2020; Wang et al., 2021). Seed 
vigor (SV) is an important quality indicator for seed production, deter-
mining the potential activity and performance of the seed during 
germination and establishment, which ultimately affect grain yield 
(Dalil et al., 2010). Production of hybrid maize with high yield, quality, 
and resource use efficiency is essential for food security and sustainable 
agricultural development. 

China contributes 23% of global maize seed production (Arisna-
barreta and Solari, 2017), of which more than 50% of which is produced 
in the Hexi Corridor of Northwestern China (Chen et al., 2023). Suffi-
cient sunlight and heat resources are suitable for the growth of hybrid 
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maize in the Hexi Corridor, but water is a constraint due to strong 
evaporation and low precipitation (Chen et al., 2021b; Li et al., 2015). 
Ensuring the seed production of hybrid maize in this region matters for 
national food security and regional resource utilization. Typically, 
excess water and nitrogen (N) fertilizer are applied to achieve high seed 
production, which reduces WUE and N use efficiency (NUE) and in-
creases the risk of N-related pollution (Sapkota et al., 2022; Chen et al., 
2020b). High yield and high WUE can be achieved by prioritizing water 
supply during water-sensitive stages (heading and filling stages) and 
reducing water supply during non-sensitive stages (seedling and matu-
rity stages) (Chen et al., 2020a). In contrast, seed vigor requires prior-
itizing water supply during the jointing and filling stages (Guo et al., 
2018; Shi et al., 2020). Therefore, the contrasting water-sensitive stages 
of seed yield (SY) and SV pose a challenge for optimizing irrigation 
management. 

Effects of water and N inputs on SY and SV have been reported in 
field experiments (Zhou et al., 2016; Wang et al., 2021). Based on this, 
models have been developed to characterize the effects at different 
growth stages (Ran et al., 2017; Chen et al., 2023). Shi et al. (2020) and 
Wang et al. (2020) developed seed vigor production functions to opti-
mize irrigation scheduling without considering N fertilization and 
water-N interactions. Consequently, how to optimize the N fertilization 
to improve seed vigor remains largely unclear. Moreover, accurately 
quantifying the effects of irrigation and N fertilization inputs on SY and 
SV is crucial for achieving high-yield and high-quality production of 
hybrid maize seed. 

In this study, we developed and evaluated three production function 
models for SY and SV simulations of hybrid maize, and then selected the 
model with best performance as the core to establish an optimization 
framework. The optimization framework considers the effects of initial 
soil available water and N and can quantitatively describe the effects of 
sensitivity to water and N interaction in different stages on SY and SV. 
Irrigation and N fertilization management were simultaneously opti-
mized for SY, SV, WUE, NUE, and N-surplus. Optimization scenarios 
were evaluated for different regions and hydrological years by using the 
osculating value method. 

2. Materials and methods 

2.1. Description of experimental site 

The Hexi Corridor (37◦17′–42◦48′N, 92◦12′–104◦20′E) is in the arid 
inland region of Northwestern China. Zhangye city, located in the Heihe 

River Basin, and Wuwei city, located in the Shiyang River Basin (Fig. 1), 
are the important hybrid maize planting areas in the Hexi Corridor 
(Chen et al., 2023). For Wuwei and Zhangye respectively, the climatic 
data are as follows: annual average temperature 8.8 ℃, 6.6 ℃; accu-
mulated temperature (>0 ℃) 3550 ℃, 3380 ℃; sunshine duration 3000 
h, 2975 h; precipitation 164 mm, 197 mm; and pan evaporation 2000 
mm, 2002 mm (Chen et al., 2021a; Li et al., 2019). 

2.2. Data collection 

In order to establish a water-nitrogen production function of SY and 
SV, experimental data on water consumption, N uptake, SY, and SV of 
hybrid maize are necessary. SV indicators can be assessed by a combi-
nation of variables, for example germination percentage (GP), germi-
nation index (GI), kernel numbers (KN), kernel weight (KW), and pollen 
viability (PV). We focused on experimental data containing at least 2 
variables that can be used for SV evaluation. Based on these criteria, 
data were obtained from field experiments in Zhangye and Wuwei from 
2013 to 2019, and detailed information on the location and period of 
experiments is shown in Table 1. 

Since the number of variables included in the collected measured 
data that could be assessed for SV may be different, principal component 
analysis (PCA) was used to re-calculate the SV (Shi et al., 2020; Jiang 
et al., 2019) based on the collected data rather than using the collected 
SV data. The eigenvectors and eigenvalues of the covariance matrix of 
the collected experimental data were calculated. This process con-
structed a new feature space, projecting the original data onto the ei-
genvectors to obtain the maximum (di

+) and minimum (di
–) principal 

components for each treatment in the collected data. The relative seed 
vigor (RSV) values corresponding to each treatment were calculated by: 

RSVm =
d−

m

d+
m + d−

m
(1)  

where m represents treatment in the collected data. 

