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Abstract

While increasing planting density is a viable strategy for enhancing maize yield, it con-
currently elevates the risks of lodging and accelerated leaf senescence due to intensi-
fied inter-plant competition, which can ultimately compromise yield stability. A field
experiment was conducted in Heilongjiang Province and the study investigated two
maize cultivars, JNK728 (Jingnongke 728) and SD5 (Saide 5), under high-density plant-
ing conditions (90,000 plants ha−1). The treatments were arranged in a factorial design,
incorporating four nitrogen levels (0, 120, 240, and 360 kg N ha−1) in combination with
the presence or absence of a chemical regulator (30% diethyl aminoethyl hexanoate ·
ethephon), with water serving as the control. Results demonstrated that the integra-
tion of 240 kg N ha−1 with chemical regulation significantly enhanced photosynthetic
capacity—elevating chlorophyll content (SPAD), net photosynthetic rate (Pn), and activities
of ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBPCase) and phosphoenolpyru-
vate carboxylase (PEPCase)—while improving canopy structure through increased leaf
area index (LAI) and optimized light distribution. This strategy also reinforced lodging
resistance by optimizing plant morphology (reducing plant height and center of gravity),
strengthening basal internodes (increasing stem diameter, dry weight per unit length, and
mechanical strength), and promoting accumulation of stem structural components (cellu-
lose, hemicellulose, lignin). Additionally, it facilitated post-anthesis nitrogen translocation
to grains and up-regulated key nitrogen metabolism enzymes (glutamate synthetase-GS,
glutamate dehydrogenase-GDH, and glutamate-pyruvate transaminase-GPT), thereby
boosting nitrogen use efficiency. In contrast, excessive nitrogen (360 kg N ha−1) sup-
pressed these benefits and increased lodging. Consequently, the combined application of
240 kg N ha−1 with chemical regulation achieved the highest yield, proving an effective
approach for synergistically enhancing photosynthesis, lodging resistance, and nitrogen
utilization in high-density maize systems.
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1. Introduction
Global population growth and climate change are continuing to exert pressure on global

food security [1]. Maize (Zea mays L.) is a vital crop for grain, feed, and industrial raw
materials, and enhancing maize yield is crucial for securing global supply [2]. Given the
persistent decline in arable land resources, increasing planting density represents the most cost-
effective approach to fully utilize light and heat resources and maximize the yield potential of
maize [3,4]. The significant increase in maize yield over recent decades is widely recognized
as being largely due to higher planting densities [5]. A previous study indicated that the
optimal planting density for maize in China is 52,500–67,500 plants ha−1 [6], while Luo et al.
suggested that the maximum maize yield in Northeast China can be achieved at a planting
density of 85,000 plants ha−1 [7].

However, high planting density intensifies competition among individual plants,
leading to a series of negative impacts that ultimately constrain yield gains [8]. The primary
issue induced by high-density stress is the deterioration of canopy structure, characterized
by an excessively high leaf area index (LAI), a decline in light availability for middle and
lower leaves, and the creation of a pronounced shading environment within the canopy [9].
The decline in photosynthesis in the middle and lower canopy layers limits photoassimilate
production and accumulation. An insufficient supply of assimilates to developing grains
consequently causes yield losses [10]. Competition for nutrients and light among plants
adversely affects stem growth. This is evidenced by increased plant and ear height, a higher
internode length-to-diameter ratio, and reduced mechanical strength, which consequently
significantly increases lodging risk [11]. Lodging is a major cause of crop yield loss under
high planting density. Lodging resistance depends on the morphological traits, internal
composition, and anatomical structure of the stem. Research indicates that high plant
density inhibits the biosynthesis of cellulose, hemicellulose, and lignin in the stem, leading
to reduced stem mechanical strength [12,13]. Concurrently, the deterioration of anatomical
structures, such as a reduced number of vascular bundles and thinner mechanical tissue
layers, further compromises resistance to stem bending [14].

Nitrogen fertilizer serves as a significant measure for mitigating the detrimental effects
induced by high planting density. Rational nitrogen supply enhances maize photosyn-
thesis, thereby increasing the accumulation of assimilates and improving grain yield [15].
Studies indicate that optimal nitrogen rates can significantly enhance grain yield and dry
matter accumulation under high planting density [16]. However, excessive nitrogen appli-
cation promotes overly vigorous leaf growth, which deteriorates light conditions within the
canopy and is detrimental to biomass and yield formation [4]. Consequently, under high
planting density, merely relying on nitrogen fertilizer may fail to raise yields. Moreover, it
can exacerbate excessive vegetative growth, increase lodging risk, and aggravate fertilizer
waste [17]. Chemical regulation is an effective strategy for reducing lodging risk in maize
production. Plant growth regulators (PGRs) can inhibit internode elongation by modulat-
ing endogenous hormone levels, thereby enhancing lodging resistance [18]. Studies have
shown that PGRs effectively reduced plant height and ear height, increased stem diameter,
and consequently improved lodging resistance [19]. Furthermore, chemical regulation is
effective in modulating maize canopy architecture. Studies have shown that it can adjust
leaf size and spatial distribution, thereby improving canopy structure and internal light
conditions, which creates a more favorable environment for photosynthesis [20]. The plant
growth regulator used in this study was 30% diethyl aminoethyl hexanoate · ethephon. Di-
ethyl aminoethyl hexanoate could improve photosynthetic capacity in leaves and increase
maize yield, while ethephon could reduce internode length, enhance cellulose and lignin
content in internodes, and strengthen stem lodging resistance. However, improper man-
agement of chemical regulation may lead to excessive suppression of vegetative growth,
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which can compromise photosynthetic capacity and consequently reduce grain yield [21].
Hence, achieving an optimal balance between lodging resistance and high yield under
high planting density is of significant importance in agricultural production. While current
research has predominantly centered on the separate impacts of either nitrogen fertilizer
or chemical regulation on maize production, the synergistic role of combined nitrogen
management and chemical regulation in reconciling the conflict between lodging resistance
and high yield under high planting density remains unclear. Therefore, elucidating the
regulating mechanisms of nitrogen and chemical regulation on maize growth is crucial for
advancing high-yield, high-efficiency, and lodging-resistant maize cultivation.

Therefore, this study established a field experiment with different nitrogen applica-
tion rates and chemical regulation treatments under high planting density. The objectives
were to investigate: (1) the regulatory effects of nitrogen and chemical regulation on leaf
photosynthetic capacity and canopy structure; (2) their impacts on stem lodging resistance,
elucidating the underlying mechanisms through morphology, mechanical strength, bio-
chemical composition, and anatomical structure; (3) their influences on plant nitrogen
uptake and utilization; and (4) their effects on grain yield. We hypothesized that combining
nitrogen fertilizer with chemical regulation would improve maize yield and nitrogen use ef-
ficiency through the coordinated enhancement of canopy photosynthesis and stem strength.
The results will provide valuable insights for developing sustainable maize cultivation.

2. Results
2.1. Photosynthetic Characteristics
2.1.1. Chlorophyll Content (SPAD Value), Net Photosynthetic Rate (Pn), and Maximum
Quantum Yield (Fv/Fm)

Photosynthetic characteristics are critical determinants of maize yield. The SPAD
value, Pn, and Fv/Fm exhibited consistent variation trends across two growing seasons
(Figures 1–3). All parameters increased from the jointing stage, reached their peak at
the early filling stage, and subsequently declined. Nitrogen fertilizer and chemical reg-
ulation significantly improved maize photosynthetic performance under high planting
density. Compared with 0 kg N ha−1 (N0), the application of 240 kg N ha−1 (N240) sig-
nificantly enhanced photosynthetic indexes at all growth stages. At the early filling stage,
the N240 treatment increased SPAD, Pn, and Fv/Fm by an average of 28.9%, 28.5%, and
26.1% in JNK728, and by 18.0%, 24.3%, and 23.0% in SD5, respectively. However, there
are no significant differences between N240 and 360 kg N ha−1 (N360) treatments. Com-
pared with water application (CK), chemical regulation significantly increased SPAD, Pn,
and Fv/Fm by 16.3%, 18.6%, and 17.3% in JNK728, and by 11.8%, 14.0%, and 11.1% in
SD5, respectively.

2.1.2. Ribulose-1,5-bisphosphate Carboxylase/Oxygenase (RuBPCase) and
Phosphoenolpyruvate Carboxylase (PEPCase) Activities

RuBPCase and PEPCase are key enzymes in photosynthetic carbon assimilation in
maize. The two enzymes’ activities increased consistently from the jointing stages, peaked
at the early filling stage, and subsequently declined (Figures 4 and 5). Nitrogen fertilizer
significantly increased RuBPCase and PEPCase activities, while no significant difference
was observed between the N240 and N360 treatments. Chemical regulation also increased
enzyme activities, with RuBPCase and PEPCase activities elevated by 13.5% and 14.6%
in JNK728, and 8.3% and 9.5% in SD5, respectively. These results indicate that nitrogen
fertilizer and chemical regulation are effective measures for sustaining photosynthetic
capacity in high-density maize cropping systems.
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Figure 1. Effects of nitrogen fertilizer and chemical regulation on the chlorophyll content (SPAD)
value of maize leaves in 2021 and 2022. Columns within the same growth stage marked with different
letters indicate statistically significant differences at p < 0.05. Vertical bars mean ± SE. JNK728
and SD5 indicate maize varieties Jingnongke 728 and Saide 5, respectively. N0 + CK, N120 + CK,
N240 + CK, and N360 + CK represent nitrogen application rates of 0, 120, 240, and 360 kg ha−1

combined with water application, while N0 + Y, N120 + Y, N240 + Y, and N360 + Y represent the
nitrogen application rates of 0, 120, 240, and 360 kg ha−1 combined with plant growth regulator.

Figure 2. Effects of nitrogen fertilizer and chemical regulation on the net photosynthetic rate (Pn) of
maize leaves in 2021 and 2022. Columns within the same growth stage marked with different letters
indicate statistically significant differences at p < 0.05. Vertical bars mean ± SE. JNK728 and SD5
indicate maize varieties Jingnongke 728 and Saide 5, respectively. N0 + CK, N120 + CK, N240 + CK,
and N360 + CK represent nitrogen application rates of 0, 120, 240, and 360 kg ha−1 combined with
water application, while N0 + Y, N120 + Y, N240 + Y, and N360 + Y represent the nitrogen application
rates of 0, 120, 240, and 360 kg ha−1 combined with plant growth regulator.
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Figure 3. Effects of nitrogen fertilizer and chemical regulation on the maximum quantum yield
(Fv/Fm) of maize leaves in 2021 and 2022. Columns within the same growth stage marked with
different letters indicate statistically significant differences at p < 0.05. Vertical bars mean ± SE.
JNK728 and SD5 indicate maize varieties Jingnongke 728 and Saide 5, respectively. N0 + CK,
N120 + CK, N240 + CK, and N360 + CK represent nitrogen application rates of 0, 120, 240, and
360 kg ha−1 combined with water application, while N0 + Y, N120 + Y, N240 + Y, and
N360 + Y represent the nitrogen application rates of 0, 120, 240, and 360 kg ha−1 combined with plant
growth regulator.

Figure 4. Effects of nitrogen fertilizer and chemical regulation on the ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBPCase) activity of maize leaves in 2021 and 2022. Columns within
the same growth stage marked with different letters indicate statistically significant differences at
p < 0.05. Vertical bars mean ± SE. JNK728 and SD5 indicate maize varieties Jingnongke 728 and
Saide 5, respectively. N0 + CK, N120 + CK, N240 + CK, and N360 + CK represent nitrogen application
rates of 0, 120, 240, and 360 kg ha−1 combined with water application, while N0 + Y, N120 + Y,
N240 + Y, and N360 + Y represent the nitrogen application rates of 0, 120, 240, and 360 kg ha−1

combined with plant growth regulator.
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Figure 5. Effects of nitrogen fertilizer and chemical regulation on the phosphoenolpyruvate car-
boxylase (PEPCase) activity of maize leaves in 2021 and 2022. Columns within the same growth
stage marked with different letters indicate statistically significant differences at p < 0.05. Vertical
bars mean ± SE. JNK728 and SD5 indicate maize varieties Jingnongke 728 and Saide 5, respectively.
N0 + CK, N120 + CK, N240 + CK, and N360 + CK represent nitrogen application rates of 0, 120,
240, and 360 kg ha−1 combined with water application, while N0 + Y, N120 + Y, N240 + Y, and
N360 + Y represent the nitrogen application rates of 0, 120, 240, and 360 kg ha−1 combined with plant
growth regulator.

