% plants

=

Article

Drip Fertigation Optimizes the Spatial Distribution and
Translocation of Nitrogen, Thereby Increasing Yields
and Improving Water and Nitrogen Use Efficiency

in High-Density Summer Maize

Chenxi Liu ¥, Dong Cui f, Xingyuan Chen, Shuo Cheng, Baizhao Ren, Ningning Yu * and Jiwang Zhang *

W) Check for updates ‘

Academic Editor: Luca Vitale

Received: 5 June 2026

Revised: 29 June 2026

Accepted: 29 June 2026

Published: 30 June 2026

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

College of Agronomy, Shandong Agricultural University, Taian 271018, China; 2024120044@sdau.edu.cn (C.L.);
cuidong4129@163.com (D.C.); chenxingyanstudy@foxmail.com (X.C.); a2785122173@163.com (S5.C.);
renbaizhao@sina.com (B.R.)

* Correspondence: yuning@sdau.edu.cn (N.Y.); jwzhang@sdau.edu.cn (J.Z.)

 These authors have contributed equally to this work.

Abstract

Achieving simultaneous improvements in grain yield and water—nitrogen use efficiency
remains a major challenge in high-density summer maize production. Therefore, this
study investigated how drip fertigation (DI) regulates soil nitrogen spatial distribution,
plant nitrogen translocation, and ultimately resource use efficiency. A two-year field
experiment (2023-2024) was conducted in Tai’an, Shandong, China, using a split-plot
design. Two water—fertilizer management regimes, conventional border irrigation (BI)
and drip fertigation (DI), were assigned to the main plots, while eight planting densities
(15,000-120,000 plants ha—1) were allocated to the subplots. Two summer maize cultivars,
Denghai 605 (DH605) and MY73, were evaluated. Compared with Bl, DI significantly
increased grain yield as well as water and nitrogen use efficiency. For DH605 and MY73,
grain yield increased by 7.3% and 3.8%, respectively, accompanied by increases of 18.4%
and 16.3% in WUE and 7.4% and 3.5% in NPFP. DI enhanced nitrogen accumulation within
the 0-20 cm root zone while reducing nitrate-N residues in the 20-60 cm soil layer, thereby
improving the spatial distribution and availability of root-zone nitrogen. Consequently, DI
increased nitrogen translocation from vegetative organs to grains, as reflected by higher
NTA, NTE, and NHI values, which promoted grain nitrogen accumulation and improved
nitrogen use efficiency. Notably, DI did not significantly affect nitrogen uptake efficiency
(NUpE), suggesting that the improvement in nitrogen utilization efficiency (NU{E) was
driven primarily by enhanced nitrogen remobilization from vegetative organs to grains
rather than by increased nitrogen uptake. Overall, drip fertigation improved grain yield,
water use efficiency, and nitrogen use efficiency in high-density summer maize by opti-
mizing root-zone nitrogen availability and promoting post-silking nitrogen translocation
to grains.

Keywords: summer maize; drip fertigation; planting density; nitrogen accumulation and
translocation; water and nitrogen use efficiency

1. Introduction

Securing global food supplies while improving the efficiency of water and nutrient
use remains a major challenge for sustainable agricultural development [1]. Maize, one of
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the most important cereal crops worldwide, plays a vital role in ensuring food security,
supporting livestock production, and maintaining the stability of agricultural markets [2,3].
However, maize production relies heavily on irrigation and synthetic fertilizers, and the con-
ventional high-input production system is increasingly constrained by escalating resource
consumption and environmental concerns [4]. Therefore, developing precision manage-
ment strategies that simultaneously enhance productivity, improve resource use efficiency,
and reduce environmental impacts has become a key objective of modern maize production.

Among agronomic management practices, water and fertilizer management are major
determinants of maize productivity and resource use efficiency. Conventional summer
maize production typically relies on border or flood irrigation combined with a single basal
fertilizer application. Such an extensive management strategy often results in a temporal
mismatch between water—nitrogen supply and crop demand. During the seedling stage,
excessive irrigation and fertilization frequently lead to water percolation and nutrient
losses, whereas during periods of peak demand in the mid-to-late growth stages, soil
nutrient and water supply may become insufficient, accelerating leaf senescence and
limiting yield formation [5,6]. In addition, nitrogen losses not only reduce fertilizer-use
efficiency and increase production costs but also contribute to environmental problems
through nitrate leaching and gaseous emissions [7,8]. By contrast, drip fertigation (DI)
supplies water and nutrients directly to the root zone in a precise and split-application
manner, thereby improving the synchronization between resource supply and crop demand
while promoting the accumulation of water and nutrients within the active root zone [2,9].
Numerous studies have demonstrated that DI enhances water and nitrogen use efficiency,
reduces nutrient movement to deeper soil layers, and mitigates environmental risks while
maintaining or increasing crop yield [10-12]. This improvement is largely attributed to the
enhanced synchronization between water-nitrogen supply and crop demand in the root
zone, which reduces nitrogen losses through leaching and volatilization while improving
nitrogen availability during critical growth stages [13]. However, previous studies have
mainly focused on the agronomic benefits of DI in terms of yield improvement and resource
use efficiency. Whether DI can further enhance yield potential and nitrogen use efficiency
in high-density maize populations by regulating root-zone nitrogen distribution and plant
nitrogen remobilization remains largely unclear.