2.3. Water-nitrogen production functions of seed yield and vigor for 
hybrid maize 

Water production functions describe the relationship between crop 
yield and water consumption at different growth stages (Chen et al., 
2020a; Kipkorir et al., 2002). Fertilization-related factors have been 
added to establish the relationship between crop yield and crop water 
and N consumption (Chen et al., 2023; Wang et al., 2021). In this study, 
we added crop N uptake using the Jensen (Jensen, 1968), Rao (Rao 
et al., 1988), and Minhas (Minhas et al., 1974) models and selected the 
model with the best performing simulations. The water-nitrogen pro-
duction functions of SY and SV for hybrid maize were as follows: 

Jensenmodel : RSYorRSV =
∏n

i=1

(
ETai

ETci
⋅
NUai

NUmi

)λi

(2)  

Fig. 1. Digital elevation model (DEM) of the Hexi Corridor and the locations of 
Zhangye and Wuwei. 

Table 1 
Data collected from peer-reviewed published papers on the field experiments of 
seed maize conducted in Zhangye and Wuwei.  

References Experimental 
period 

Location Indicators 

Shi et al. (2020) 2018–2019 Wuwei GP, GI, KN, KW 
Wang et al. (2019) 2014–2015 Wuwei KN, KW, PV 
Bai (2017) 2016 Wuwei GP, KN, KW 
Lian and Ma (2022) 2016–2017 Zhangye GP, GI, KW 
Zhao et al. (2016) 2013–2014 Wuwei & 

Zhangye 
GP, KW 

Note: GP, germination percentage; GI, germination index; KN, kernel numbers; 
KW, kernel weight; PV, pollen viability. 
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Raomodel : RSYorRSV =
∏n

i=1

(

1 − νi

(

1 −
ETai

ETci
⋅
NUai

NUmi

))

(3)  

Minhasmodel : RSYorRSV =
∏n

i=1

(

1 −

(

1 −
ETai

ETci
⋅
NUai

NUmi

)2
)οi

(4)  

where RSY and RSV are relative seed yield and relative seed vigor for 
hybrid maize, respectively, which are calculated using the actual value 
(SYa and SVa) divided by the maximum value (SYm and SVm); ETai and 
ETci are the actual and maximum water consumption in stage i, mm; 
NUai and NUmi are the actual and maximum N uptake in stage i, kgN/ha; 
λi, νi, and οi are the interactive sensitivity coefficient of water and N in 
stage i for Jensen, Rao, and Minhas models, respectively. The growth 
stages are divided into seedling, jointing, heading, filling, and maturity 
for hybrid maize. 

The relationship between SY and SV for hybrid maize and irrigation 
and N fertilization inputs is established in a nexus of crop consumption 
of water and N, which requires the characterization of crop consumption 
of water and N as functions of irrigation, N fertilization, precipitation, 
and initial available soil available water and N. Based on the results of 
Chen et al. (2023), the functions of actual crop water consumption (ETa) 
and N uptake (NUa) can be expressed as: 

ETai = { Ii + Pi + TAWinii = 1 Ii + Pii = 2, 3, 4, 5
NUai = μNferi + φ(1 − φ)i− 1N0

(5)  

where Ii and Pi are the irrigation and precipitation in stage i, respec-
tively, expressed in mm; Nferi is N fertilization in stage i, expressed in 
kgN/ha; TAWini (mm) and N0 (kgN/ha) are the initial available soil 
water and N in the 30-cm depth soil layer; μ is the utilization rate of Nferi 
and φ is the utilization rate of N0, which are set as 0.75 and 0.20 
(Mihalache et al., 2019). Based on the observation of TAWini in Zhangye 
(Li et al., 2019) and Wuwei (Chen et al., 2020b), 18 mm and 20 mm 
were set for the optimization of irrigation and N fertilization manage-
ment for the two regions. The N0 of Zhangye and Wuwei were set to 105 
kgN/ha and 70 kgN/ha, as collected from the Harmonized World Soil 
Database (HWSD) (Fischer et al., 2008) used in the optimization 
framework. 

The least squares method and sequential quadratic programming 
were used for calculating the λi, νi, and οi for Jensen, Rao, and Minhas 
models in SPSS (version 20, IBM Corp, Armonk, NY) based on the 
collected experimental data (shown in Table 1). The collected experi-
mental datasets were divided 1:1 for model calibration and validation. 
The R2 and normalized root mean square error (nRMSE) were used to 
evaluate the performance of the models during calibration and valida-
tion. The calibration and validation of the models were performed with 
the ggplot2 package in R v.4.2.2 (R Core Team, Vienna, Austria). 