2.1.3. Leaf Area Index (LAI) and Canopy Light Transmittance

LAI is a key index of canopy structure and photosynthetic area, reflecting light inter-
ception and utilization of the population. The LAI increased consistently from the jointing
stages, peaked at tasseling, and subsequently declined (Figure 6). Nitrogen application
significantly enhanced the LAI at each growth stage, while no significant difference was ob-
served between the N240 and N360 treatments. Chemical regulation significantly reduced
the LAI during the jointing stage to the early filling stage, while it increased LAI during the
milk stage to the maturity stage.

At the early filling stage, light transmittance within the canopy followed the pattern:
upper layer > ear layer > lower layer (Figure 7). Nitrogen application significantly reduced
light transmittance across all canopy layers. Chemical regulation significantly increased
light transmittance for JNK728 and SD5, with corresponding increases of 11.8% and 10.9%
in the upper layer, 23.1% and 19.7% in the ear layer, and 26.7% and 15.8% in the lower layer,
respectively. Thus, the nitrogen fertilizer and chemical regulation improved canopy light
transmittance and optimized population photosynthetic performance.
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Figure 6. Effects of nitrogen fertilizer and chemical regulation on leaf area index (LAI) in 2021 and
2022. Columns within the same growth stage marked with different letters indicate statistically
significant differences at p < 0.05. Vertical bars mean ± SE. JNK728 and SD5 indicate maize varieties
Jingnongke 728 and Saide 5, respectively. N0 + CK, N120 + CK, N240 + CK, and N360 + CK represent
nitrogen application rates of 0, 120, 240, and 360 kg ha−1 combined with water application, while
N0 + Y, N120 + Y, N240 + Y, and N360 + Y represent the nitrogen application rates of 0, 120, 240, and
360 kg ha−1 combined with plant growth regulator.

Figure 7. Effects of nitrogen fertilizer and chemical regulation on the light transmittance of the canopy
in 2021 and 2022. Columns within the same growth stage marked with different letters indicate
statistically significant differences at p < 0.05. Vertical bars mean ± SE. JNK728 and SD5 indicate
maize varieties Jingnongke 728 and Saide 5, respectively. N0 + CK, N120 + CK, N240 + CK, and
N360 + CK represent nitrogen application rates of 0, 120, 240, and 360 kg ha−1 combined with water
application, while N0 + Y, N120 + Y, N240 + Y, and N360 + Y represent the nitrogen application rates
of 0, 120, 240, and 360 kg ha−1 combined with plant growth regulator.
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2.2. Lodging Resistance Characteristics
2.2.1. Plant Morphology

Plant height, ear height, ear height coefficient, and center of gravity height are key
morphological traits in maize, significantly influencing grain yield and lodging resistance.
Nitrogen fertilizer and chemical regulation significantly affected these traits at the milk
stage under high planting density (Figure 8 and Table 1). Nitrogen fertilizer significantly
influenced plant morphological parameters. Compared to the N0 treatment, N120, N240,
and N360 treatments increased plant height by 1.1%, 2.6%, and 5.7%; ear height by 3.2%,
8.7%, and 11.8%; ear height coefficient by 2.0%, 4.6%, and 5.7%; and center of gravity
height by 3.2%, 6.2%, and 12.0%, respectively. In contrast, chemical regulation significantly
reduced plant height, ear height, ear height coefficient, and center of gravity height by
5.2%, 10.6%, 5.1%, and 9.5%, respectively, compared to the water application treatment
(CK). These indicated that nitrogen input potentially increases lodging risk, whereas
chemical regulation effectively optimizes plant morphology and contributes to improved
lodging resistance.

 

Figure 8. Effects of nitrogen fertilizer and chemical regulation on plant morphology. JNK728 and SD5
indicate maize varieties Jingnongke 728 and Saide 5, respectively. N0 CK, N120 CK, N240 CK, and
N360 CK represent nitrogen application rates of 0, 120, 240, and 360 kg ha−1 combined with water
application, while N0 PGR, N120 PGR, N240 PGR, and N360 PGR represent the nitrogen application
rates of 0, 120, 240, and 360 kg ha−1 combined with plant growth regulator.

Table 1. Effect of nitrogen fertilizer and chemical regulation on plant morphology.

2021 2022

Treatment
Plant

Height
(cm)

Ear Height
(cm)

Ear Height
Coefficient

(%)

Center of
Gravity
Height

(cm)

Plant
Height

(cm)

Ear Height
(cm)

Ear Height
Coefficient

(%)

Center of
Gravity
Height

(cm)

Nitrogen
application

N0 278.1 b 111.5 c 40.08 b 105.6 c 268.4 c 106.0 c 39.47 b 102.6 d
N120 279.9 b 115.3 bc 41.14 ab 108.9 bc 272.8 c 109.2 c 39.99 b 106.0 c
N240 282.5 b 118.3 ab 41.81 a 111.7 b 277.8 b 118.0 b 41.35 a 109.3 b
N360 289.6 a 122.0 a 42.09 a 117.6 a 287.8 a 120.9 a 41.99 a 115.6 a
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Table 1. Cont.

2021 2022

Treatment
Plant

Height
(cm)

Ear Height
(cm)

Ear Height
Coefficient

(%)

Center of
Gravity
Height

(cm)

Plant
Height

(cm)

Ear Height
(cm)

Ear Height
Coefficient

(%)

Center of
Gravity
Height

(cm)

Chemical
regulation

CK 290.4 a 122.9 a 42.28 a 116.9 a 282.8 a 118.1 a 41.74 a 113.0 a
PGR 274.6 b 110.6 b 40.29 b 104.7 b 270.7 b 107.4 b 39.66 b 103.8 b

Variety
JNK728 289.3 a 123.0 a 42.48 a 113.1 a 284.8 a 117.0 a 41.05 a 111.3 a

SD5 275.8 b 110.5 b 40.08 b 108.4 b 268.7 b 108.5 b 40.35 a 105.5 b

Sources of
variation

V ** ** ** ** ** ** NS **
N * ** NS ** ** ** * **
C ** ** * ** ** ** ** **

V × N NS NS NS NS NS NS NS NS
V × C * ** NS NS ** * NS NS
N × C NS NS NS NS NS NS NS NS

V × N × C NS NS NS NS NS NS NS NS

N0, N120, N240, and N360 indicate nitrogen application rates at 0, 120, 240, and 360 kg ha−1, respectively.
PGR and CK indicate spraying plant growth regulator and water, respectively. JNK728 and SD5 indicate maize
varieties Jingnongke 728 and Saide 5, respectively. V, N, and C indicate variety, nitrogen application, and chemical
regulation, respectively. Different letters in the same column indicate a significant difference between different
treatments (p < 0.05). * and ** indicate significant differences at the 0.05 and 0.01 probability levels, respectively,
and NS indicates no significant difference.

2.2.2. Internode Morphology

The third basal internode of maize is critically associated with lodging resistance,
serving as a supported part that is particularly susceptible to bending or breaking. Nitro-
gen fertilizer and chemical regulation significantly influenced the third basal internode
morphology at the early filling stage (Table 2). Nitrogen fertilizer significantly increased
internode length and stem diameter. Compared with N0 treatment, the N120, N240, and
N360 treatments increased internode length by 2.7%, 5.6%, and 12.9%, and stem diame-
ter by 7.2%, 14.8%, and 13.8%, respectively, while there was no significant difference in
stem diameter between the N240 and N360 treatments. Furthermore, chemical regulation
significantly reduced internode length while increasing stem diameter compared to CK.
The dry weight per unit length reflected stem plumpness, and is closely related to stem
mechanical strength. With increasing nitrogen application rate, the dry weight per unit
length significantly increased; however, excessively high nitrogen levels led to its reduction.
Chemical regulation significantly increased the dry weight per unit length. These indicated
that under high planting density, inappropriate nitrogen application can lead to reduced
stem plumpness, while chemical regulation can decrease basal internode length, increase
stem diameter, and improve stem plumpness.

Table 2. Effect of nitrogen fertilizer and chemical regulation on the third basal internode morphology.

2021 2022

Treatment Internode Length
(cm)

Stem Diameter
(mm)

Dry Weight per
Unit Length

(g·cm−1)

Internode Length
(cm)

Stem Diameter
(mm)

Dry Weight per
Unit Length

(g·cm−1)

Nitrogen
application

N0 19.19 c 23.35 c 0.362 c 18.71 c 21.79 c 0.343 c
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Table 2. Cont.

2021 2022

Treatment Internode Length
(cm)

Stem Diameter
(mm)

Dry Weight per
Unit Length

(g·cm−1)

Internode Length
(cm)

Stem Diameter
(mm)

Dry Weight per
Unit Length

(g·cm−1)

N120 19.77 bc 25.13 b 0.418 a 19.17 bc 23.25 b 0.386 a
N240 20.37 b 26.86 a 0.403 ab 19.67 b 24.96 a 0.382 a
N360 21.77 a 26.44 a 0.387 b 21.03 a 24.91 a 0.361 b

Chemical
regulation

CK 21.31 a 24.62 b 0.376 b 20.65 a 22.93 b 0.354 b
PGR 19.24 b 26.27 a 0.409 a 18.64 b 24.53 a 0.382 a

Variety
JNK728 20.92 a 25.21 a 0.381 b 20.17 a 23.49 a 0.357 b

SD5 19.63 b 25.68 a 0.404 a 19.12 b 23.97 a 0.379 a

Sources of
variation

V * NS ** * NS **
N ** ** ** ** ** **
C ** ** ** ** ** **

V × N NS NS NS NS NS NS
V × C * NS NS NS NS NS
N × C NS NS NS NS NS NS

V × N × C NS NS NS NS NS NS

N0, N120, N240, and N360 indicate nitrogen application rates at 0, 120, 240, and 360 kg ha−1, respectively.
PGR and CK indicate spraying plant growth regulator and water, respectively. JNK728 and SD5 indicate maize
varieties Jingnongke 728 and Saide 5, respectively. V, N, and C indicate variety, nitrogen application, and chemical
regulation, respectively. Different letters in the same column indicate a significant difference between different
treatments (p < 0.05). * and ** indicate significant differences at the 0.05 and 0.01 probability levels, respectively,
and NS indicates no significant difference.

2.2.3. Bending Strength and Rind Penetration Strength

The bending strength and rind penetration strength of the third basal internode are key
indicators of stem mechanical strength. During the maize growth period, two parameters
initially increased, peaked at the early filling stage (Figures 9 and 10), and subsequently
decreased. Bending strength increased initially and then declined with increasing nitrogen
application rate. At the early filling stage, compared with N0, the bending strength in-
creased under N120, N240, and N360 treatments by 16.0%, 14.5%, and 7.7%, respectively. A
similar trend was observed for rind penetration strength. Consequently, the N120 and N240
treatments resulted in higher bending strength and rind penetration strength, whereas an
excessive nitrogen application (N360) led to decreases. Chemical regulation further en-
hanced these mechanical characteristics. Compared with CK, chemical regulation increased
the bending strength and rind penetration strength by 14.6% and 10.0% for JNK728, and by
18.0% and 12.6% for SD5, respectively, at the early filling stage. In conclusion, appropri-
ate nitrogen fertilization combined with chemical regulation significantly enhanced stem
mechanical strength under high planting density.

2.2.4. Lodging Resistance Index

During the maize growing season, the stem lodging resistance index initially increased,
reached a maximum at the early filling stage, and subsequently decreased (Figure 11). Ni-
trogen fertilizer and chemical regulation significantly affected the lodging resistance index
of maize under high planting density. With the nitrogen rate increased, the lodging resis-
tance index first increased and then decreased. Specifically, the lodging resistance indices
were relatively high under the nitrogen application rates of N120 and N240, while an
excessively high nitrogen application (N360) conversely led to a decrease in the lodging
resistance index. Chemical regulation could enhance the lodging resistance index. Com-
pared with CK, the lodging resistance indices of JNK728 and SD5 increased by 20.8% and
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16.0%, respectively, at the early filling stage. This indicated that appropriate nitrogen appli-
cation and chemical regulation can improve the lodging resistance of maize under high
planting density.