Beyond water—fertilizer management, planting density is another critical factor influ-
encing maize population yield. Increasing planting density is one of the most effective
and economical agronomic strategies to maximize light interception and achieve yield
gains [14-16]. However, when density exceeds the level that a given variety and soil fertility
can sustain, competition among individual plants for light, water, and nutrients intensifies
sharply. This often reduces per-plant productivity, raises lodging risk, and can exacerbate
imbalances between water and nutrient supply and demand, ultimately lowering resource
use efficiency [17]. Under high planting density, root overlap among neighboring plants
increases, intensifying competition for soil water and nitrogen resources [15]. This may
reduce nitrogen availability per plant and constrain crop growth and productivity. Such
intensified belowground competition can alter nitrogen uptake dynamics and accelerate
the limitation of soil nitrogen availability per plant, thereby affecting both biomass accu-
mulation and nitrogen remobilization efficiency during reproductive stages [15,18]. The
concept of “optimal planting density” therefore lies in finding a dynamic balance between
yield improvement and resource competition. The optimum is not fixed but is influenced
by variety characteristics, soil fertility, and water—fertilizer management practices [19,20].
Optimizing water and fertilizer management can alleviate resource competition under
dense planting, helping maintain productivity stability and promoting simultaneous in-
creases in yield and resource use efficiency. Particularly under high-density cultivation,
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adequate root-zone nitrogen supply and the plant’s capacity to remobilize nitrogen during
later growth stages are considered key physiological factors determining population pro-
ductivity and nitrogen use efficiency. Nevertheless, the underlying regulatory mechanisms
remain poorly understood.

Considerable research has examined the effects of water—fertilizer management or
planting density on maize production, yet most studies have treated these factors sepa-
rately. Although some studies have addressed water—fertilizer or fertilizer—density inter-
actions [21,22], few have integrated water—fertilizer management, planting density, and
cultivar genotype within a single experimental framework to systematically evaluate their
combined effects. Under high-density cultivation, little is known about how different
water—fertilizer regimes affect soil nitrogen distribution, plant nitrogen accumulation,
translocation, and allocation, and how these processes influence the relationship between
yield formation and water—nitrogen use efficiency. Furthermore, most research on nitro-
gen use efficiency has focused on nitrogen uptake, with relatively little attention given
to within-plant nitrogen translocation and redistribution in high-density populations. To
address these gaps, this study selected two widely grown maize cultivars with contrasting
tolerance to high planting densities (DH605 and MY73). A split-plot design was imple-
mented, with two water—fertilizer systems—conventional border irrigation (BI) and drip
fertigation (DI)—as the main plots and eight planting densities as the subplots. The specific
objectives were to: (1) determine the interactive effects of water—fertilizer management
and planting density on summer maize yield formation, soil nitrogen distribution, and
plant nitrogen accumulation and translocation; (2) assess whether DI improves nitrogen
use efficiency in high-density populations by optimizing root-zone nitrogen supply and
enhancing nitrogen translocation; and (3) compare varietal responses to water—fertilizer
management and planting density.

2. Results and Analysis

2.1. Effects of Water and Fertilizer Management Methods and Planting Density on Summer Maize
Yield and Its Components

A significant interaction between water—fertilizer management and planting density
was observed for summer maize yield and its components, and the response patterns
differed between cultivars (Tables 1 and S1). Analysis of variance (ANOVA) revealed
significant main effects of water—fertilizer management (WF), variety (V), and planting
density (D) on grain yield, as well as significant two-way and three-way interactions among
these factors (Table S1), indicating that grain yield formation was co-regulated by irrigation
method, varietal characteristics, and planting density. Compared with BI, DI increased
grain yield by 7.3% in DH605 and 3.8% in MY73. As planting density increased, ear number
per unit area increased continuously in both cultivars, whereas grain number per ear and
thousand-grain weight decreased progressively. Consequently, grain yield exhibited a
quadratic response to planting density, increasing initially and then declining at higher
densities. For DH605, the maximum yield was obtained at D5 under Bl and at D6 under
DI, while yields at the remaining densities were 3.8-49.3% and 5.3-52.3% lower than the
corresponding maxima, respectively. For MY73, the highest yield under both Bl and DI
was recorded at D7, and yields at the other densities were 6.3-60.4% and 4.7-61.4% lower
than the corresponding maxima, respectively. The optimum planting density of MY73
(105,000 plants ha~!) was higher than that of DH605 (75,000 plants ha~!). In terms of yield
components, DH605 was characterized by a greater thousand-grain weight, whereas MY73
produced more ears per unit area and maintained a relatively higher grain number per ear.
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Table 1. Effects of different water and fertilizer management methods and planting density on yield
and its components of summer maize.