2.4. Optimization framework of irrigation and N-fertilization 
management 

Genetic algorithm, a powerful and robust global optimization algo-
rithm inspired by natural selection and evolution to find optimal solu-
tions to complex problems (Reca and Martínez, 2006), was used in this 
study to solve the optimal irrigation and N application schedules. The 
best performing water and N production functions for the RSY and RSV 
simulations, irrigation water productivity (WPI), and partial factor 
productivity from applied N fertilization (PFPN) as a group formed the 
objective functions set: 

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

max RSY = f1
(
Ii,Pi,Nferi

)

max RSV = f2
(
Ii,Pi,Nferi

)

max WPI = (RSY⋅SYm)

/(
∑n

i=1
Ii × 10

)

max PFPN = (RSY⋅SYm)

/
∑n

i=1
Nferi

(6)  

where Ii, Pi and Nferi are the irrigation, precipitation, and N fertilization 
in stage i, respectively; the units of WPI and PFPN are kg/m3 and kg/kgN, 
respectively. WPI and PFPN were used to evaluate the WUE and NUE, 
respectively. 

The constraints of the optimization framework include the irrigation 
and N fertilization inputs and solubility of the fertilizer in the irrigation 
water: 

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

Imin ≤ Ii ≤ Imax∑
Imin ≤

∑
Ii ≤

∑
Imax

Nferi min ≤ Nferi ≤ Nferi max∑
Nferi min ≤

∑
Nferi ≤

∑
Nferi max

(
Nferi

/
0.46

)/
Ii × 10− 2 ≤ S

(7)  

where Iimax and Iimin are maximum and minimum irrigation amount in 
stage i, respectively, mm; Nferimax and Nferimin are maximum and mini-
mum N fertilizer in stage i, respectively, kgN/ha; S is the urea solubility 
and set to 1.05 g/ml (Peng et al., 2016); 0.46 is the N content in urea, 
and 10− 2 is the conversion coefficient. In the optimization framework, 
urea is considered as the source of applied N and is completely dissolved 
in water when applied to the field. The Iimax, Iimin, Nferimax, Nferimin, 
∑

Iimax, 
∑

Iimin, 
∑

Nferimax, and 
∑

Nferimin were set to 200 mm, 0 mm, 
100 kgN/ha, 0 kgN/ha, 460 mm, 0 mm, 320 kgN/ha, and 0 kgN/ha, 
respectively, based on data from the Gansu Development Yearbook 
(https://data.cnki.net/Yearbook/Single/N2022010251) summarized 
by Chen et al. (2023). Detailed information of the optimization frame-
work is shown in Fig. 2. 

Obtaining adequate seed yields was fundamental in practical hybrid 
maize farming, while seeking better seed vigor on that basis would be a 
higher production requirement. Therefore, we set one current scenario 
as a baseline and two optimization scenarios depending on whether SV 
was used as one of the objective functions: (a) the optimization scenario 
of achieving synergistic improvement in SY, WPI and PFPN as MaxY 
scenario and (b) the optimization scenario of achieving synergistic 
improvement in SY, SV, WPI and PFPN as MaxYV scenario. Converting 
multi-objective optimization solutions to a single-objective can prevent 
conflicts between objectives and save computational costs (Watanabe 
and Sakakibara, 2005), which we accomplished with the analytic hier-
archy process (AHP) method (Zhang et al., 2019) in this study: 

ForMaxY : F = ω1 ×
SYa

SYmax
+ ω2 ×

WPI

WPImax
+ ω3 ×

PFPN

PFPNmax

ForMaxYV : F = ω1 ×
SYa

SYmax
+ ω2 ×

SVa

SVmax
+ ω3 ×

WPI

WPImax
+ ω4 ×

PFPN

PFPNmax

(8)  

where ω1, ω2, ω3, and ω4 are the weights of objectives, and the results of 
judgment matrix and weights are shown in Table 2. Irrigation and N 
fertilization inputs, SY, and SV in the current scenario are averages of 
sufficient irrigation and N fertilization treatments (no stress or local 
practices) from the obtained field experiment data during 2013–2019 
(Table 1) as a comparison of the two optimization scenarios. The opti-
mization framework was implemented with the scikit-opt package in 
Python version 3.7.3. 