Figure 9. Effects of nitrogen fertilizer and chemical regulation on the bending strength of the third
basal internode in 2021 and 2022. Columns within the same growth stage marked with different
letters indicate statistically significant differences at p < 0.05. Vertical bars mean ± SE. JNK728
and SD5 indicate maize varieties Jingnongke 728 and Saide 5, respectively. N0 + CK, N120 + CK,
N240 + CK, and N360 + CK represent nitrogen application rates of 0, 120, 240, and 360 kg ha−1

combined with water application, while N0 + Y, N120 + Y, N240 + Y, and N360 + Y represent the
nitrogen application rates of 0, 120, 240, and 360 kg ha−1 combined with plant growth regulator.

Figure 10. Effects of nitrogen fertilizer and chemical regulation on the rind penetration strength of the
third basal internode in 2021 and 2022. Columns within the same growth stage marked with different
letters indicate statistically significant differences at p < 0.05. Vertical bars mean ± SE. JNK728
and SD5 indicate maize varieties Jingnongke 728 and Saide 5, respectively. N0 + CK, N120 + CK,
N240 + CK, and N360 + CK represent nitrogen application rates of 0, 120, 240, and 360 kg ha−1

combined with water application, while N0 + Y, N120 + Y, N240 + Y, and N360 + Y represent the
nitrogen application rates of 0, 120, 240, and 360 kg ha−1 combined with plant growth regulator.
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Figure 11. Effects of nitrogen fertilizer and chemical regulation on the lodging resistance index in 2021
and 2022. Columns within the same growth stage marked with different letters indicate statistically
significant differences at p < 0.05. Vertical bars mean ± SE. JNK728 and SD5 indicate maize varieties
Jingnongke 728 and Saide 5, respectively. N0 + CK, N120 + CK, N240 + CK, and N360 + CK represent
nitrogen application rates of 0, 120, 240, and 360 kg ha−1 combined with water application, while
N0 + Y, N120 + Y, N240 + Y, and N360 + Y represent the nitrogen application rates of 0, 120, 240, and
360 kg ha−1 combined with plant growth regulator.

2.2.5. Lodging Rate

Nitrogen fertilizer and chemical regulation significantly affected the lodging rate of
maize at the maturity stage under high planting density (Figure 12). With the increase in
nitrogen application rate, the lodging rate first decreased and then increased. Specifically,
the lodging rates under the N120 and N240 treatments were relatively low, showing
reductions of 50.2% and 46.6%, respectively, compared to the N0 treatment. Chemical
regulation could further reduce the lodging rate under different nitrogen application levels.
This indicated that appropriate nitrogen fertilizer and chemical regulation can significantly
reduce the lodging rate under high planting density.

Figure 12. Effects of nitrogen fertilizer and chemical regulation on lodging rate in 2021 and 2022.
Columns within the same variety marked with different letters indicate statistically significant
differences at p < 0.05. Vertical bars mean ± SE. JNK728 and SD5 indicate maize varieties Jingnongke
728 and Saide 5, respectively. N0 + CK, N120 + CK, N240 + CK, and N360 + CK represent nitrogen
application rates of 0, 120, 240, and 360 kg ha−1 combined with water application, while N0 + Y,
N120 + Y, N240 + Y, and N360 + Y represent the nitrogen application rates of 0, 120, 240, and
360 kg ha−1 combined with plant growth regulator.
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2.2.6. Soluble Sugar, Cellulose, Hemicellulose, and Lignin Contents

Soluble sugars, cellulose, hemicellulose, and lignin are important storage substances
that affect the mechanical strength of the stem. During the growth period, the storage
substances in the internodes first increased and then decreased, reaching a peak at the
early filling stage (Figures 13–16). With the increase in nitrogen rate, the contents of soluble
sugars, cellulose, hemicellulose, and lignin in internodes first increased and then decreased.
Specifically, the storage substances contents in internodes were relatively high under the
N120 and N240 treatments, while an excessively high nitrogen application rate (N360
treatment) led to a decrease in these contents. Chemical regulation could further increase
the contents of soluble sugars, cellulose, hemicellulose, and lignin in internodes by 15.0%,
16.1%, 7.2%, 13.9%, and 13.2%, respectively, compared with CK (with the early filling stage
taken as an example). This indicated that appropriate nitrogen fertilizer and chemical
regulation can significantly increase the content of storage substances in internodes under
high planting density.

Figure 13. Effects of nitrogen fertilizer and chemical regulation on the soluble sugar of the stem
in 2021. Columns within the same growth stage marked with different letters indicate statistically
significant differences at p < 0.05. Vertical bars mean ± SE. JNK728 and SD5 indicate maize varieties
Jingnongke 728 and Saide 5, respectively. N0 + CK, N120 + CK, N240 + CK, and N360 + CK represent
nitrogen application rates of 0, 120, 240, and 360 kg ha−1 combined with water application, while
N0 + Y, N120 + Y, N240 + Y, and N360 + Y represent the nitrogen application rates of 0, 120, 240, and
360 kg ha−1 combined with plant growth regulator.

Figure 14. Effects of nitrogen fertilizer and chemical regulation on the cellulose of the stem in 2021.
Columns within the same growth stage marked with different letters indicate statistically significant
differences at p < 0.05. Vertical bars mean ± SE. JNK728 and SD5 indicate maize varieties Jingnongke
728 and Saide 5, respectively. N0 + CK, N120 + CK, N240 + CK, and N360 + CK represent nitrogen
application rates of 0, 120, 240, and 360 kg ha−1 combined with water application, while N0 + Y,
N120 + Y, N240 + Y, and N360 + Y represent the nitrogen application rates of 0, 120, 240, and
360 kg ha−1 combined with plant growth regulator.
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Figure 15. Effects of nitrogen fertilizer and chemical regulation on the hemicellulose of the stem
in 2021. Columns within the same growth stage marked with different letters indicate statistically
significant differences at p < 0.05. Vertical bars mean ± SE. JNK728 and SD5 indicate maize varieties
Jingnongke 728 and Saide 5, respectively. N0 + CK, N120 + CK, N240 + CK, and N360 + CK represent
nitrogen application rates of 0, 120, 240, and 360 kg ha−1 combined with water application, while
N0 + Y, N120 + Y, N240 + Y, and N360 + Y represent the nitrogen application rates of 0, 120, 240, and
360 kg ha−1 combined with plant growth regulator.

Figure 16. Effects of nitrogen fertilizer and chemical regulation on the lignin of the stem in 2021.
Columns within the same growth stage marked with different letters indicate statistically significant
differences at p < 0.05. Vertical bars mean ± SE. JNK728 and SD5 indicate maize varieties Jingnongke
728 and Saide 5, respectively. N0 + CK, N120 + CK, N240 + CK, and N360 + CK represent nitrogen
application rates of 0, 120, 240, and 360 kg ha−1 combined with water application, while N0 + Y,
N120 + Y, N240 + Y, and N360 + Y represent the nitrogen application rates of 0, 120, 240, and
360 kg ha−1 combined with plant growth regulator.

2.2.7. Correlation Between Stem Mechanical Traits and Internode Carbohydrates Contents

The carbohydrates contents of the internode were significantly correlated with stem
mechanical characteristics (Table 3). The contents of soluble sugar, cellulose, hemicellulose
and lignin in stem exhibited significant positive correlation with stem bending strength, rind
penetration strength and lodging resistance index, and significant negative correlation with
lodging rate. These results indicate that the accumulated carbohydrates in the internodes
are closely associated with the stalk mechanical properties and lodging rate, and favorable
internode quality is conducive to the improvement of lodging resistance.
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Table 3. Correlation analysis of stem mechanical characteristics with internode carbohydrate contents.

Index Soluble Sugar Content Cellulose Content Hemicellulose Content Lignin Content

Bending strength 0.885 ** 0.969 ** 0.851 ** 0.957 **
Rind penetration

strength 0.934 ** 0.983 ** 0.902 ** 0.945 **

Lodging resistance
index 0.980 ** 0.902 ** 0.965 ** 0.795 **

Lodging rate −0.925 ** −0.972 ** −0.891 ** −0.938 **

** indicate significant differences at the 0.01 probability levels.

2.2.8. Lignin-Related Enzymes

Phenylalanine ammonia-lyase (PAL) activity exhibited a decreasing trend during
growth, with high activity from the jointing to tasseling stages (Figure 17). Tyrosine
ammonia-lyase (TAL) activity followed a single-peak curve, peaking at the tasseling stage
(Figure 18). Cinnamyl alcohol dehydrogenase (CAD) activity first increased and then
decreased, reaching its maximum at the early filling stage (Figure 19). 4-coumarate:CoA
ligase (4CL) activity generally decreased, with a slight increase at the milk stage (Figure 20).
Nitrogen application (N120–N240) enhanced the activities of these four enzymes but in-
hibited them at excessive rates (N360) under high planting density. Additionally, chemical
regulation improved the activities of all four enzymes across growth stages. Correlation
analysis revealed that the internode lignin content was significantly positively correlated
with the activities of lignin biosynthesis-related enzymes. Therefore, the increase in lignin-
related enzymes activities contribute to higher lignin content. These results indicated that
appropriate nitrogen application combined with chemical regulation can effectively en-
hance the activities of key enzymes involved in lignin synthesis in the third basal internode
of maize under high planting density, thereby promoting lignin accumulation.

Figure 17. Effects of nitrogen fertilizer and chemical regulation on the phenylalanine ammonia-lyase
(PAL) activity of the stem in 2021. Columns within the same growth stage marked with different
letters indicate statistically significant differences at p < 0.05. Vertical bars mean ± SE. JNK728
and SD5 indicate maize varieties Jingnongke 728 and Saide 5, respectively. N0 + CK, N120 + CK,
N240 + CK, and N360 + CK represent nitrogen application rates of 0, 120, 240, and 360 kg ha−1

combined with water application, while N0 + Y, N120 + Y, N240 + Y, and N360 + Y represent the
nitrogen application rates of 0, 120, 240, and 360 kg ha−1 combined with plant growth regulator.
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Figure 18. Effects of nitrogen fertilizer and chemical regulation on the tyrosine ammonia-lyase (TAL)
activity of the stem in 2021. Columns within the same growth stage marked with different letters
indicate statistically significant differences at p < 0.05. Vertical bars mean ± SE. JNK728 and SD5
indicate maize varieties Jingnongke 728 and Saide 5, respectively. N0 + CK, N120 + CK, N240 + CK,
and N360 + CK represent nitrogen application rates of 0, 120, 240, and 360 kg ha−1 combined with
water application, while N0 + Y, N120 + Y, N240 + Y, and N360 + Y represent the nitrogen application
rates of 0, 120, 240, and 360 kg ha−1 combined with plant growth regulator.

Figure 19. Effects of nitrogen fertilizer and chemical regulation on the cinnamyl alcohol de-
hydrogenase (CAD) activity of the stem in 2021. Columns within the same growth stage
marked with different letters indicate statistically significant differences at p < 0.05. Vertical
bars mean ± SE. JNK728 and SD5 indicate maize varieties Jingnongke 728 and Saide 5, respec-
tively. N0 + CK, N120 + CK, N240 + CK, and N360 + CK represent nitrogen application rates
of 0, 120, 240, and 360 kg ha−1 combined with water application, while N0 + Y, N120 + Y,
N240 + Y, and N360 + Y represent the nitrogen application rates of 0, 120, 240, and 360 kg ha−1

combined with plant growth regulator.

Figure 20. Effects of nitrogen fertilizer and chemical regulation on the 4-coumarate:CoA ligase (4CL)
activity of the stem in 2021. Columns within the same growth stage marked with different letters
indicate statistically significant differences at p < 0.05. Vertical bars mean ± SE. JNK728 and SD5
indicate maize varieties Jingnongke 728 and Saide 5, respectively. N0 + CK, N120 + CK, N240 + CK,
and N360 + CK represent nitrogen application rates of 0, 120, 240, and 360 kg ha−1 combined with
water application, while N0 + Y, N120 + Y, N240 + Y, and N360 + Y represent the nitrogen application
rates of 0, 120, 240, and 360 kg ha−1 combined with plant growth regulator.
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2.2.9. Anatomical Structure

Stem mechanical strength is closely associated with its anatomical structure. Un-
der high planting density, the third basal internode of maize exhibited larger and more
densely arranged vascular bundles under N120 and N240 treatments, whereas smaller, dis-
ordered, and uneven-sized vascular bundles were observed under N0 and N360 (Figure 21).
Additionally, chemical regulation significantly increased the vascular bundle area.