Year Water and Fertilizer Variet Planting Number of Ears Grains per  1000-Grain Weight Grain Yield
Management Method y Density (No. ha-1) Ear (g (tha-1)
D1 32,986 m 588.9 h 403.1 ab 78p
D2 36,458 kI 6619 40642 98n
D3 46,528 j 635.4b 387.6d 11.5m
DHEGS D4 57,292 gh 605.8 ¢ 3811e 13.2jk
D5 69,444 f 563.5 Im 366.2 f 143 efg
D6 81,944 19147 3464 g 139 gh
D7 89,583 d 275u 338.5h 130k
D8 94,097 b 397.1v 323.41m 12.11
BI D1 34,722 Im 562.1 m 306.5 no 6.0q
D2 55,556 h 527.1 0 319.8m 940
D3 48,6111 598.3 ef 3314 j 9.6 10
Y73 D4 57,986 g 5934 g 326.8 jkl 11.2m
D5 69,792 f 585.7 1 321.41Im 13.1 jk
D6 81,597 e 5743k 305.7 no 143 efg
D7 89,583 d 562.9 Im 2989 p 151 be
o023 D8 98,611a 506.4 q 2819 141 fgh
D1 33333 m 601.3d 398.6 be 80p
D2 37,153 k 6647 a 401.0ab 99n
D3 46,181 636.3b 394.1 ¢ 11.6m
D4 58333 g 606.0 ¢ 3813 13.5j
DH605 D5 69,792 f 563.8 Im 369.3 f 145 de
D6 82,639 e 5315n 3456¢ 152b
D7 93,403 be 466.2 s 332.3 i 145 ef
D8 99,653 a 4320t 322.0 Im 13.9 hi
DI D1 35,069 Im 565.5 1 311.6n 62q
D2 56,250 gh 532.8n 320.8 Im 9.6 no
D3 49,306 i 600.8 de 335.3 hi 99n
Y73 D4 58333 g 595.5 fg 330.2 ijk 11.5m
D5 70,139 f 587.4 hi 324.4 KIm 134k
D6 82,639 e 582.5] 310.5n 14.9 bed
D7 91,667 ¢ 564.8 Im 302.1 op 156a
D8 99,306 a 5243p 283.1q 14.7 cde
D1 30,833 n 560.5 ijk 39432 68p
D2 31,667 n 65142 39552 820
D3 452781 599.3 ¢ 381.7b 1041
D4 59,444 h 582.8 fg 366.0 ¢ 127h
DH605 D5 71944 g 54511 3429d 13.4 de
D6 84,167 f 4679 327.1f 12.9 fgh
D7 91,667 d 4005 u 3245 fg 11.9]
D8 92,222d 3684 v 3198 g 109k
BI D1 33,611 m 559.6 jk 28411 534
D2 56,111 52440 286.8 kI 84no
D3 48,839 k 594.4 d 297.7 hi 8.7 mn
D4 58,889 h 590.1 e 293.6 i 1021
MY73 D5 72,222 g 581.0g 290.7 jk 12.2ij
D6 85,000 ef 571.6 h 268.3m 13.0 fgh
D7 95,000 ¢ 545.61 261.6 no 13.6d
- D8 100,000 a 1977 q 256.3 0 128 gh
D1 30,833 n 564.1 396.0a 69p
D2 31,944n 653.1a 397.0a 830
D3 452781 616.7b 391.0a 109k
D4 59,444 h 585.2 f 376.5b 131 fg
DH605 D5 72,500 g 559.4 jk 3455d 140 ¢
D6 84,167 f 5302 n 335.1e 150a
D7 96,111 be 4457 s 326.0 f 140
D8 99,444 a 4107t 3218 fg 131 ef
DI D1 33,611 m 561.9 ij 286.0 kI 54q
D2 57,222 i 535.8m 288.0jkl 88m
D3 49,167 k 600.1 c 302.9h 89m
D4 58,056 hi 593.5 de 298.7 hi 1031
MY73 D5 72,500 g 583.5 fg 2917k 12.3i
D6 86,111 e 580.6 g 2715m 13.6d
D7 96,944 b 556.6 k 266.7 mn 144b
D8 100278 a 520.5p 25820 13.5 de

Note: Different letters within the same column indicate significant differences among treatments at p < 0.05. BI,
conventional border irrigation; DI, drip fertigation. D1-D8 represent planting densities of 15,000, 30,000, 45,000,
60,000, 75,000, 90,000, 105,000, and 120,000 plants ha~?, respectively.
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2.2. Effects of Water and Fertilizer Management Methods and Planting Density on Soil
Nitrogen Content

2.2.1. Effects of Water and Fertilizer Management Methods and Planting Density on Soil
Total Nitrogen Content

Water—fertilizer management and planting density each significantly affected total
soil nitrogen content in summer maize, and varietal differences in response were evident
(Figure 1). In general, total soil nitrogen content at the VT stage exceeded that at R6, and
it declined progressively with depth. Relative to BI, DI primarily elevated total nitrogen
content in the topsoil (0-20 cm), whereas no significant differences were found in the
20-60 cm layer. For instance, at the VT stage in 2023, topsoil total nitrogen content under DI
was approximately 6.6% and 3.1% higher for DH605 and MY73, respectively, than under BL
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Figure 1. Effects of different water and fertilizer management methods and planting density on soil
nitrogen content of summer maize.

With increasing planting density, total nitrogen content trended downward across
all soil layers, with the steepest decline occurring in the 0-20 cm layer, suggesting that
high-density stands depleted surface soil nitrogen more intensively. Thus, water—fertilizer
management exerted a stronger regulatory effect on the distribution of total nitrogen in the
surface soil, whereas planting density affected all layers, although its influence weakened
with depth.

2.2.2. Effects of Water and Fertilizer Management Methods and Planting Density on Soil
NO3;™-N Content

Water—fertilizer management and planting density each significantly influenced soil
nitrate-N content, and clear varietal differences were evident (Figure 2). In general, soil
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Soil NO;™-N content (mg kg™

nitrate-N content at the VT stage exceeded that at R6 and declined with depth. Relative to
BI, DI substantially raised nitrate-N content in the 0-20 cm layer, whereas it was lower in
the 20-60 cm layer than under BI, suggesting that DI enhanced nitrate-N accumulation in
the topsoil root zone and reduced its residual amounts in deeper layers. For instance, at the
VT stage in 2023, nitrate-N content in the 0-20 cm layer under DI was approximately 9.4%
and 7.4% higher for DH605 and MY73, respectively, than under BL
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12