After optimization, we calculated the N-surplus to evaluate the N 
budget: 

Nsur = Nfer +Nman +Nminer +Ndep − NY (9) 
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where Nfer, Nman, Nminer, Ndep, and NY are N from fertilizer application, 
manure application, mineralization in the soil, atmospheric deposition, 
and any part of the crop yield to be removed from the field. In this study, 
Nman was obtained from a 5-arcmin gridded global manure N application 
dataset (Zhang et al., 2017), Ndep was simulated by NCAR Chemistry- 
Climate Model Initiative (0.5◦ × 0.5◦) obtained from the Inter-Sectoral 
Impact Model Inter-comparison Project (ISMIP3a) (Tian et al., 2018), 
and Nminer was estimated by dividing the soil organic carbon stock 
change by the C/N ratio of soil organic carbon (Sanderman et al., 2017). 
NY was calculated by multiplying crop aboveground biomass by crop N 
concentration, where aboveground biomass was obtained by dividing 
the simulated crop yields by the harvest index. Harvest index was ob-
tained from Ran et al. (2017) and crop N concentration data was ob-
tained from Chen et al. (2022). 

2.5. Hydrological years 

The Pearson III probability distribution is a statistical distribution 
commonly used to model and analyze precipitation data, describing the 
probability of different precipitation intensities occurring in a given 
period (Amin et al., 2016). In this study it was used to determine 

different hydrological years based on 40 years of annual precipitation 
data from the China Meteorological Administration (1979–2018, 
https://data.cma.cn). In this study, three hydrological years (precipi-
tation frequency) were determined for Zhangye and Wuwei, based on 
commonly used classification standards for wet and dry conditions, 
including wet, normal, and dry years, corresponding to precipitation 
frequencies of 25%, 50% and 75%, respectively. The precipitation and 
mean temperature during the hybrid maize growth period were then 
calculated (Table 3). Growing season and growth stages of hybrid maize 
were determined using the critical values of 5-day moving average 
temperature and accumulated growing degree days (Chen et al., 2023). 

2.6. Osculating value method 

The osculating value method approximates the derivative of a 
function at a point by fitting a polynomial curve to neighboring data 
points, and has been confirmed to be useful in assessing the effects of 
agricultural practices on crop yields (Lou, 2002). The accuracy of the 
osculating value method depends on the smoothness of the function and 
the distance of the data points, performing well with close data points 
but poorly with far ones. Therefore, the optimal (Ei− G) and the worst 
(Ei− B) osculating values of a solution (or an indicator) were determined 
using calculations detailed in Sun et al. (2013). The solution with the 
lowest Ei− G and the highest Ei− B was selected as the best solution (Lou, 
2002). In this study, we used the osculating value method to evaluate 

Fig. 2. Optimization framework for seed yield and vigor of hybrid maize in this study.  

Table 2 
Judgment matrix and weights calculation results under MaxY and MaxYV 
optimization scenarios by using the analytic hierarchy process (AHP).  

MaxY SY WPI PFPN Weights  

SY 1.00 2.00 2.00 0.50  
WPI 0.50 1.00 1.00 0.25  
PFPN 0.50 1.00 1.00 0.25  
MaxYV SY SV WPI PFPN Weights 
SY 1.00 1.00 2.00 2.00 0.35 
SV 1.00 1.00 1.00 1.00 0.25 
WPI 0.50 1.00 1.00 1.00 0.20 
PFPN 0.50 1.00 1.00 1.00 0.20 

Note: SY, seed yield; SV, seed vigor; WPI, irrigation water productivity; PFPN, 
partial factor productivity from applied N fertilization. The MaxY optimization 
scenario seeks synergistic improvement in SY, WPI, and PFPN, whereas the 
MaxYV scenario also includes SV as an objective. 

Table 3 
Total precipitation and mean temperature during the growth period of seed 
maize in different hydrological years in Zhangye and Wuwei.  

Station Variable Wet year Normal year Dry year 

Wuwei Year  1983  2003  1984  
Precipitation (mm)  115  109  85  
Temperature (℃)  19.5  19.2  18.7 

Zhangye Year  1998  2003  1989  
Precipitation (mm)  96  81  63  
Temperature (℃)  17.7  18.8  18.7 

Note: Hydrological years included wet, normal, and dry years, which were 
determined based on precipitation frequency of 25%, 50% and 75% using a 
Pearson III probability distribution. 
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optimized irrigation and N fertilization management considering hy-
drological years, stations, optimized and current scenarios, and the 
assessment indices included SY, SV, WPI, PFPN, and N-surplus. N-surplus 
was used to evaluate the risk of agri-environmental pollution, WPI and 
PFPN were used to evaluate the agricultural resource use efficiency, and 
combined with SY and SV (corresponding to yield and quality of hybrid 
maize) for evaluating co-benefits. 