Figure 21. Effects of nitrogen fertilizer and chemical regulation on the anatomical structure of the
stem in 2021. JNK728 and SD5 indicate maize varieties Jingnongke 728 and Saide 5, respectively.
N0, N120, N240, and N360 represent nitrogen application rates of 0, 120, 240, and 360 kg ha−1,
respectively. Y and CK represent the application of plant growth regulator and water, respectively.

Nitrogen fertilizer and chemical regulation significantly affected stem anatomical
structure at the early filling stage under high planting density. With increasing N rate,
cortex thickness, mechanical thickness, mechanical cell layers, and large/small vascular
bundles number first increased and then decreased, peaking at N120 and N240, while
excessive N (N360) significantly reduced these indices (Table 4). Compared to N0, cortex
thickness increased by 21.0%, 17.9%, and 10.7% under N120, N240, and N360, respectively;
mechanical thickness by 24.1%, 21.1%, and 12.2%; and mechanical cell layers by 25.5%,
22.6%, and 13.1%. Large/small vascular bundle area increased with N application but
decreased under N360. Chemical regulation could increase cortex thickness, mechanical
thickness, mechanical cell layers, and large/small vascular bundle number/area by 23.6%,
17.2%, 17.9%, and 8.1%/16.9%, 13.7%/17.2%, respectively, compared to CK. These results
indicated that appropriate N application combined with chemical regulation optimized the
stem anatomical structure of maize under high planting density, thereby enhancing stem
mechanical strength and lodging resistance.
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Table 4. Effect of nitrogen fertilizer and chemical regulation on the anatomical structure of the stem
in 2021.

Treatment
Cortex

Thickness
(µm)

Mechanical
Thickness

(µm)

Mechanical
Cell Layers

Big
Vascular
Bundle

Number

Small
Vascular
Bundle
Number

Big
Vascular
Bundle

Area (mm2)

Small
Vascular
Bundle

Area (mm2)

Nitrogen
application

N0 48.93 c 16.98 c 1.37 c 235.33 c 331.49 c 20.19 c 7.65 c
N120 59.19 a 21.07 a 1.72 a 257.42 a 392.46 a 23.07 a 9.24 a
N240 57.72 a 20.56 a 1.68 a 259.45 a 383.99 a 22.71 a 9.55 a
N360 54.15 b 19.06 b 1.55 b 249.37 b 355.85 b 21.42 b 8.74 b

Chemical
regulation

CK 49.44 b 17.88 b 1.45 b 240.87 b 339.04 b 20.45 b 8.10 b
PGR 61.12 a 20.96 a 1.71 a 260.42 a 396.36 a 23.25 a 9.49 a

Variety
JNK728 53.08 b 16.67 b 1.37 b 243.65 b 361.82 a 22.46 a 8.43 b

SD5 57.48 a 22.17 a 1.79 a 257.64 a 373.58 a 21.24 b 9.15 a

Sources of
variation

V ** ** ** * NS * **
N ** ** ** ** ** ** **
C ** ** ** ** ** ** **

V × N NS NS NS NS NS NS NS
V × C NS NS NS NS NS NS NS
N × C NS NS NS NS NS NS NS

V × N × C NS NS NS NS NS NS NS

N0, N120, N240, and N360 indicate nitrogen application rates at 0, 120, 240, and 360 kg ha−1, respectively.
PGR and CK indicate spraying plant growth regulator and water, respectively. JNK728 and SD5 indicate maize
varieties Jingnongke 728 and Saide 5, respectively. V, N, and C indicate variety, nitrogen application, and chemical
regulation, respectively. Different letters in the same column indicate a significant difference between different
treatments (p < 0.05). * and ** indicate significant differences at the 0.05 and 0.01 probability levels, respectively,
and NS indicates no significant difference.

2.3. Nitrogen Utilization Characteristics
2.3.1. Plant Nitrogen Accumulation

The nitrogen accumulation in plants consistently increased throughout the growth
period (Figure 22). It rose rapidly from the jointing stage to the milk stage, then slowed
down gradually, reaching the maximum at the maturity stage. Nitrogen application notably
enhanced nitrogen accumulation at all growth stages, with no significant difference between
N240 and N360. Chemical regulation significantly improved plant nitrogen accumulation
in maize throughout the growth period over two years. These results indicated that
nitrogen fertilizer and chemical regulation promoted plant nitrogen accumulation under
high planting density, maintaining sufficient nitrogen supply during the growth period.

2.3.2. Nitrogen Translocation

Nitrogen application significantly increased post-anthesis nitrogen translocation
amount from vegetative organs in maize. Compared with N0, the nitrogen transloca-
tion amount of leaf and stem + sheath under N120, N240, and N360 increased by 7.9%,
15.3%, and 11.9%, and 6.6%, 14.3%, and 11.6%, respectively (Table 5). However, increas-
ing nitrogen rate reduced the contribution rate of the leaf and stem + sheath nitrogen
translocation amount to grain. Chemical regulation enhanced the post-anthesis nitrogen
translocation amount from vegetative organs and its contribution rate to grain. Compared
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with CK, chemical regulation increased the nitrogen translocation amount of the leaf and
stem + sheath by 15.1% and 14.7%, and their contribution rates to grain by 3.7% and
3.3%, respectively. These results indicated that nitrogen fertilizer and chemical regulation
improved nitrogen translocation and promoted nitrogen allocation to grains under high
planting density.

 

Figure 22. Effects of nitrogen fertilizer and chemical regulation on plant nitrogen accumulation
in 2021 and 2022. Columns within the same growth stage marked with different letters indicate
statistically significant differences at p < 0.05. Vertical bars mean ± SE. JNK728 and SD5 indicate
maize varieties Jingnongke 728 and Saide 5, respectively. N0 + CK, N120 + CK, N240 + CK, and
N360 + CK represent nitrogen application rates of 0, 120, 240, and 360 kg ha−1 combined with water
application, while N0 + Y, N120 + Y, N240 + Y, and N360 + Y represent the nitrogen application rates
of 0, 120, 240, and 360 kg ha−1 combined with plant growth regulator.

Table 5. Effect of nitrogen fertilizer and chemical regulation on the post-anthesis nitrogen transloca-
tion amount from vegetative organs and its contribution rate to grain.

2021 2022

Treatment Nitrogen Translocation
Amount (g·Plant−1)

Contribution of Nitrogen
Translocation Amount

to Grain (%)

Nitrogen Translocation
Amount (g·Plant−1)

Contribution of Nitrogen
Translocation Amount

to Grain (%)
Leaf Stem + Sheath Leaf Stem + Sheath Leaf Stem + Sheath Leaf Stem + Sheath

Nitrogen
application

N0 0.301 c 0.556 c 22.75 a 42.02 a 0.291 c 0.541 c 22.49 a 41.80 a
N120 0.328 b 0.595 b 19.18 b 34.78 b 0.311 b 0.575 b 18.63 b 34.43 b
N240 0.355 a 0.650 a 18.92 b 34.61 b 0.328 a 0.605 a 18.18 b 33.56 b
N360 0.343 ab 0.625 a 18.92 b 34.45 b 0.320 ab 0.600 ab 17.96 b 33.66 b

Chemical
regulation

CK 0.307 b 0.564 b 19.24 a 35.36 a 0.292 b 0.542 b 18.83 a 34.92 a
PGR 0.357 a 0.649 a 20.19 a 36.71 a 0.333 a 0.619 a 19.32 a 35.90 a

Variety
JNK728 0.351 a 0.643 a 20.35 a 37.28 a 0.330 a 0.615 a 19.60 a 36.52 a

SD5 0.313 b 0.570 b 19.11 b 34.80 b 0.295 b 0.546 b 18.55 b 34.29 b

Sources of
variation

V ** ** ** ** ** ** * **
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Table 5. Cont.

2021 2022

Treatment Nitrogen Translocation
Amount (g·Plant−1)

Contribution of Nitrogen
Translocation Amount

to Grain (%)

Nitrogen Translocation
Amount (g·Plant−1)

Contribution of Nitrogen
Translocation Amount

to Grain (%)
Leaf Stem + Sheath Leaf Stem + Sheath Leaf Stem + Sheath Leaf Stem + Sheath

N ** ** * * ** * * *
C ** ** * NS ** ** NS NS

V × N NS NS NS NS * NS NS NS
V × C NS * NS NS * NS NS NS
N × C NS NS NS NS NS NS NS NS

V × N × C NS NS NS NS NS NS NS NS

N0, N120, N240, and N360 indicate nitrogen application rates at 0, 120, 240, and 360 kg ha−1, respectively.
PGR and CK indicate spraying plant growth regulator and water, respectively. JNK728 and SD5 indicate maize
varieties Jingnongke 728 and Saide 5, respectively. V, N, and C indicate variety, nitrogen application, and chemical
regulation, respectively. Different letters in the same column indicate a significant difference between different
treatments (p < 0.05). * and ** indicate significant differences at the 0.05 and 0.01 probability levels, respectively,
and NS indicates no significant difference.

2.3.3. Nitrogen Accumulation in Different Organs at Maturity Stage

Nitrogen application rate and chemical regulation significantly affected nitrogen
accumulation in different organs at the maturity stage under high planting density (Table 6).
Compared with N0, the nitrogen application of N120, N240, and N360 increased nitrogen
accumulation in the leaf by 22.5%, 30.1%, and 26.5%, in the stem + sheath by 24.0%, 30.6%,
and 27.8%, in the cob + ear bract by 30.6%, 41.0%, and 41.6%, and in grain by 29.1%, 40.5%,
and 37.3%, respectively. Chemical regulation improved nitrogen accumulation in the leaf,
the stem + sheath, the cob + ear bract, and grain by 9.2%, 9.0%, 7.4%, and 11.0% compared
with CK. These results indicated that nitrogen fertilizer and chemical regulation promoted
nitrogen accumulation and distribution in the vegetative organs and grains of high-density
at the maturity stage.

Table 6. Effect of nitrogen fertilizer and chemical regulation on nitrogen accumulation in different
organs at the maturity stage (g·plant−1).

2021 2022

Treatment Leaf Stem + Sheath Cob + Ear Bract Grain Leaf Stem + Sheath Cob + Ear Bract Grain

Nitrogen
application

N0 0.523 c 0.501 c 0.296 c 1.324 c 0.490 c 0.472 b 0.234 c 1.295 c
N120 0.633 b 0.613 b 0.392 b 1.711 b 0.607 b 0.593 a 0.302 b 1.671 b
N240 0.673 a 0.650 a 0.424 a 1.878 a 0.643 a 0.620 a 0.325 a 1.803 a
N360 0.650 ab 0.630 ab 0.436 a 1.814 a 0.630 ab 0.613 a 0.319 a 1.782 a

Chemical
regulation

CK 0.586 b 0.570 b 0.370 b 1.595 b 0.573 b 0.552 b 0.287 b 1.552 b
PGR 0.654 a 0.627 a 0.404 a 1.768 a 0.612 a 0.597 a 0.303 a 1.724 a

Variety
JNK728 0.636 a 0.613 a 0.398 a 1.725 a 0.606 a 0.591 a 0.303 a 1.684 a

SD5 0.604 b 0.584 b 0.376 b 1.638 b 0.579 a 0.558 b 0.287 b 1.592 b

Sources of
variation

V ** * ** ** * ** ** **
N ** ** ** ** ** ** ** **
C ** ** ** ** ** ** ** **

V × N NS NS NS NS * NS NS NS
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Table 6. Cont.

2021 2022

Treatment Leaf Stem + Sheath Cob + Ear Bract Grain Leaf Stem + Sheath Cob + Ear Bract Grain

V × C * NS * NS NS NS NS NS
N × C NS NS NS NS NS NS NS NS

V × N × C NS NS NS NS NS NS NS NS

N0, N120, N240, and N360 indicate nitrogen application rates at 0, 120, 240, and 360 kg ha−1, respectively.
PGR and CK indicate spraying plant growth regulator and water, respectively. JNK728 and SD5 indicate maize
varieties Jingnongke 728 and Saide 5, respectively. V, N, and C indicate variety, nitrogen application, and chemical
regulation, respectively. Different letters in the same column indicate a significant difference between different
treatments (p < 0.05). * and ** indicate significant differences at the 0.05 and 0.01 probability levels, respectively,
and NS indicates no significant difference.