0.6 9 12 15 18 21 246 9 12 15 18 21 24 6 9 12 15 18 21 46 9 15 18 21 24
o T T 2023 (VT) 2024 (VT)
D2 3
D3
20 o
D6
D7 >
—e—D8
40
B
)
= BI-DH605 DI-DH605 BI-DH605 DI-DH605
Z 60
3
-
= , ,
wv
? / /
40 / /
60 BI-MY73 DI-MY73 BI-MY73 DI-MY73
0
2023 (R6) 2024 (R6)
2 /
40 /
B
< BI-DH605 g BI-DH605 DI-DH605
P DI-DH605
2
D
< o "
3 /
@ 20
/ ¥/,
40 / /
” BI-MY73 DI-MY73 BL-MY73 DI-MY73

Figure 2. Effects of different water and fertilizer management methods and planting density on soil
nitrate nitrogen content of summer maize.

With increasing planting density, nitrate-N content trended downward across all soil
layers, with the steepest decline occurring in the topsoil; this decline was more pronounced
at VT than at R6. Thus, water—fertilizer management exerted the strongest regulatory effect
on the spatial distribution of nitrate-N in the surface soil, whereas planting density affected
all layers, although its influence gradually weakened with depth.

2.2.3. Effects of Water and Fertilizer Management Methods and Planting Density on Soil
NH4"-N Content

Water—fertilizer management and planting density each significantly influenced soil
ammonium-N content, and varietal differences were evident (Figure 3). In general, soil
ammonium-N content was higher at VT than at R6 and declined with depth. Relative
to BI, DI substantially raised ammonium-N content in the 0-20 cm layer, whereas no
significant difference was detected in the 20-60 cm layer. For instance, at the VT stage in
2023, ammonium-N content in the 0-20 cm layer under DI was approximately 8.4% and
7.5% higher for DH605 and MY73, respectively, than under BI.
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Figure 3. Effects of different water and fertilizer management methods and planting density on soil
ammonium nitrogen content of summer maize.

With increasing planting density, ammonium-N content in the 0-20 cm layer generally
trended downward, while in the 20-60 cm layer it remained low and relatively stable. Thus,
the effects of water—fertilizer management and planting density on soil ammonium-N were
largely confined to the surface soil.

2.3. Effects of Water and Fertilizer Management Methods and Planting Density on Nitrogen
Accumulation, Translocation, and Utilization Characteristics in Summer Maize

2.3.1. Effects of Water and Fertilizer Management Methods and Planting Density on
Nitrogen Accumulation in Summer Maize Plants

Water—fertilizer management and planting density each significantly influenced ni-
trogen accumulation in maize plants at maturity and in grains, and varietal differences
were evident (Figure 4). In general, nitrogen accumulation in both plant tissues and grains
of the two varieties rose with increasing planting density, but the increment gradually
diminished under high-density treatments (D7-D8). Relative to BI, DI induced only a
modest increase in plant nitrogen accumulation, whereas the increase in grain nitrogen
accumulation was more substantial. Under DI, nitrogen accumulation in DH605 plants and
grains rose by 1.0% and 6.2%, respectively, and in MY73 by 1.8% and 6.4%, indicating that
DI favored grain nitrogen accumulation over total plant nitrogen accumulation. Varietal
differences in nitrogen accumulation under high-density conditions were also apparent.
DH605 exhibited higher plant nitrogen accumulation under some high-density treatments
but a relatively weak grain nitrogen advantage; by contrast, MY73 achieved higher grain
nitrogen accumulation across most density treatments.
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Figure 4. Effects of different water and fertilizer management methods and planting density on
nitrogen accumulation in summer maize. Note: Different capital letters indicate significant differences
in grain nitrogen accumulation among treatments (p < 0.05); different lowercase letters indicate
significant differences in plant nitrogen accumulation among treatments (p < 0.05). NAP: nitrogen
accumulation in plants; NAG: nitrogen accumulation in grains.

2.3.2. Effects of Water and Fertilizer Management Methods and Planting Density on
Nitrogen Translocation in Summer Maize

Water—fertilizer management and planting density each significantly influenced the
nitrogen translocation amount (NTA), translocation efficiency (NTE), and translocation
contribution proportion (NTCP) of vegetative organs (Figures 5 and S1), and significant
interactions were detected (Table S2). ANOVA indicated that water—fertilizer management,
variety, and planting density each exerted significant main effects on NTA, NTE, and
NTCP, with significant WF x D, V x D, and Y X V x D interactions for NTA (Table S2),
suggesting that nitrogen translocation was co-regulated by irrigation method, varietal
characteristics, and planting density. Overall, relative to Bl, DI substantially enhanced all
three nitrogen translocation parameters in both varieties: for DH605, NTA rose by 18.5%,
NTE by 12.5%, and NTCP by 9.5%; for MY73, the corresponding increases were 17.8%,
13.0%, and 13.9%, respectively.

As planting density increased, the NTA, NTE, and NTCP of both varieties showed
a trend of first rising and then falling. For DH605, the highest NTA under BI and DI
treatments occurred at the D5 and D6 treatments, respectively, with NTA in the other
treatments decreasing by 6.8-78.5% and 9.9-75.0% compared with the peak treatments. For
MY73, the highest NTA under both BI and DI treatments occurred in the D7 treatment, with
NTA in the other treatments decreasing by 7.7-83.9% and 5.0-81.1% compared with the
peak treatments. Differences in nitrogen translocation capacity between the two varieties
at high densities were observed: under D6-D8 treatments, NTA of MY73 was generally
higher than that of DH605.
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Figure 5. Effects of different water and fertilizer management methods and planting density on
nitrogen translocation in summer maize in 2023. Note: Detailed ANOVA results for nitrogen
translocation amount (NTA), nitrogen translocation efficiency (NTE), and nitrogen translocation
contribution proportion (NTCP) are presented in Table S2.