3. Results 

3.1. Varied interactive sensitivity coefficients of water and N among 
growth stages 

The interactive sensitivity coefficient of water and N for RSY and RSV 
differed between growth stages (Table 4). For RSY, high values generally 
occurred at the heading and filling stages (0.52–0.71), and the low 
values occurred at the seedling and maturity stages (0.06–0.10) for all 
models. Thus, RSY of hybrid maize is most sensitive to water and N stress 
at the heading and filling stages, followed by the jointing stage, and the 
seedling and maturity stages are the least sensitive. For RSV, high values 
generally occurred at the jointing and filling stages (0.76–1.01), and the 
low values occurred at the seedling and maturity stages (0.01–0.07). 
Thus, RSV is most sensitive to water and N stress at the jointing and 
filling stages, followed by the heading stage, and seedling and maturity 
stages. 

3.2. Performance of different seed yield and vigor models 

Based on the calculated λi, νi, and οi for Jensen-, Minhas-, and Rao- 
based RSY and RSV models, performances of different models were 
evaluated under different irrigation and N fertilization inputs treatments 
(Table 5). The performances of the RSY and RSV models differed: for 
RSY model calibration, the performance of the Jensen model was the 
best (R2 = 0.83, nRMSE = 21.8%), followed by the Minhas (R2 = 0.58, 
nRMSE = 23.3%) and Rao (R2 = 0.52, nRMSE = 26.4%) models. For RSV 
model calibration, the performance of the Rao model was the best (R2 =

0.67, nRMSE = 18.9%), followed by the Minhas (R2 = 0.52, nRMSE =
22.2%) and Jensen (R2 = 0.50, nRMSE = 22.4%) models (Fig. 3). The 
ranking of model performances was comparatively similar for valida-
tion, i.e., the best performances for RSY and RSV simulations were 
Jensen- and Rao-based models, respectively, while the Minhas-based 
model had the worst performance for RSY and RSV validation under 
different irrigation and N fertilization inputs treatments (Fig. 4). Based 
on the SY and SV performance under different irrigation and N fertil-
ization inputs, we found that the data points with the highest SY or SV 
(position) did not correspond to the highest irrigation (largest size) and 
N fertilization inputs (darkest color) (Figs. 3 and 4). 

3.3. Optimization of irrigation and N fertilization in different hydrological 
years 

The optimized level of irrigation and N fertilization inputs for the 
RSY improvement scenario (MaxY) was lower than for the synergetic 
RSY and RSV improvement scenario (MaxYV) (0.6–3.2% for irrigation 
and 1.3–8.8% for N fertilization) in different hydrological years in 
Zhangye and Wuwei (Fig. 5). The proportion of irrigation in the MaxYV 
optimization scenario was usually higher than that of the MaxY at the 
jointing and filling stages, except for the wet year in Zhangye and the 
normal year in Wuwei. This pattern was not obvious for the optimized N 
fertilization at all stages between MaxY and MaxYV scenarios. For the 
MaxY optimization scenario, the proportion of irrigation at the heading 
stage (33.5–37.6%) and the proportion of N fertilization at the filling 
stage were the largest (33.2–36.7%) among growth stages. However, for 
the MaxYV optimization scenario, the highest proportion of irrigation 
(30.5–41.3%) and N fertilization (28.9–39.1%) occurred at either the 
jointing or the filling stage, varying with different hydrological years. 
The proportion of irrigation at the jointing stage exceeded that at the 
filling stage in the wet year in Zhangye, while in normal and dry years it 
was lower than that at the filling stage in both Zhangye and Wuwei (also 
in the wet year in Wuwei). 

The optimized irrigation and N fertilization inputs varied in different 
hydrological years. Generally, the lowest requirements occurred in wet 
years (298–315 mm and 159–188 kgN/ha for irrigation and N fertil-
ization, respectively) and the highest in dry years (343–364 mm and 
181–196 kgN/ha, respectively) (Table 5). Compared with the current 
scenario, irrigation and N fertilization inputs could be reduced by 
22.6–37.8% and 34.1–53.2% under the two optimization scenarios 
(MaxY and MaxYV). Under the same hydrological year, 0.6–3.2% more 
irrigation water and 1.3–8.8% more N fertilization were applied for the 
MaxYV scenario than the MaxY scenario. SY, WPI, and PFPN were 
1.2–3.6%, 2.0–5.0%, and 3.8–10% lower for the MaxYV scenario than 
for the MaxY scenario, respectively, while the SV and N-surplus were 
7.7–14.5% and 7.1–14.2% higher, respectively. The osculating value 
method considered SY, SV, WPI, PFPN, and N-surplus, with Ei-G and Ei-B 
representing the optimal and worst osculating values for evaluating the 
co-benefits of production, resource use efficiency, and environment 
from different scenarios, respectively (Table 5). Results showed that 
MaxYV in wet years and MaxY in dry years were better scenarios in both 
Zhangye and Wuwei regions (Table 5). However, in normal years, MaxY 
in Zhangye and MaxYV in Wuwei were better scenarios. 