2.3.4. Nitrogen Utilization

Nitrogen application and chemical regulation significantly affected maize nitrogen
use efficiency (NUE) under high planting density (Table 7). With increasing nitrogen
application rate, nitrogen uptake efficiency, nitrogen partial factor productivity, nitro-
gen agronomic efficiency and nitrogen use efficiency decreased. Chemical regulation
increased nitrogen uptake efficiency, nitrogen partial factor productivity, nitrogen agro-
nomic efficiency and nitrogen use efficiency by 3.1%, 5.9%, 5.6%, and 6.6%, respectively,
compared with CK. These results indicated that nitrogen application reduced nitrogen
utilization, while chemical regulation improved maize nitrogen use efficiency under high
planting density.

Table 7. Effect of nitrogen fertilizer and chemical regulation on nitrogen utilization.

2021 2022

Treatment

Nitrogen
Uptake

Efficiency
(kg·kg−1)

Nitrogen
Partial
Factor

Productivity
(kg·kg−1)

Nitrogen
Agronomic
Efficiency
(kg·kg−1)

Nitrogen
Use

Efficiency
(%)

Nitrogen
Uptake

Efficiency
(kg·kg−1)

Nitrogen
Partial
Factor

Productivity
(kg·kg−1)

Nitrogen
Agronomic
Efficiency
(kg·kg−1)

Nitrogen
Use

Efficiency
(%)

Nitrogen
application

N0
N120 2.54 a 94.58 a 13.35 a 55.14 a 2.38 a 84.41 a 8.63 a 51.91 a
N240 1.38 b 48.85 b 8.23 b 38.59 b 1.27 b 44.00 b 6.11 b 33.95 b
N360 0.89 c 31.40 c 4.33 c 23.25 c 0.84 c 28.95 c 3.69 c 21.47 c

Chemical
regulation

CK 1.57 a 56.51 b 8.42 b 37.70 b 1.48 a 51.06 b 5.97 b 34.67 b
PGR 1.63 a 60.05 a 8.85 a 40.28 a 1.51 a 53.85 a 6.32 a 36.88 a

Variety
JNK728 1.66 a 59.83 a 8.91 a 40.19 a 1.54 a 54.03 a 6.36 a 36.79 a

SD5 1.55 b 56.72 b 8.36 b 37.79 b 1.46 b 50.87 b 5.93 b 34.76 b

Sources of
variation

V ** * ** ** * ** ** *
N ** ** ** ** ** ** ** **
C NS ** * ** NS * ** **

V × N NS * NS NS NS NS * NS
V × C NS NS * * NS NS NS *
N × C NS NS NS NS NS NS NS NS

V × N × C NS NS NS NS NS NS NS NS

N0, N120, N240, and N360 indicate nitrogen application rates at 0, 120, 240, and 360 kg ha−1, respectively.
PGR and CK indicate spraying plant growth regulator and water, respectively. JNK728 and SD5 indicate maize
varieties Jingnongke 728 and Saide 5, respectively. V, N, and C indicate variety, nitrogen application, and chemical
regulation, respectively. Different letters in the same column indicate a significant difference between different
treatments (p < 0.05). * and ** indicate significant differences at the 0.05 and 0.01 probability levels, respectively,
and NS indicates no significant difference.
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2.3.5. Nitrogen Metabolism Enzymes Activities in Grain

Glutamate synthetase (GS), glutamate dehydrogenase (GDH), and glutamate-pyruvate
transaminase (GPT) are key enzymes regulating maize nitrogen metabolism. The activities
of GS, GDH, and GPT in grains under different treatments all followed a single-peak curve
during the filling stage, for which GS and GDH peaked at 20 days after anthesis (DAA),
while GPT peaked at 25 DAA (Figures 23–25). Nitrogen fertilizer and chemical regulation
significantly affected nitrogen metabolism enzymes activities under high planting density.
With increasing nitrogen rate, the activities of GS, GDH, and GPT significantly increased
during grain filling stages, but no further increase was observed under excessive nitrogen
(N360). Chemical regulation increased the activities of GS (20 DAA), GDH (20 DAA),
and GPT (25 DAA) by 12.7%, 9.8%, and 11.3%, respectively. These results indicated that
appropriate nitrogen application and chemical regulation can significantly improve the
activities of grain GS, GDH, and GPT under high planting density, enhancing grain nitrogen
metabolism capacity.

 

Figure 23. Effects of nitrogen fertilizer and chemical regulation on the glutamate synthetase (GS)
activity in grain in 2021 and 2022. Columns within the same days after anthesis marked with different
letters indicate statistically significant differences at p < 0.05. Vertical bars mean ± SE. JNK728
and SD5 indicate maize varieties Jingnongke 728 and Saide 5, respectively. N0 + CK, N120 + CK,
N240 + CK, and N360 + CK represent nitrogen application rates of 0, 120, 240, and 360 kg ha−1

combined with water application, while N0 + Y, N120 + Y, N240 + Y, and N360 + Y represent the
nitrogen application rates of 0, 120, 240, and 360 kg ha−1 combined with plant growth regulator.

https://doi.org/10.3390/plants15030500

https://doi.org/10.3390/plants15030500


Plants 2026, 15, 500 23 of 33

 

Figure 24. Effects of nitrogen fertilizer and chemical regulation on the glutamate dehydroge-
nase (GDH) activity in grain in 2021 and 2022. Columns within the same days after anthesis
marked with different letters indicate statistically significant differences at p < 0.05. Vertical bars
mean ± SE. JNK728 and SD5 indicate maize varieties Jingnongke 728 and Saide 5, respectively.
N0 + CK, N120 + CK, N240 + CK, and N360 + CK represent nitrogen application rates of 0, 120,
240, and 360 kg ha−1 combined with water application, while N0 + Y, N120 + Y, N240 + Y, and
N360 + Y represent the nitrogen application rates of 0, 120, 240, and 360 kg ha−1 combined with plant
growth regulator.

Figure 25. Effects of nitrogen fertilizer and chemical regulation on the glutamate-pyruvate transaminase
(GPT) activity in grain in 2021 and 2022. Columns within the same days after anthesis marked with
different letters indicate statistically significant differences at p < 0.05. Vertical bars mean ± SE. JNK728
and SD5 indicate maize varieties Jingnongke 728 and Saide 5, respectively. N0 + CK, N120 + CK,
N240 + CK, and N360 + CK represent nitrogen application rates of 0, 120, 240, and 360 kg ha−1 combined
with water application, while N0 + Y, N120 + Y, N240 + Y, and N360 + Y represent the nitrogen application
rates of 0, 120, 240, and 360 kg ha−1 combined with plant growth regulator.
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2.4. Yield

Nitrogen application and chemical regulation significantly affected maize yield under
high planting density (Figure 26). Nitrogen application notably increased yield: compared
with N0, yields under N120, N240, and N360 increased by 16.4%, 20.3%, and 16.0% in
2021 and 11.4%, 16.1%, and 14.6% in 2022, with N240 giving the highest yield. Chemical
regulation raised yield by 12.0% in 2021 and 10.8% in 2022 compared with CK. JNK728 had
significantly higher yield than SD5. For yield components, nitrogen application increased
grain number per ear and 1000-grain weight but barely affected ear number per unit area.
Chemical regulation also improved grain number per ear (8.9% in 2021 and 10.3% in 2022)
and 1000-grain weight (5.0% in 2021 and 4.1% in 2022).

Figure 26. Effects of nitrogen fertilizer and chemical regulation on yield in 2021 and 2022. Columns
within the same variety marked with different letters indicate statistically significant differences at
p < 0.05. Vertical bars mean ± SE. JNK728 and SD5 indicate maize varieties Jingnongke 728 and Saide
5, respectively. N0, N120, N240, and N360 represent nitrogen application rates of 0, 120, 240, and
360 kg ha−1, respectively. PGR and CK represent the application of plant growth regulator and
water, respectively.

3. Discussion
3.1. Effects of Nitrogen Fertilizer and Chemical Regulation on Photosynthetic Characteristics and
Canopy Structure Under High Planting Density

Photosynthesis serves as the fundamental basis for plant growth and yield forma-
tion. High planting density typically leads to a decline in leaf chlorophyll content and
photosynthetic performance [22]. In this study, nitrogen fertilizer significantly enhanced
key photosynthetic parameters, including SPAD values, Pn, Fv/Fm, and the activities
of RuBPcase and PEPcase. However, the excessive nitrogen application did not confer
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additional benefits and even showed a declining trend. Meanwhile, chemical regulation
increased these photosynthetic traits, likely by modulating plant growth and delaying leaf
senescence [23]. This suggests that appropriate nitrogen and chemical regulation effectively
alleviates photosynthetic suppression under high planting density.

The canopy structure is a critical determinant of light distribution and overall photo-
synthetic capacity [24]. An optimal canopy architecture improves light interception and
ventilation, thereby enhancing photosynthetic efficiency and yield [25]. Our study revealed
that nitrogen application increased the Leaf Area Index (LAI) and light interception of the
canopy. However, excessive nitrogen led to an overly dense canopy, significantly reducing
light transmittance that likely accelerated lower leaf senescence [26]. Chemical regulation
could induce a more compact plant type [20]. In this study, chemical regulation reduced
LAI from the jointing stage to early filling stages, thereby improving light transmittance
to the middle and lower canopy layers. Subsequently, maintaining a higher LAI from the
early filling to maturity stages may caused by delaying leaf senescence [27]. Therefore,
chemical regulation increases the photosynthetic capacity of maize populations by opti-
mizing canopy structure, thereby establishing a foundation for dry matter accumulation
and yield.

3.2. Effects of Nitrogen Fertilizer and Chemical Regulation on Lodging Resistance Characteristics
Under High Planting Density

Lodging remains a critical constraint to realizing the maize yield potential under high
planting density [12]. As crucial indicators of stem mechanical strength, bending resistance
and rind penetration strength are closely linked to lodging resistance in maize [12]. In this
study, nitrogen application at the N120 and N240 levels significantly enhanced bending
strength and rind penetration strength, demonstrating that nitrogen fertilizer promotes stem
growth, improves mechanical strength, and consequently enhances the lodging resistance
of maize under high planting density [28]. However, excessive nitrogen application reduces
mechanical strength, which may be due to the inadequate utilization of carbohydrates for
stem formation, resulting in a weak stem structure [29]. In this study, chemical regulation
significantly enhanced the bending strength and rind penetration strength of maize stem.
This improvement is likely attributable to the plant growth regulators modulating plant
metabolism, promoting the accumulation of structural components, and improving stem
organization, thereby reinforcing the mechanical strength [30].

Plant height, ear height, and center of gravity height are key morphological traits
influencing lodging resistance in maize, and are negatively correlated with lodging re-
sistance [28]. Lodging frequently occurs at the basal internodes in maize; thus, their
morphological traits play a critical role for lodging resistance. Generally, shorter and
thicker basal internodes are associated with superior lodging resistance [31]. In this study,
increasing nitrogen application rates increased plant height, ear height, and the center of
gravity height, along with the length and diameter of the third basal internode. However,
the increases in plant height and ear height were not statistically significant. This is primar-
ily attributed to the high planting density of this experiment accelerating stem elongation,
which reduced the accumulation of cellulose and lignin and consequently led to poorer
stem plumpness [32]. Under these conditions, the applied nitrogen was mainly attributed
to increasing the carbohydrate content in the stem to enhance its strength, rather than to
promote stem elongation. In this study, chemical regulation significantly reduced the length
of basal internodes, plant height, ear height, and center of gravity height, while increasing
stem diameter. This indicates that the plant growth regulator suppressed stem elongation
and promoted the radial growth of basal internodes, resulting in a shorter, sturdier plant
figure that enhances lodging resistance, consistent with findings by Ahmad et al. [19]. The
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improved plant and basal internode morphology effectively reduced the lodging risk in
maize, which is fundamental to achieving high yield.