2.3.3. Effects of Water and Fertilizer Management Methods and Planting Density on
Nitrogen Utilization Characteristics of Summer Maize

Water—fertilizer management and planting density exerted significant effects on nitro-
gen partial factor productivity (NPFP), nitrogen utilization efficiency (NU{E), and nitrogen
harvest index (NHI) of summer maize, with interactive effects; however, their influence on
nitrogen uptake efficiency (NUpE) was negligible (Figures 6 and S2, Table S3). Compared
with BI, DI significantly increased NPFP, NU{E, and NHI in both cultivars, with DH605
increasing by 7.4%, 5.4%, and 5.4%, respectively, and MY73 increasing by 3.5%, 1.4%,
and 18.0%, respectively. As planting density increased, NPFP, NU{E, NHI, and NU,E all
showed a trend of first rising and then declining. Taking NU;E as an example, under BI
treatment, DH605 exhibited the highest NUE at D5, with other treatments decreasing by
2.2-29.2% compared to the peak treatment; under DI treatment, the peak occurred at D6,
with other treatments decreasing by 0.8-22.1%. For MY73, the highest NU{E under both BI
and DI treatments occurred at D7, with other treatments decreasing by 1.3-31.3% compared
with the peak. Comparing the two cultivars, MY73 showed generally higher NPFP and
NULE than DH605 under high-density treatments D6-D8, indicating stronger nitrogen use
capability under high-density populations. Notably, DI significantly improved NU(E and
NHI, while its effect on NUpE was not significant.

2.4. Effects of Water and Fertilizer Management Methods and Planting Density on Water Use
Efficiency in Summer Maize

Water—fertilizer management and planting density each significantly influenced sum-
mer maize water use efficiency (WUE), and their interaction was significant (Figure 7,
Table S3). ANOVA results showed that water—fertilizer management, variety, and plant-
ing density each exerted significant main effects on WUE, and the WF x D, WF x V,
and WF x V x D interactions were also significant (Table S3), indicating that WUE was
co-regulated by irrigation method, varietal characteristics, and planting density. Overall,
compared with BI, DI significantly increased WUE for both varieties, with DH605 and
MY73 increasing by 18.4% and 16.3%, respectively. As planting density increased, WUE for
both varieties showed a trend of first increasing and then decreasing. For DH605 under
BI treatment, the highest WUE occurred at the D5 treatment, with the other treatments
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decreasing by 4.7—46.6% compared with the peak; under DI treatment, the peak occurred
at D6, with the other treatments decreasing by 4.1-49.0%. For MY73, the highest WUE
under both BI and DI treatments occurred at the D7 treatment, with the other treatments
decreasing by 3.5-58.4% compared with the peak. DH605 was more sensitive to changes in
density, with the WUE peak occurring at a lower density than MY73; under DI treatment,
MY73’s WUE peak could be maintained up to the D7 treatment, and the decline at D8 was
smaller than that of DH605.
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Figure 6. Effects of different water and fertilizer management methods and planting density on
nitrogen partial factor productivity, nitrogen utilization efficiency, nitrogen uptake efficiency, and
nitrogen harvest index in summer maize in 2023. Note: Detailed ANOVA results for nitrogen partial
factor productivity (NPFP), nitrogen utilization efficiency (NU{E), nitrogen uptake efficiency (NUpE),
and nitrogen harvest index (NHI) are presented in Table S3.
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Figure 7. Effects of different water and fertilizer management methods and planting density on
water use efficiency of summer maize in 2023 and 2024. Note: Detailed ANOVA results for water use
efficiency (WUE) are presented in Table S3.
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3. Discussion

3.1. Effects of Water and Fertilizer Management Methods and Planting Density on Summer Maize
Yield and Its Components

Achieving high crop yields depends on the coordination between population structure
and resource supply, and water and fertilizer management methods, as well as planting
density, are key factors influencing summer maize yield formation [23,24]. The results of this
study indicated that drip irrigation combined with integrated water—fertilizer management
(DI), together with optimal planting density, could significantly increase summer maize
yield, and different varieties exhibited distinct responses to planting density as well as
water—fertilizer management methods (Tables 1 and S1). Previous studies have shown
that there is a certain compensatory relationship among ear number per unit area, grain
number per ear, and thousand-grain weight, and their responses to changes in planting
density are not synchronized [25,26]. Moderate density increase can boost yield by raising
ear number per population, but excessively high density intensifies competition for light,
water, and nutrients among plants, thus limiting grain formation and leading to yield
reduction [14]. Under the experimental conditions of this study, DH605 achieved higher
yield levels at 75,000-90,000 plants ha~!, whereas MY73 could still maintain high yields at
105,000 plants ha~!, indicating significant differences in density tolerance among varieties.