4. Discussion 

4.1. Key measures to improve seed yield and vigor in hybrid maize 
production 

Previous studies have reported that water and N supply at the 
heading and filling stages are essential to ensure SY (Chen et al., 2023; 
Wu et al., 2022), and water status at the jointing and filling stages have a 
strong influence on SV of hybrid maize (Shi et al., 2020), which is 
consistent with our findings. We further clarify that the order of influ-
ence of different stages on SY of hybrid maize is filling, heading, and 
jointing stage; whereas for SV it is at the filling, jointing, and heading 
stage, considering the response of each growth stage to water and N 
interactions. Mechanistically, sufficient water and N contribute to the 
development of a strong root system and canopy (during the vegetative 
growth stage, especially the jointing stage), which enables the plant to 
obtain the water and nutrients needed for growth and maintain good 
photosynthesis in subsequent growth stages (Su et al., 2020; Li et al., 
2018). Water and N supplies during the heading stage are critical for 
pollen vigor and pollination, which consequently affect cob size and 
seed grain establishment (Cheng et al., 2021; Liu et al., 2023). During 
the filling stage, water or N stress can limit the flow of nutrients from 
source (leaves and stems) to sink (grains) and the accumulation of 

Table 4 
Calculation of the interactive sensitivity coefficient of water and N for relative 
seed yield (RSY) and relative seed vigor (RSV) in different growth stages for 
Jensen- (λi), Minhas- (νi,), and Rao-based (οi) models.  

Simulated variable Model Interactive sensitivity coefficient of water and N 

S1 S2 S3 S4 S5 

RSY Jensen  0.09  0.67  0.70  0.71  0.08 
Minhas  0.06  0.50  0.52  0.52  0.06 
Rao  0.10  0.63  0.69  0.70  0.07 

RSV Jensen  0.01  0.76  0.59  0.87  0.06 
Minhas  0.01  0.76  0.60  0.92  0.07 
Rao  0.01  0.81  0.61  1.01  0.06 

Note: RSY, relative seed yield; RSV, relative seed vigor. S1 to S5 represent 
seedling, jointing, heading, filling, and maturity stages, respectively. 
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nutrients (e.g., starch and protein) in the grains, leading to a reduction in 
grain yield and quality (Butts-Wilmsmeyer et al., 2019; Su et al., 2020). 
Practically, excessive N fertilization at the initial stage leads to N losses, 
whereas applying optimal N at mid- and late-growth stages can signifi-
cantly improve yield, nutrient accumulation, and NUE in maize (Dathe 
et al., 2016; Hou et al., 2022). Effects of irrigation on maize yield begin 
at the jointing stage and water deficit during the filling stage leads to 
10–20% yield reduction (Li et al., 2018), while water stress at the 
vegetative or the maturation stage can increase WUE with minimum 
yield reductions (Ha, 2017). Moderate deficit irrigation favors higher 
nutrient yields by increasing nutrient concentrations even with the small 
risk of yield reduction (Hussain et al., 2020; Kresović et al., 2018). 
Similar trade-offs exist for SY and SV of hybrid maize (Wang et al., 2020; 
Guo et al., 2018). Therefore, synergistic improvement of SY and SV with 
high water and N use efficiency requires balancing water and N supplies 
at different growth stages. 

Compared to the current scenario, the proportion of optimized 

irrigation and N fertilization inputs at the filling stage to the total inputs 
in the growing season increased in Zhangye and Wuwei, and a similar 
situation was observed for optimized irrigation at the heading stage and 
optimized N fertilization at the jointing stage. However, the optimized 
proportion of N fertilization at the heading stage was lower than the 
current scenario (Fig. 5), indicating that N fertilization reductions dur-
ing this stage had a less pronounced effect on yield and quality, similar 
to the results of the field experiments reported by Hammad et al. (2011) 
and Scharf et al. (2002). Sufficient supply and adjustment of irrigation 
and N fertilization during the critical growth stages of hybrid maize 
could achieve the improvement of yield, quality, and agricultural 
resource use efficiency (Table 5), rather than the one-sided pursuit of a 
single goal of high-yield, high-quality, or high-resource use efficiency. 