The dry weight per unit length of internodes reflects the extent of stem plumpness [31].
In this study, appropriate nitrogen fertilization combined with chemical regulation in-
creased the dry weight per unit length of the internode. This improvement is likely
attributed to enhanced photoassimilate accumulation in the stem, thereby improving stem
plumpness [33]. A higher dry weight per unit length indicates greater dry matter accumu-
lation, which consequently contributes to increased lodging resistance [31]. Therefore, the
mechanical strength of the stem is underpinned by its biochemical composition. Cellulose,
hemicellulose, and lignin are the primary structural components of cell walls and play a
critical role in maintaining stem mechanical strength [34]. Water-soluble carbohydrates in
the internodes not only serve as a crucial reserve substance during the grain filling stage
but also contribute to the stem mechanical strength [33,35]. In this study, the combined
application of N120 or N240 with chemical regulation increased the contents of soluble
sugars, cellulose, hemicellulose, and lignin in the third basal internode of maize, thereby
enhancing stem mechanical strength and improving lodging resistance. This indicates that
the photosynthetic capacity of lower canopy leaves influences carbohydrate accumulation
in the stem, thereby affecting stem mechanical strength [36]. Therefore, in this study, nitro-
gen and chemical regulation presumably improved carbohydrate content in the internodes
by optimizing canopy structure and enhancing the photosynthetic performance of leaves
at and below the ear layer. However, excessive nitrogen application led to a reduction in
carbohydrate content in the stem. This may be due to the stem not fully utilizing photo-
synthates produced by leaves, thereby inhibiting the accumulation of carbohydrates in the
stem [29]. As a key substance maintaining stem mechanical strength, lignin’s biosynthesis
is closely associated with the activities of PAL, TAL, CAD, and 4CL [37]. In this study,
the combined application of nitrogen rates (N120 and N240) with chemical regulation
increased activities of these enzymes, which promotes lignin biosynthesis. Consequently,
the combination of N120/N240 and chemical regulation promotes structural component
accumulation in stems, thereby enhancing the stem lodging resistance.

In terms of the stem anatomical structure, stem strength largely depends on the me-
chanical tissue of the adjacent peripheral vascular bundles [32]. Studies have demonstrated
that the vascular bundle system fulfills the functions of long-distance transport and me-
chanical support, playing a crucial role in the lodging resistance of maize [30]. Under high
planting density, the stem rind thickness, vascular bundle sheath’s thickness, and vascular
bundle number are significantly reduced, thereby decreasing the lodging resistance of
maize [12]. In this study, nitrogen application (N120 and N240) and chemical regulation
significantly increased stem cortex thickness, mechanical tissue thickness, and mechanical
cell layer number, and increased the number and area of large and small vascular bundles,
thereby enhancing stem strength and the lodging resistance of maize. Furthermore, as the
conducting tissue, the structure of the vascular bundle plays a vital role in the transport of
photosynthates in crops [38]. Therefore, the increase in the number and area of vascular
bundles induced by nitrogen fertilizer and chemical regulation in this study not only en-
hances maize lodging resistance but also helps maintain high nutrient transport capacity,
thereby promoting grain filling and yield improvement.

3.3. Effects of Nitrogen Fertilizer and Chemical Regulation on Nitrogen Uptake, Utilization, and
Yield Formation Under High Planting Density

Nitrogen, as a crucial nutrient element during maize growth, plays a vital role in
ear growth and yield formation [39]. In this study, the maximum nitrogen accumulation
in plants was achieved under the treatment of nitrogen application rate N240 combined
with chemical regulation. This may be due to the improvement of root growth and root
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activity by nitrogen fertilizer and chemical regulation, which promotes the root absorption
of soil nitrogen, thereby facilitating the yield increase [17,40,41]. The process of grain
formation in maize is related to nitrogen accumulation in grains, which ultimately de-
termines grain yield [42]. Studies have shown that grain nitrogen is supplied by both
the remobilization of pre-anthesis reserves in vegetative organs and direct post-anthesis
nitrogen assimilation [43]. During grain filling, nitrogen remobilization serves as a major
source for grain nitrogen accumulation. Studies have indicated that leaf nitrogen is also
vital for photosynthesis, and excessive remobilization leads to leaf senescence and reduces
photosynthetic output [44]. Optimizing the balance between nitrogen translocation and
photosynthetic retention is therefore crucial for a high yield in maize. In this study, the
nitrogen rate at N240 combined with chemical regulation promoted nitrogen absorption,
distribution, and translocation, while also increasing nitrogen accumulation in leaves,
thereby maintaining high photosynthetic activity and ultimately enhancing grain yield.
Grain nitrogen is mostly derived from post-anthesis nitrogen absorption. Enhancing post-
anthesis nitrogen absorption can sustain photosynthetic capacity during grain filling, and
thereby contributes to increased yield [45]. Consequently, modulating nitrogen uptake and
remobilization improves nitrogen utilization in maize. Furthermore, in this study, nitrogen
fertilizer and chemical regulation increased the activities of GS, GDH, and GPT in grains,
and enhanced grain nitrogen metabolism, further promoting nitrogen utilization efficiency
and providing a foundation for increased maize yield. In this study, chemical regulation
significantly increased the grain number per ear, 1000-grain weight, and yield in maize
under high planting density. Nitrogen application remarkably improved maize yield and
its components, while no significant difference was observed between nitrogen rates N240
and N360. Consistent with previous findings, no further yield improvement was observed
with excessive nitrogen fertilizer application in maize [46]. In this study, the combination
of nitrogen fertilizer and chemical regulation simultaneously meets the photosynthetic
demand of maize and nitrogen utilization, which is of great significance for improving
maize yield and nitrogen use efficiency.

4. Materials and Methods
4.1. Experimental Site

The field experiment was conducted in Daowai District of Harbin city (45◦75′ N,
126◦63′ E), Heilongjiang Province, in 2021 and 2022. The experimental soil was charac-
terized by a typical chernozem soil and has been managed under a continuous maize
system. The properties of the topsoil layer (0–20 cm, pH 6.75) were determined as fol-
lows: organic matter, available N, available phosphorus P, and available potassium K were
1.773 g kg−1, 220.38 mg kg−1, 59.85 mg kg−1, and 131.24 mg kg−1, respectively. This region
experienced a temperate continental monsoon climate. The climatic parameters include
4.3 ◦C of mean annual temperature, 569.1 mm of mean annual precipitation, 2642.1 h of
sunshine, 1324.3 mm of evaporation, and 140–150 days of frost-free period. Figure 27 shows
the meteorological conditions for maize growing seasons of 2021 and 2022.

4.2. Experimental Design and Field Management

A split-split plot arrangement was employed, incorporating three factors: maize
cultivar (main plot), chemical regulation (subplot), and nitrogen (N) application rate
(sub-subplot). The main plots consisted of two cultivars: Jingnongke 728 (JNK728) and
Saide 5 (SD5). Subplots received one of two chemical treatments: a foliar application
of a plant growth regulator (PGR, 450 L ha−1 of 30% diethyl aminoethyl hexanoate ·
ethephon) at the seven-leaf stage, or a control (CK) with water only. The sub-subplots
applied nitrogen at rates of 0, 120, 240, and 360 kg ha−1. This structure resulted in

https://doi.org/10.3390/plants15030500

https://doi.org/10.3390/plants15030500


Plants 2026, 15, 500 28 of 33

16 treatment combinations, each replicated three times. A planting density of
90,000 plants ha−1 was established through manual sowing (with a depth of 5 cm) in
late April. The plot dimensions were 10 rows, 8 m in length, with 65 cm row spacing.
Nitrogen was supplied equally between a basal application at sowing and a topdressing at
jointing. Phosphorus (P2O5) and potassium (K2O) were fully applied as basal dressing at
100 kg ha−1 each. The crop relied on rainfall, with no irrigation applied. Field management,
including pest, weed, and disease control, followed standard local practices. Harvesting
occurred on September 25 each year.

Figure 27. Meteorological conditions during the maize growing seasons.

4.3. Sampling and Measurements
4.3.1. Photosynthesis and Canopy Parameters

Leaf chlorophyll content, expressed as SPAD values, was determined with a
SPAD-502 m (Minolta, Tokyo, Japan). At the jointing, tasseling, early filling, milking,
and maturity stages, three uniformly growing plants per treatment were selected. Func-
tional leaves (the third leaf below the apex before tasseling and the ear leaf after tasseling)
were used for measurement. Leaf net photosynthetic rate (Pn) was measured between
9:00 and 11:00 am on clear days, using a Li-6400 portable photosynthesis system (LI-COR,
Lincoln, NE, USA). The same leaf selection procedure as for SPAD determination was
followed. Using the same leaf sampling method, the maximum quantum yield (Fv/Fm)
was determined according to the formula: Fv/Fm = (Fm − F0)/Fm. The initial fluorescence
(F0) and maximum fluorescence (Fm) were measured after the leaves were completely
dark-adapted post 21:00. For the same set of leaves, activities of RuBPCase and PEPCase
were determined according to the methods described by Ding et al. [47].

At five key growth stages (jointing, tasseling, early filling, milking, and maturity),
three representative plants per treatment were sampled. The leaf area of individual plants
was estimated as length × width × factor (coefficients of 0.75 and 0.5 for unfolded and
folded leaves, respectively). LAI was defined as the ratio of the total green leaf area to the
corresponding ground surface area. During the early filling stage, a CI-110 plant canopy
analyzer was employed to measure light transmittance at three vertical positions: the
upper canopy, ear layer, and lower canopy (30 cm above ground). Three replicates were
performed per plot.

4.3.2. Lodging Resistance Characteristics

At the milking stage, three maize plants with uniform growth were sampled from
each treatment. Plant height, ear height, and center of gravity height were measured using
a measuring rod. These parameters were defined as the vertical distance from the ground
level to the tassel’s highest point, the node bearing the ear, and the plant’s balance point,
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respectively. The ear height coefficient was computed as the percentage of ear height
relative to plant height.

During the early filling stage, three uniformly growing plants per treatment were
sampled. The third basal internode’s length and diameter were determined using a ruler
and a vernier caliper. Subsequently, the samples were oven-dried at 105 ◦C for 30 min,
followed by drying at 80 ◦C to constant weight. The dry weight per unit length (g cm−1) of
the internode was determined as the ratio of dry weight to length.

The bending strength and rind penetration strength of the third basal internode were
evaluated using an AWOS-SL04 stem strength tester (AWOS Technology, Shijiazhuang,
China). A bending probe and a penetration probe were applied perpendicularly to the
midpoint of the internode at a constant speed until fracture or piercing occurred. The
maximum force recorded at failure was used to determine mechanical strength.

The lodging resistance index was calculated as the bending strength of the third
internode divided by the height of the stem’s center of gravity [48]. At physiological
maturity, the lodged plants in each plot were counted. The lodging rate was calculated as
the percentage of lodged plants relative to the total plant count per plot.

The soluble sugar content in the third basal internode was quantified by the anthrone
colorimetric method [49]. Cellulose, hemicellulose, and lignin, were analyzed according to
the Van Soest detergent method [50]. Enzyme activities of PAL, TAL, CAD, and 4CL were
assayed following procedures described by Liu et al. [37].

At the early filling stage, segments about 1.5 cm in length were excised from the
middle of the third basal internode and fixed in Carnoy’s solution for 24 h. The samples
were then stored in 70% ethanol. Hand-cut sections were prepared, stained with safranin,
and observed under a fluorescence microscope. Images were captured, and parameters
including cortex thickness, mechanical thickness, mechanical cell layer number, and the
number and area of large and small vascular bundles were measured using the built-in
image analysis system [12].

4.3.3. Nitrogen Utilization and Grain Yield

At five key growth stages, three representative plants per treatment were sampled.
These plants were separated into different organs (leaf, stem + leaf sheath, cob + bract,
and grain). All samples were first oven-dried at 105 ◦C for 30 min and then dried at
80 ◦C until a constant weight. The dried samples were ground into a fine powder, and the
nitrogen concentration in the whole plant and individual organs was determined using
the semi-micro Kjeldahl method. A series of nitrogen-related parameters were calculated
according to established methodologies [51–53]:

Plant nitrogen accumulation (g plant−1) = Plant nitrogen concentration (%)
× Plant dry weight (g plant−1).

Organ nitrogen accumulation (g plant−1) = Organ nitrogen concentration (%)
× Organ dry weight (g plant−1).

Nitrogen translocation amount (g plant−1) = Nitrogen accumulation
in vegetative organs at anthesis (g plant−1-Nitrogen accumulation

in vegetative organs at maturity (g plant−1).

Contribution of nitrogen translocation amount to grain (%) = [Nitrogen translocation
amount (g plant−1)/Nitrogen accumulation in grains at

maturity (g plant−1)] × 100.

Nitrogen uptake efficiency (kg kg−1) = Plant nitrogen accumulation (kg ha−1)/
Nitrogen application rate (kg ha−1).
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Nitrogen partial factor productivity (kg kg−1) = Grain yield (kg ha−1)/
Nitrogen application rate (kg ha−1).