Compared with BI treatment, DI treatment maintained relatively higher grain num-
ber per ear and thousand-grain weight under higher density conditions, indicating that
optimizing water and fertilizer supply can alleviate resource competition pressure under
high-density populations and is beneficial for population yield formation. Previous studies
have shown that precise and split applications of water and fertilizer help improve the sta-
bility of water and nitrogen supply in the root zone during critical crop growth stages and
promote the coordination between water and nitrogen demand [27,28], thereby enhancing
grain formation capacity during the grain-filling period and supporting higher population
yields [29,30]. Combined with the subsequent nitrogen accumulation and translocation
results, it could be seen that the increased yield of high-density populations under DI
treatment depended not only on the improved water and nitrogen supply in the root zone
but was also closely related to the enhanced translocation of nitrogen from vegetative
tissues to grains during the later growth stages. In addition, different varieties showed
significant differences in response to DI treatment. MY73 had already exhibited strong
density tolerance under BI treatment, so the yield increase brought by DI treatment was
relatively limited; in contrast, DH605 showed more pronounced improvement in high-
density adaptability under DI treatment, indicating that varieties with weaker density
tolerance rely more on optimized water and fertilizer conditions to promote high-density
population yield formation. Especially under high-density conditions, DI can mitigate the
inhibitory effects of resource supply-demand imbalance on individual growth and grain
formation, thereby enhancing population stability and unleashing yield potential [31-33].
Therefore, in high-yield and high-efficiency summer maize cultivation, water and fertilizer
management methods should be reasonably matched with planting density according to
the density tolerance characteristics of the variety to achieve synergistic improvement of
yield and resource use efficiency.

3.2. Effects of Water and Fertilizer Management Methods and Planting Density on Nitrogen
Utilization Characteristics of Summer Maize

The absorption, accumulation, translocation, and distribution of nitrogen directly
affect crop dry matter formation and grain yield [34,35]. The results of this study indicated
that DI treatment significantly increased the nitrogen accumulation in mature plants and
grains of DH605 and MY73 (Figure 4). Compared with BI, DI showed significant differences
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in nitrogen content across soil layers, indicating that DI promoted nitrogen enrichment in
the root zone and optimized nitrogen spatial distribution (Figures 1-3). The increase in
ammonium nitrogen content might be due to split fertilization reducing nitrogen losses
through ammonia volatilization and denitrification, which helped maintain higher levels of
available nitrogen in the root zone, thereby enhancing effective nitrogen supply in the root
area. Under Bl treatment, the higher nitrate nitrogen content in the 20-60 cm soil layer might
be related to nitrogen leaching under border irrigation conditions [22,36,37]. In contrast,
DI treatment, through a split fertilization strategy, facilitated the temporal and spatial
matching of nitrogen supply with crop demand, thereby promoting the accumulation of
both dry matter and nitrogen [11,12,38].

There were significant interactive effects of water and fertilizer management methods
and planting density on nitrogen accumulation and translocation (Tables S2 and S3). As
planting density increased, the population’s nitrogen demand rose, but excessive density
suppressed individual growth, resulting in a decreased capacity for vegetative organs
to translocate nitrogen to the grains [39]. The DI treatment significantly increased the
nitrogen translocation amount, translocation efficiency, and translocation contribution
rate compared with the BI treatment, and maintained relatively high grain yield under
higher density conditions. Split fertilization during key growth stages in the DI treatment
helped promote the continuous translocation of nitrogen from vegetative organs to the
grains, thereby alleviating the decline in grain number per ear and thousand-grain weight
under high-density conditions [10,40]. Notably, the improvement of nitrogen use efficiency
under the DI treatment did not rely on an increase in total nitrogen uptake. In this study,
the DI treatment had no significant impact on NURE, but NTA, NTE, and NTCP were
all significantly improved (Figures 5, 6, S1 and S2, Tables S2 and S3), indicating that DI
primarily enhanced nitrogen use efficiency by promoting nitrogen redistribution rather
than increasing nitrogen uptake. One possible explanation for the limited effect of drip
fertigation on NULE is that the total nitrogen application rate was identical between
DI and BI treatments, resulting in a similar overall nitrogen supply and hence limited
potential for increasing total nitrogen uptake. In contrast, drip fertigation promoted the
remobilization and translocation of nitrogen from vegetative organs to developing grains
rather than substantially increasing total nitrogen acquisition. This finding may represent a
key breakthrough for improving nitrogen use efficiency under high-density conditions.

Nitrogen use efficiency is an important indicator for evaluating the sustainability of
agricultural production [41,42]. In this study, the DI treatment not only increased yield
but also significantly improved NPFP, NUE, and NHI, while maintaining a relatively
high level of NU{E under high-density conditions (Figures 6 and S2). This indicated
that optimized water and fertilizer management was conducive to maintaining nitrogen
use efficiency under high population density conditions and promoted coordination be-
tween grain formation and dry matter accumulation. Previous studies have shown that
reasonable water—nitrogen co-management can enhance crop nitrogen absorption and uti-
lization [34,43], and a moderate increase in planting density also helps improve population
resource utilization capacity [44,45]. There were significant differences in nitrogen use
efficiency between the two varieties (Figures 5, 6, S1 and S2), which were consistent with
their differences in density tolerance. The more density-tolerant variety (MY73) exhibited
higher NTA and NU{E, whereas the less density-tolerant variety (DH605) showed a greater
increase in nitrogen use efficiency under drip fertigation. Therefore, varieties with weaker
density tolerance rely more on optimized water and fertilizer management to enhance
nitrogen redistribution into grains. The physiological mechanisms underlying these vari-
etal differences provide an important basis for developing differentiated water-nitrogen
management strategies according to varietal density tolerance in the future. This study
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further demonstrated that integrating drip irrigation with fertilization and reasonable
planting density was conducive to the combined improvement of summer maize yield and
nitrogen use efficiency.