Table 5 
Seed yield (SY), seed vigor (SV), irrigation water productivity (WPI), partial factor productivity from applied N fertilization (PFPN), and variables from osculating value 
method under different scenarios for hydrological years in Zhangye and Wuwei.  

Stations Hydrological years Optimization scenarios SY (kg/ha) SV WPI (kg/m3) PFPN (kg/kgN) N-surplus (kgN/ha) Ei-G Ei-B 

Zhangye Wet year MaxY  7523  0.91  2.42  47.3  107.5  0.03  0.59 
MaxYV  7251  0.98  2.30  45.0  120.6  0.02  0.60 

Normal year MaxY  7141  0.89  1.97  39.5  145.1  0.14  0.47 
MaxYV 7027  0.97  1.93  37.6  155.7  0.15  0.46 

Dry year MaxY  7050  0.85  1.94  39.0  148.8  0.16  0.46 
MaxYV 6922  0.96  1.86  35.1  170.0  0.19  0.42 

— Current  7900  0.70  1.58  23.2  273.1  0.60  0.03 
Wuwei Wet year MaxY  7683  0.92  2.58  41.8  126.0  0.03  0.39 

MaxYV  7561  1.00  2.51  40.2  135.0  0.02  0.40 
Normal year MaxY  7664  0.86  2.23  40.6  131.8  0.09  0.35 

MaxYV 7571  0.98  2.17  38.6  142.6  0.08  0.36 
Dry year MaxY  7413  0.83  2.15  37.8  149.0  0.12  0.31 

MaxYV 7290  0.95  2.05  34.5  169.0  0.15  0.27 
— Current  7700  0.70  1.67  24.1  261.3  0.41  0.02 

Note: Ei-G, the optimal osculating value; Ei-B, the worst osculating value. Irrigation and N fertilization under MaxY, MaxYV, and current scenarios are shown in Fig. 5. 

Fig. 3. Calibration of Jensen-, Minhas-, and Rao-based models to estimate relative seed yield (RSY) (top) and relative seed vigor (RSV) (bottom) of hybrid maize 
under different irrigation and N fertilization inputs. The size of the circle indicates the amount of irrigation corresponding to RSY or RSV, and the color indicates the 
amount of N fertilization. The solid blue line is a linear regression and the solid black line is a 1:1 line. 
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Fig. 4. Validation of Jensen-, Minhas-, and Rao-based models to estimate relative seed yield (RSY) (top) and relative seed vigor (RSV) (bottom) of hybrid maize 
under different irrigation and N fertilization inputs. The size of the circle indicates the amount of irrigation corresponding to RSY or RSV, and the color indicates the 
amount of N fertilization. The solid blue line is a linear regression and the solid black line is a 1:1 line. 

Fig. 5. Optimization of irrigation (top) and N fertilization (bottom) of hybrid maize in different hydrological years (wet, normal, and dry years), compared with the 
current status (horizontal fill). MaxY (diagonal fill) represents the optimization scenario of achieving synergistic improvement in seed yield (SY), irrigation water 
productivity (WPI) and partial factor productivity from applied N fertilization (PFPN), while MaxYV (solid fill) represents the optimization scenario of achieving 
synergistic improvement in SY, seed vigor (SV), WPI and PFPN. Values (%) indicate the irrigation or N fertilization inputs at stage i as a proportion of the total growth 
period. Different colors in the two ribbons represent growth stages. 
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4.2. Strategies for synergistically improving seed yield and vigor of hybrid 
maize 

Previous field experiments and regional simulations on hybrid maize 
have focused on the optimization of high-yield and high-efficient man-
agement (Chen et al., 2020a; Guo et al., 2018; Hong et al., 2019), and a 
few studies have observed and simulated SV under different irrigation 
and N fertilization management (Shi et al., 2020; Wang et al., 2020; Lian 
and Ma, 2022). However, studies involving integrated effects of water 
and N on SV or aiming to achieve synergistic improvement of SY, SV, 
and agricultural resource use efficiency for hybrid maize have rarely 
been reported. The optimized irrigation and N fertilization strategies 
and the corresponding SY and SV in this study varied among hydro-
logical years (Fig. 5 and Table 5), which were related to temperature and 
precipitation. Temperature and precipitation were taken into account in 
the optimization framework (Section 2.3), in which the length and 
process of crop growth was directly affected by temperature (Chen et al., 
2023; Zabel et al., 2021), resulting in differences in irrigation and N 
fertilization optimization results in wet, normal, and dry years. The 
optimized irrigation and N fertilization inputs are usually highest in dry 
years and lowest in wet years, but are independent of the variation of the 
proportion of inputs in different stages over the hydrological years 
(Table 5 and Fig. 5). 