Nitrogen agronomic efficiency (kg kg−1) = [Grain yield under nitrogen
fertilization (kg ha−1)-Grain yield without nitrogen

fertilization (kg ha−1)]/Nitrogen application rate (kg ha−1).

Nitrogen use efficiency (%) = [Nitrogen accumulation under nitrogen
fertilization (kg ha−1)-Nitrogen accumulation without nitrogen

fertilization (kg ha−1)]/Nitrogen application rate (kg ha−1) × 100.

At 10, 20, 30, 40, and 50 days after anthesis, three ears were collected from each
treatment. Grains from the middle section of the ears were excised, immediately frozen
in liquid nitrogen, and stored at −80 ◦C for subsequent enzyme analysis. Glutamate
synthetase (GS), glutamate dehydrogenase (GDH), and glutamate-pyruvate transaminase
(GPT) activities were measured according to Wang et al. [54].

Grain yield and yield components were evaluated by harvesting the central three rows
at maturity. The grain yield was corrected to 14% moisture content, while grain number
per ear and 1000-grain weight were recorded.

4.4. Statistical Analysis

To evaluate the treatment effects of nitrogen fertilizer and chemical regulation, the
collected data were subjected to statistical examination. This process involved two-
way analysis of variance (ANOVA) and a least significant difference (LSD) test at the
p < 0.05 level, assessing key parameters including canopy photosynthesis, lodging resis-
tance, nitrogen use efficiency, and grain yield. All analyses were performed with SPSS
Statistics 21.0 (SPSS Inc., Chicago, IL, USA). The figures presented in this study were
prepared with Microsoft Excel 2010.

5. Conclusions
Nitrogen fertilizer (240 kg N ha−1) combined with chemical regulation (30% diethyl

aminoethyl hexanoate · ethephon) improved leaf photosynthetic capacity and canopy
structure, and enhanced stem lodging resistance, thereby ultimately increasing maize yield
and nitrogen use efficiency. This cultivation measure effectively coordinated the conflict
between high yield and lodging risk, providing a scientific basis for high-yield cultivation
under dense planting conditions.
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The following abbreviations are used in this manuscript:

PGR Plant growth regulator
SPAD Chlorophyll content
Pn Net photosynthetic rate
Fv/Fm Maximum quantum yield
RuBPCase Ribulose-1,5-bisphosphate carboxylase/oxygenase
PEPCase Phosphoenolpyruvate carboxylase
LAI Leaf Area Index
PAL Phenylalanine ammonia-lyase
TAL Tyrosine ammonia-lyase
CAD Cinnamyl alcohol dehydrogenase
4CL 4-coumarate:CoA ligase
GS Glutamate synthetase
GDH Glutamate dehydrogenase
GPT Glutamate-pyruvate transaminase
DAA Days after anthesis

References
1. Erenstein, O.; Jaleta, M.; Sonder, K.; Mottaleb, K.; Prasanna, B.M. Global maize production, consumption and trade: Trends and

R&D implications. Food Secur. 2022, 14, 1295–1319. [CrossRef]
2. Wang, R.; Zhang, S.; Liu, M.; Zhang, R.; Xu, T.; Liu, H.; Hu, J.; Xing, J.; Wang, X.; Wang, T.; et al. Reinventing a sustainable Green

Revolution by breeding and planting semi-dwarf maize. Mol. Plant 2025, 18, 1626–1642. [CrossRef]
3. Luo, N.; Meng, Q.; Feng, P.; Qu, Z.; Yu, Y.; Liu, D.; Müller, C.; Wang, P. China can be self-sufficient in maize production by 2030

with optimal crop management. Nat Commun. 2023, 14, 2637. [CrossRef]
4. Tian, P.; Liu, J.; Zhao, Y.; Huang, Y.; Lian, Y.; Wang, Y.; Ye, Y. Nitrogen rates and plant density interactions enhance radiation

interception, yield, and nitrogen use efficiencies of maize. Front. Plant Sci. 2022, 13, 974714. [CrossRef]
5. Zhao, L.; Duan, X.; Zhang, X.; Zhang, X.; Song, L.; Chen, P.; Liang, M.; Zhang, C.; Wang, C. Planting strategy optimization can

increase maize yield by delaying leaf senescence and improving photosynthetic capacity. Agronomy 2025, 15, 1099. [CrossRef]
6. Zhang, X.; Li, Y.; Deng, Z.; Zhao, Z.; Gu, X.; Yu, L.; Xu, J.; Cai, H. Revealing nonlinear thresholds and interactions in maize

yield and water productivity responses to straw incorporation via an integrated meta-analysis and explainable machine learning
framework. Agric. Water Manag. 2025, 322, 110024. [CrossRef]

7. Luo, N.; Wang, X.; Hou, J.; Wang, Y.; Wang, P.; Meng, Q. Agronomic optimal plant density for yield improvement in the major
maize regions of China. Crop Sci. 2020, 60, 1580–1590. [CrossRef]

8. Zhang, G.; Cui, C.; Lv, Y.; Wang, X.; Wang, X.; Zhao, D.; Hu, F.; Wen, X.; Han, J.; Liao, Y. Is it necessary to increase the maize
planting density in China? Eur. J. Agron. 2024, 159, 127235. [CrossRef]

9. Liu, G.; Liu, W.; Hou, P.; Ming, B.; Yang, Y.; Guo, X.; Xie, R.; Wang, K.; Li, S. Reducing maize yield gap by matching plant density
and solar radiation. J. Integr. Agric. 2021, 20, 363–370. [CrossRef]

10. Yan, Y.; Duan, F.; Li, X.; Zhao, R.; Hou, P.; Zhao, M.; Li, S.; Wang, Y.; Dai, T.; Zhou, W. Photosynthetic capacity and assimilate
transport of the lower canopy influence maize yield under high planting density. Plant Physiol. 2024, 195, 2652–2667. [CrossRef]

11. Yang, Y.; Guo, X.; Hou, P.; Xue, J.; Liu, G.; Liu, W.; Wang, Y.; Zhao, R.; Ming, B.; Xie, R.; et al. Quantitative effects of solar radiation
on maize lodging resistance mechanical properties. Field Crops Res. 2020, 225, 107906. [CrossRef]

12. Shi, D.; Li, Y.; Zhang, J.; Liu, P.; Zhao, B.; Dong, S. Effects of plant density and nitrogen rate on lodging-related stalk traits of
summer maize. Plant Soil Environ. 2016, 62, 299–306. [CrossRef]

13. Feng, X.; Ma, D.; Lei, T.; Hu, S.; Yu, X.; Gao, J. Subsoil tillage improved the maize stalk lodging resistance under high planting
density. Front. Plant Sci. 2024, 15, 1396182. [CrossRef]

14. Yang, J.; Geng, W.; Zhang, J.; Ren, B.; Wang, L. Responses of the lodging resistance of summer maize with different gene types to
plant density. Agronomy 2022, 12, 10. [CrossRef]

https://doi.org/10.3390/plants15030500

https://doi.org/10.1007/s12571-022-01288-7
https://doi.org/10.1016/j.molp.2025.08.011
https://doi.org/10.1038/s41467-023-38355-2
https://doi.org/10.3389/fpls.2022.974714
https://doi.org/10.3390/agronomy15051099
https://doi.org/10.1016/j.agwat.2025.110024
https://doi.org/10.1002/csc2.20000
https://doi.org/10.1016/j.eja.2024.127235
https://doi.org/10.1016/S2095-3119(20)63363-9
https://doi.org/10.1093/plphys/kiae204
https://doi.org/10.1016/j.fcr.2020.107906
https://doi.org/10.17221/720/2015-PSE
https://doi.org/10.3389/fpls.2024.1396182
https://doi.org/10.3390/agronomy12010010
https://doi.org/10.3390/plants15030500


Plants 2026, 15, 500 32 of 33

15. Meng, C.; Wang, Z.; Cai, Y.; Du, F.; Chen, J.; Xiao, C. Effects of planting density and nitrogen (N) application rate on light energy
utilization and yield of maize. Sustainability 2022, 14, 16707. [CrossRef]

16. Zhai, J.; Zhang, G.; Zhang, Y.; Xu, W.; Xie, R.; Ming, B.; Hou, P.; Wang, K.; Xue, J.; Li, S. Effect of the rate of nitrogen application on
dry matter accumulation and yield formation of densely planted maize. Sustainability 2022, 14, 14940. [CrossRef]

17. Ahmad, I.; Batyrbek, M.; Ikram, K.; Ahmad, S.; Kamran, M.; Misbah; Khan, R.; Hou, F.; Han, Q. Nitrogen management improves
lodging resistance and production in maize (Zea mays L.) at a high plant density. J. Integr. Agric. 2023, 22, 417–433. [CrossRef]

18. Lv, R.; Zhang, W.; Xie, X.; Wang, Q.; Gao, K.; Zeng, Y.; Zeng, Y.; Pan, X.; Shang, Q. Foliar application uniconazole enhanced lodging
resistance of high-quality indica rice (Oryza sativa L.) by altering anatomical traits, cell structure and endogenous hormones. Field
Crops Res. 2022, 277, 108425. [CrossRef]

19. Ahmad, I.; Ahmad, S.; Yang, X.; Meng, X.; Yang, B.; Liu, T.; Han, Q. Effect of uniconazole and nitrogen level on lodging resistance
and yield potential of maize under medium and high plant density. Plant Biology 2021, 23, 485–496. [CrossRef]

20. Huang, G.; Guo, Y.; Tan, W.; Zhang, M.; Li, Z.; Zhou, Y.; Duan, L. Enhancing maize radiation use efficiency under high planting
density by shaping canopy architecture with a plant growth regulator. Crop Environ. 2024, 3, 51–63. [CrossRef]

21. Tang, Q.; Ren, J.; Du, X.; Niu, S.; Liu, S.; Wei, D.; Zhang, Y.; Bian, D.; Cui, Y.; Gao, Z. Reduced stem nonstructural carbohydrates
caused by plant growth retardant had adverse effects on maize yield under low density. Front. Plant Sci. 2022, 13, 1035254.
[CrossRef]

22. Zhang, Y.; Xu, Z.; Li, J.; Wang, R. Optimum planting density improves resource use efficiency and yield stability of rainfed maize
in semiarid climate. Front. Plant Sci. 2021, 12, 752606. [CrossRef]

23. Xu, T.; Wang, D.; Si, Y.; Kong, Y.; Shao, X.; Geng, Y.; Lv, Y.; Wang, Y. Plant growth regulators enhance maize (Zea mays L.) yield
under high density by optimizing canopy structure and delaying leaf senescence. Agronomy 2024, 14, 1262. [CrossRef]

24. Liu, P.; Zhang, T.; Zhang, F.; Ren, X.; Chen, X.; Zhao, X. Ridge and furrow configuration improved grain yield by optimizing the
soil hydrothermal environment and maize canopy traits in Northwest China. Plant Soil 2024, 499, 23–36. [CrossRef]

25. Liu, T.; Chen, J.; Wang, Z.; Wu, X.; Wu, X.; Ding, R.; Han, Q.; Cai, T.; Jia, Z. Ridge and furrow planting pattern optimizes canopy
structure of summer maize and obtains higher grain yield. Field Crops Res. 2018, 219, 242–249. [CrossRef]

26. Hou, W.; Khan, M.R.; Zhang, J.; Lu, J.; Ren, T.; Cong, R.; Li, X. Nitrogen rate and plant density interaction enhances radiation
interception, yield and nitrogen use efficiency of mechanically transplanted rice. Agric. Ecosyst. Environ. 2019, 269, 183–192.
[CrossRef]

27. Li, R.; Hu, D.; Ren, H.; Yang, Q.; Dong, S.; Zhang, J.; Zhao, B.; Liu, P. How delaying post-silking senescence in lower leaves of
maize plants increases carbon and nitrogen accumulation and grain yield. Crop J. 2022, 10, 853–863. [CrossRef]

28. Zhai, J.; Zhang, Y.; Zhang, G.; Tian, M.; Xie, R.; Ming, B.; Hou, P.; Wang, K.; Xue, J.; Li, S. Effects of nitrogen fertilizer management
on stalk lodging resistance traits in summer maize. Agriculture 2022, 12, 162. [CrossRef]