3.3. Effects of Water and Fertilizer Management Methods and Planting Density on Water Use
Efficiency in Summer Maize

Water use efficiency (WUE) is an important indicator for assessing the relationship
between crop production and water resource consumption [28]. The results of this study
indicated that optimizing water and fertilizer management can maintain high yield per unit
of water consumption under high-density planting conditions. Moderate planting density
was conducive to improving the population’s ability to utilize resources such as light and
water, thereby enhancing the efficiency of yield formation per unit of water consumed.
However, when the density exceeded a certain range, water competition within the popu-
lation intensified, resource consumption increased, and WUE declined. In this study, the
WUE of both varieties first increased and then decreased with increasing planting density,
while under the DI treatment, the peak WUE occurred at a higher density level (Figure 7),
indicating that optimizing water and fertilizer supply helped maintain population water
use efficiency under high-density conditions [6,46]. From the perspective of WUE compo-
sition, there were two complementary pathways through which DI treatment enhanced
WUE: on the water consumption side, precise split water supply reduced deep percolation
and ineffective evaporation [47-49]; on the yield formation side, synchronizing water and
fertilizer supply enhanced the water—nitrogen synergistic effect during critical growth
periods, which was beneficial for maintaining a high rate of dry matter accumulation
during the grain-filling stage [50,51]. The combined effect of these two pathways allowed
DI treatment to support higher population density without significantly increasing water
consumption per unit area, thereby achieving a synergistic increase in WUE. Overall, drip
irrigation with integrated water and fertilizer management significantly improved WUE
while maintaining high yields and was an effective approach to promoting the coordinated
improvement of yield and water use efficiency [52,53].

3.4. Limitations and Future Perspectives

Although this study elucidated the regulatory roles of drip fertigation in optimiz-
ing root-zone nitrogen distribution and enhancing plant nitrogen translocation under
high-density conditions, several limitations should be acknowledged. First, the present
study mainly focused on nitrogen accumulation and redistribution processes, whereas the
physiological coordination between carbon assimilation and nitrogen utilization was not
directly examined. Because nitrogen metabolism is closely coupled with photosynthetic
carbon fixation and source-sink dynamics, future studies should integrate measurements
of photosynthetic performance, carbon assimilation capacity, and key nitrogen metabolism
enzymes to further clarify the physiological mechanisms underlying yield improvement
and enhanced nitrogen use efficiency under drip fertigation. Second, this study was
conducted over two growing seasons, and the long-term impacts of drip fertigation on
soil nitrogen cycling, microbial community composition, soil health, and greenhouse gas
emissions under high-density planting conditions remain unclear. Although drip ferti-
gation promoted nitrogen enrichment in the root zone and reduced nitrate accumulation
in deeper soil layers during the experimental period, the long-term environmental conse-
quences of continuous drip fertigation management require further evaluation. Potential
environmental risks, including nitrate leaching, groundwater contamination, alterations
in soil microbial communities, and changes in greenhouse gas emissions, may emerge
under prolonged intensive production conditions and cannot be fully assessed through
short-term experiments. Therefore, long-term field studies are needed to comprehensively
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evaluate the sustainability, environmental risks, and ecological consequences of intensive
drip fertigation systems. In addition, although a detailed economic evaluation was not
conducted in this study, the observed improvements in grain yield, water use efficiency,
and nitrogen utilization efficiency suggest that drip fertigation may improve input-output
efficiency compared with conventional flood irrigation, indicating potential economic ad-
vantages in high-density maize production systems. Finally, significant varietal differences
in density tolerance and nitrogen utilization characteristics were observed in this study.
These findings suggest that future research should integrate cultivar improvement with
precision water-nitrogen management strategies to optimize the synergistic regulation of
yield formation and resource use efficiency in high-density maize production systems.

4. Materials and Methods
4.1. Overview of the Experimental Site

This experiment was conducted from 2023 to 2024 in Dawenkou Town, Tai’an City,
Shandong Province (35°97" N, 117°01’ E, elevation 178 m). The study site features a typical
temperate continental monsoon climate, with an annual average precipitation of 735.6 mm,
a frost-free period of approximately 195 days, and an annual average temperature of
13.9 °C. The soil type in this region is brown loam soil, with an average bulk density of
1.6 g cm~3 in the 0~100 cm soil layer, an average field capacity of 23%, and an average
wilting coefficient of 10%.

4.2. Experimental Design

The summer maize varieties Denghai 605 (DH605) and MY73 were selected as test
materials. A split-plot design was employed, with water and fertilizer management serving
as the main plots and planting density as the subplots. The two water and fertilizer
management treatments included conventional border irrigation (BI) and drip fertigation
(DI). In BI, a compound fertilizer was applied as a single basal application at sowing
(N:P,05:K,0 = 28:7:9), followed by one irrigation event after sowing, with a total irrigation
amount of 100 mm in 2023 and 50 mm in 2024. In DI, phosphorus and potassium fertilizers
were applied as a basal application before sowing, while nitrogen fertilizer was applied
through fertigation in four split applications at the sowing, jointing, large whorl, and
15 days after the tasseling stage, with a ratio of 1:2:5:2. Irrigation was also applied in four
events, with total amounts of 60 mm in 2023 and 30 mm in 2024. Irrigation scheduling
in this study was determined based on local high-yield maize production practices in
the North China Plain, combined with long-term seasonal precipitation patterns and
crop water demand characteristics. The irrigation strategy was designed to ensure that
soil water conditions remained close to those commonly adopted in regional high-yield
management systems, while avoiding water stress during critical growth stages. In addition,
the irrigation amounts were adjusted according to annual precipitation distribution to better
reflect practical field conditions and to ensure comparability with previous regional studies
on maize water management under both border irrigation and drip fertigation systems.
The fertilization amounts for the two water and fertilizer management methods were the
same, namely N at 210 kg ha~! (UAN, urea ammonium nitrate, was applied in the DI
treatment), K,O at 67.5 kg ha~!, and P,Os at 52.5 kg ha~!. The eight planting density
treatments were 15,000 (D1), 30,000 (D2), 45,000 (D3), 60,000 (D4), 75,000 (D5), 90,000 (D6),
105,000 (D7), and 120,000 plants ha~! (D8). There were 32 treatments in total (Table 2), each
treatment had 3 replicates, and the area of each plot was 180 m?. Irrigation pipes were laid
after sowing; in the DI treatment, the spacing between the drip tape and the maize rows
was 0.1 m. The sowing dates were 21 June 2023 and 21 June 2024, and the harvest dates
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were 5 October 2023 and 30 September 2024. Field management was carried out according
to high-yield field practices.