The MaxYV and MaxY optimization scenarios had lower irrigation 
and N fertilization inputs than the current scenario (Fig. 5 and Table 5), 
while MaxYV used slightly more irrigation and N fertilization than 
MaxY. Shi et al. (2022) optimized the irrigation schedule with the ob-
jectives of maximizing SY and minimizing irrigation inputs and showed 
that the optimal proportion of irrigation at the jointing, heading, and 
filling stages were 19.8%, 35.0%, and 45.2%, respectively, when the SV 
was greater than 0.8. However, the MaxYV optimization scenario in this 
study suggested a higher proportion of irrigation at the jointing stage 
and a lower proportion at the heading and filling stages, which was 
related to the calculated interactive sensitivity coefficient of water and N 
(Table 4) and the maximum SV as one of the objective functions with 
high weight (0.25). 

More water and N inputs are required to improve SV and ensure SY, 
which is consistent with field measurements (Lian and Ma, 2022; Zhao 
et al., 2016). Excessive fertilization can cause serious environment 
problems by leading to water, soil and air pollution (Ghaly and Ram-
akrishnan, 2015). Precision fertilization (Rogovska et al., 2019) and new 
fertilizer development (Zulfiqar et al., 2019) can improve the co-benefits 
of yield production, resource use efficiency, and environment. Both 
MaxY and MaxYV in this study were in the category of precision fertil-
ization, which controlled the fertilization application at both temporal 
(growth stages) and spatial (region) scales. The N surpluses under 
MaxYV (120.6–170.0 kgN/ha), although higher than MaxY 
(107.5–149.0 kgN/ha), are significantly lower than the current scenario 
for Northwestern China (around 200 kgN/ha, Sapkota et al., 2022), 
reducing the risk of environmental pollution. 

4.3. Importance of including seed vigor for optimization 

Attention should be paid to crop quality, and should not be restricted 
to yield improvement (Liu et al., 2021; Zhou et al., 2020). SV is an 
important quality characteristic for hybrid maize and affects the growth 
and yield of the crop (Dalil et al., 2010; Shi et al., 2020). In this study, 
although the SY in Zhangye and Wuwei under the MaxYV scenario 
decreased by 171 and 113 kg/ha (− 2.3% and − 1.5%), respectively, over 
the MaxY scenario, SV increased by 0.09 and 0.11 (+9.9% and 12.4%), 
respectively (Table 5), which could improve growth and high-quality 
yields of the subsequent crop. SYs in the current scenario in Zhangye 
and Wuwei that were slightly higher (average 458 kg/ha) than the two 
optimization scenarios came from excessive water and N inputs, which 
reduced water and N use efficiency (expressed by WPI and PFPN in this 
study) and did not result in good vigor. SV should be improved while 

maintaining SY and reducing waste of agricultural resources and risk of 
agro-environmental pollution. Therefore, focusing on maximizing both 
SV and SY, can be beneficial in the long term, with regard to the 
co-benefits of productivity and environmental impacts. 

4.4. Limitations and outlooks 

The production function model developed in this study was static 
(Chen et al., 2020a). Dynamic models for describing physiological pro-
cesses and mechanisms associated with SV should be further explored. 
This would require more field experiments and laboratory testing of SV 
of hybrid maize. Climatic characteristics of historical hydrological years 
cannot cover the uncertainty of future climate change, which has un-
known potential impacts on SY and SV. The economic benefits and 
breeding of new cultivars should be considered in the future optimiza-
tion framework to practically guide development of the seed industry. 

5. Conclusion 

The developed Jensen- and Rao-based models were the best per-
forming models for simulating SY and SV of hybrid maize, respectively. 
We found that SY was strongly influenced by water and N status at the 
heading and filling stages, and SV was strongly influenced by water and 
N status at jointing and filling stages. Optimization under the MaxYV 
scenario required 3.1% more water and N input than the MaxY scenario 
to ensure high-level SV. The proportions of irrigation and N fertilization 
inputs in different stages varied between the two optimization scenarios, 
which were associated with inconsistent water and N sensitive stages of 
SY and SV. Optimized management scenarios were evaluated using the 
osculating value method, which indicated that MaxYV should be 
implemented in wet years and MaxY should be implemented in dry 
years. Optimized management options in normal years varied by region. 
The best optimized scenario consistently outperformed the current 
scenario in terms of SV, WPI, PFPN, and N-surplus, but with a slight SY 
reduction. Results from this study can provide guidance for the man-
agement of high yield quality for irrigated hybrid maize production in 
the Hexi Corridor and globally in climatically similar regions, and the 
optimization framework proposed can be further applied to the syner-
gistic improvement of yield and quality for other crops. 
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