29. Li, C.; Chang, Y.; Luo, Y.; Li, W.; Jin, M.; Wang, Y.; Cui, H.; Sun, S.; Li, Y.; Wang, Z. Nitrogen regulates stem lodging resistance by
breaking the balance of photosynthetic carbon allocation in wheat. Field Crops Res. 2023, 296, 108908. [CrossRef]

30. Li, Y.; Huang, G.; Guo, Y.; Zhou, Y.; Duan, L. Coronatine enhances stalk bending resistance of maize, thickens the cell wall and
decreases the area of the vascular bundles. Agronomy 2020, 10, 807. [CrossRef]

31. Zhan, X.; Kong, F.; Liu, Q.; Lan, T.; Liu, Y.; Xu, J.; Ou, Q.; Chen, L.; Kessel, G.; Kempenaar, C.; et al. Maize basal internode
development significantly affects stalk lodging resistance. Field Crops Res. 2022, 286, 108611. [CrossRef]

32. Xue, J.; Zhao, Y.; Gou, L.; Shi, Z.; Yao, M.; Zhang, W. How high plant density of maize affects basal internode development and
strength formation. Crop Sci. 2016, 56, 3295–3306. [CrossRef]

33. Liu, F.; Zhou, F.; Wang, X.; Zhan, X.; Guo, Z.; Liu, Q.; Wei, G.; Lan, T.; Feng, D.; Kong, F.; et al. Optimizing nitrogen management
enhances stalk lodging resistance and grain yield in dense planting maize by improving canopy light distribution. Eur. J. Agron.
2023, 148, 126871. [CrossRef]

34. Ali, S.; Li, Z.; Zhang, X.; Xi, Y.; Shaik, M.R.; Khan, M. How do novel plant growth regulators and cultivation models strategies
affect mechanical strength, lodging resistance and maize productivity in semi-arid regions? Agric. Water Manag. 2024, 295, 108790.
[CrossRef]

35. Yang, J.; Zhang, J.; Wang, Z.; Zhu, Q.; Liu, L. Involvement of abscisic acid and cytokinins in the senescence and remobilization of
carbon reserves in wheat subjected to water stress during grain filling. Plant Cell Environ. 2003, 26, 1621–1631. [CrossRef]

36. Xue, J.; Gou, L.; Shi, Z.; Zhao, Y.; Zhang, W. Effect of leaf removal on photosynthetically active radiation distribution in maize
canopy and stalk strength. J. Integr. Agric. 2017, 16, 85–96. [CrossRef]

37. Liu, X.; Gu, W.; Li, C.; Li, J.; Wei, S. Effects of nitrogen fertilizer and chemical regulation on spring maize lodging characteristics,
grain filling and yield formation under high planting density in Heilongjiang Province, China. J. Integr. Agric. 2021, 20, 511–526.
[CrossRef]

38. Ren, H.; Jiang, Y.; Zhao, M.; Qi, H.; Li, C. Nitrogen supply regulates vascular bundle structure and matter transport characteristics
of spring maize under high plant density. Front. Plant Sci. 2021, 11, 602739. [CrossRef]

https://doi.org/10.3390/plants15030500

https://doi.org/10.3390/su142416707
https://doi.org/10.3390/su142214940
https://doi.org/10.1016/j.jia.2022.08.074
https://doi.org/10.1016/j.fcr.2021.108425
https://doi.org/10.1111/plb.13235
https://doi.org/10.1016/j.crope.2023.11.004
https://doi.org/10.3389/fpls.2022.1035254
https://doi.org/10.3389/fpls.2021.752606
https://doi.org/10.3390/agronomy14061262
https://doi.org/10.1007/s11104-022-05518-x
https://doi.org/10.1016/j.fcr.2018.02.012
https://doi.org/10.1016/j.agee.2018.10.001
https://doi.org/10.1016/j.cj.2021.11.006
https://doi.org/10.3390/agriculture12020162
https://doi.org/10.1016/j.fcr.2023.108908
https://doi.org/10.3390/agronomy10060807
https://doi.org/10.1016/j.fcr.2022.108611
https://doi.org/10.2135/cropsci2016.04.0243
https://doi.org/10.1016/j.eja.2023.126871
https://doi.org/10.1016/j.agwat.2024.108790
https://doi.org/10.1046/j.1365-3040.2003.01081.x
https://doi.org/10.1016/S2095-3119(16)61394-1
https://doi.org/10.1016/S2095-3119(20)63403-7
https://doi.org/10.3389/fpls.2020.602739
https://doi.org/10.3390/plants15030500


Plants 2026, 15, 500 33 of 33

39. Ning, P.; Peng, Y.; Fritschi, F. Carbohydrate dynamics in maize leaves and developing ears in response to nitrogen application.
Agronomy 2018, 8, 302. [CrossRef]

40. Otie, V.; Ping, A.; John, N.M.; Eneji, A.E. Interactive effects of plant growth regulators and nitrogen on corn growth and nitrogen
use efficiency. J. Plant Nutr. 2016, 39, 1597–1609. [CrossRef]

41. Liu, X.; Meng, Y.; Xie, L.; Hao, Y.; Yu, Y.; Lv, G.; Jiang, Y.; Zhang, Y.; Qian, C.; Gu, W. Boosting maize yield and mitigating
greenhouse gas emissions through synergistic nitrogen and chemical regulation by optimizing roots and developing grains under
high-density planting in northeast China. Plants 2025, 14, 3193. [CrossRef]

42. Pico, L.B.O.; Vyn, T.J. Dry matter gains in maize kernels are dependent on their nitrogen accumulation rates and duration during
grain filling. Plants 2021, 10, 1222. [CrossRef]

43. Hirel, B.; Le Gouis, J.; Ney, B.; Gallais, A. The challenge of improving nitrogen use efficiency in crop plants: Towards a more
central role for genetic variability and quantitative genetics within integrated approaches. J. Exp. Bot. 2007, 58, 2369–2387.
[CrossRef]

44. Gong, X.; Liu, X.; Pan, Q.; Mi, G.; Chen, F.; Yuan, L. Combined physiological, transcriptome, and genetic analysis reveals a
molecular network of nitrogen remobilization in maize. J. Exp. Bot. 2020, 71, 5061–5073. [CrossRef]

45. Geng, Y.; Cao, G.; Wang, S. Nitrogen accumulation characteristics of high-yield spring maize in Northeast China. Int. J. Plant Prod.
2018, 12, 149–157. [CrossRef]

46. Chen, L.; Li, K.; Shi, W.; Wang, X.; Wang, E.; Liu, J.; Sui, X.; Mi, G.; Tian, C.; Chen, W. Negative impacts of excessive nitrogen
fertilization on the abundance and diversity of diazotrophs in black soil under maize monocropping. Geoderma 2021, 393, 114999.
[CrossRef]

47. Ding, L.; Wang, K.; Jiang, G.; Biswas, D.; Xu, H.; Li, L.; Li, Y. Effects of nitrogen deficiency on photosynthetic traits of maize
hybrids released in different years. Ann. Bot. 2005, 96, 925–930. [CrossRef]

48. Shen, X.; Li, J.; Qu, H.; Wei, F.; Zhang, Y.; Wu, W. Effects of wheat and maize straw returned to the field on lodg-
ing resistance of maize in lime concretion black soil region. Sci. Agric. Sin. 2011, 44, 2005–2012. Available online:
https://www.chinaagrisci.com/CN/abstract/abstract16785.shtml (accessed on 12 October 2010). (In Chinese)

49. Liu, L.; Liang, G.; Liu, W. Differences in physicochemical properties of stems in oat (Avena sativa L.) varieties with distinct lodging
resistance and their regulation of lodging at different planting densities. Plants 2024, 13, 2739. [CrossRef] [PubMed]

50. Van Soest, P.J.; Robertson, J.B.; Lewis, B.A. Methods for dietary fiber, neutral detergent fiber, and nonstarch polysaccharides in
relation to animal nutrition. J. Dairy Sci. 1991, 74, 3583–3597. [CrossRef]

51. Papakosta, D.K.; Gagianas, A.A. Nitrogen and dry matter accumulation remobilization, and losses for Mediterranean wheat
during grain filling. Agron. J. 1991, 83, 864–870. [CrossRef]

52. Guo, J.; Zhang, F.; Wang, H.; Yan, S.; Zheng, J.; Chen, D.; Li, Z. Effects of slow-release nitrogen fertilizer and urea blending on
maize growth and nitrogen uptake under different nitrogen application rates. Sci. Agric. Sin. 2017, 50, 3930–3943. Available
online: https://www.chinaagrisci.com/CN/10.3864/j.issn.0578-1752.2017.20.009 (accessed on 16 June 2017). (In Chinese)

53. Ren, H.; Cheng, Y.; Liu, P.; Dong, S.; Zhao, J.; Zhang, J.; Zhao, B. Effects of different cultivation patterns on root charac-
teristics, yield formation and nitrogen utilization of summer maize. Sci. Agric. Sin. 2017, 50, 2270–2281. Available online:
https://www.chinaagrisci.com/CN/10.3864/j.issn.0578-1752.2017.12.008 (accessed on 26 April 2017). (In Chinese)

54. Wang, F.; Gao, J.; Liu, Y.; Tian, Z.; Muhammad, A.; Zhang, Y.; Jiang, D.; Cao, W.; Dai, T. Higher ammonium transamination
capacity can alleviate glutamate inhibition on winter wheat (Triticum aestivum L.) root growth under high ammonium stress.
PLoS ONE 2016, 11, e0160997. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/plants15030500

https://doi.org/10.3390/agronomy8120302
https://doi.org/10.1080/01904167.2016.1161779
https://doi.org/10.3390/plants14203193
https://doi.org/10.3390/plants10061222
https://doi.org/10.1093/jxb/erm097
https://doi.org/10.1093/jxb/eraa229
https://doi.org/10.1007/s42106-018-0015-1
https://doi.org/10.1016/j.geoderma.2021.114999
https://doi.org/10.1093/aob/mci244
https://www.chinaagrisci.com/CN/abstract/abstract16785.shtml
https://doi.org/10.3390/plants13192739
https://www.ncbi.nlm.nih.gov/pubmed/39409609
https://doi.org/10.3168/jds.S0022-0302(91)78551-2
https://doi.org/10.2134/agronj1991.00021962008300050018x
https://www.chinaagrisci.com/CN/10.3864/j.issn.0578-1752.2017.20.009
https://www.chinaagrisci.com/CN/10.3864/j.issn.0578-1752.2017.12.008
https://doi.org/10.1371/journal.pone.0160997
https://doi.org/10.3390/plants15030500

	Introduction 
	Results 
	Photosynthetic Characteristics 
	Chlorophyll Content (SPAD Value), Net Photosynthetic Rate (Pn), and Maximum Quantum Yield (Fv/Fm) 
	Ribulose-1,5-bisphosphate Carboxylase/Oxygenase (RuBPCase) and Phosphoenolpyruvate Carboxylase (PEPCase) Activities 
	Leaf Area Index (LAI) and Canopy Light Transmittance 

	Lodging Resistance Characteristics 
	Plant Morphology 
	Internode Morphology 
	Bending Strength and Rind Penetration Strength 
	Lodging Resistance Index 
	Lodging Rate 
	Soluble Sugar, Cellulose, Hemicellulose, and Lignin Contents 
	Correlation Between Stem Mechanical Traits and Internode Carbohydrates Contents 
	Lignin-Related Enzymes 
	Anatomical Structure 

	Nitrogen Utilization Characteristics 
	Plant Nitrogen Accumulation 
	Nitrogen Translocation 
	Nitrogen Accumulation in Different Organs at Maturity Stage 
	Nitrogen Utilization 
	Nitrogen Metabolism Enzymes Activities in Grain 

	Yield 

	Discussion 
	Effects of Nitrogen Fertilizer and Chemical Regulation on Photosynthetic Characteristics and Canopy Structure Under High Planting Density 
	Effects of Nitrogen Fertilizer and Chemical Regulation on Lodging Resistance Characteristics Under High Planting Density 
	Effects of Nitrogen Fertilizer and Chemical Regulation on Nitrogen Uptake, Utilization, and Yield Formation Under High Planting Density 

	Materials and Methods 
	Experimental Site 
	Experimental Design and Field Management 
	Sampling and Measurements 
	Photosynthesis and Canopy Parameters 
	Lodging Resistance Characteristics 
	Nitrogen Utilization and Grain Yield 

	Statistical Analysis 

	Conclusions 
	References