Table 2. Experimental factors and treatment levels used in the study.

Factor Levels
Water—fertilizer management BI (border irrigation), DI (drip fertigation)
Cultivar DH605, MY73
D1 (15,000), D2 (30,000), D3 (45,000), D4 (60,000),
Planting density D5 (75,000), D6 (90,000), D7 (105,000),
D8 (120,000 plants ha~!)

Nitrogen application rate 210 kg ha™!
Phosphate Fertilizer application rate 52.5kgha™!
Potash fertilizer application rate 67.5kgha™!

BI (100 mm in 2023 and 50 mm in 2024)
DI (60 mm in 2023 and 30 mm in 2024)
BI (1 time per season (2023, 2024))
DI (4 times per season (2023, 2024))
Experimental design 2 X 2 x 8 factorial design with three replications

Irrigation volume

Irrigation frequency

4.3. Measurement Items and Methods
4.3.1. Soil Nitrogen Content

Soil samples were collected before sowing (S), at the tasseling stage (VT), and at
maturity (R6). Soil was cored in 20 cm layers from the 0-60 cm depth range, with three
replicates per treatment, and stored at low temperatures. Fresh soil samples were extracted
using 1 mol L~! KCI, and the extract was analyzed for nitrate nitrogen and ammonium
nitrogen content using a continuous flow analyzer (AA3, Norderstedt, Germany). After
air-drying and grinding, soil samples were digested with H,SO4-H,0O,, and the digest was
analyzed for total nitrogen content using a continuous flow analyzer (AA3, Germany).

4.3.2. Crop Evapotranspiration (ET.) and Water Use Efficiency (WUE)

Crop evapotranspiration was calculated using the soil water balance equation:
ETc=P +1+C+ (SWS1-SWS2) - D — R

In the equation, ET. represented crop evapotranspiration during the maize growing
season (mm); P (mm) represented precipitation during the summer maize growing season;
I (mm) represented irrigation volume; C (mm) represented groundwater recharge; since the
groundwater table was approximately 80 m below the soil surface, this term was neglected;
SWS; (mm) and SWS; (mm) represented soil water storage in the 0-100 cm soil layer at
pre-sowing and maturity, respectively; R (mm) represented surface runoff; since the terrain
in all plots was flat and no runoff occurred during the experiment, this term was neglected.
D (mm) represented deep percolation. Since there were multiple heavy rainstorms during
the summer maize growing season, D had to be considered. It was calculated as the total
available water content (mm) in the 0-100 cm soil layer before irrigation + irrigation volume
(mm) — field capacity (mm).

Water use efficiency (WUE) was defined as the ratio of grain yield (t ha=!) to ET
(mm), calculated as follows:

WUE = GY/ETc

In the equation, GY represented crop yield (t ha~!); ET. represented crop evapotran-
spiration (mm).
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4.3.3. Nitrogen Accumulation and Translocation in Plants

The dried plant samples were ground separately by organ, digested with H,SO4-H,O5,
and the total nitrogen content of each plant organ was measured using a flow analyzer
(AA3, Germany). The formulas for calculating nitrogen accumulation and translocation in
maize plants are as follows:

Nitrogen accumulation in each organ = nitrogen content in each organ x dry
matter weight of each organ

Nitrogen translocation amount in vegetative organs (NTA, kg ha=1) = nitrogen
accumulation in vegetative organs at the silking stage — nitrogen accumulation
in vegetative organs at maturity

Nitrogen translocation efficiency (NTE, %) = (nitrogen translocation amount in
vegetative organs/nitrogen accumulation in vegetative organs at the silking
stage) x 100

Nitrogen translocation contribution percentage (NTCP, %) = (nitrogen translocation
amount in vegetative organs/nitrogen accumulation in grain at maturity) x 100.

4.3.4. Nitrogen Use Efficiency

Based on grain yield measured at physiological maturity, nitrogen accumulation in
various plant organs, and nitrogen application rates, nitrogen use efficiency was calculated
as follows:

Nitrogen utilization efficiency (NUE, kg kg~ !) = grain yield /plant nitrogen accumulation

Nitrogen uptake efficiency (NU,E, kg kg~!) = nitrogen accumulation in mature
plants/nitrogen applied

Nitrogen partial factor productivity (NPFP, kg kg_l) = grain yield /nitrogen application rate

Nitrogen harvest index (NHI, %) = (nitrogen accumulation in grains at
maturity /nitrogen accumulation in the plant at maturity) x 100%.

4.3.5. Yield and Its Components

At the maturity stage (R6), 30 ears were randomly selected from the middle six rows
of each plot for manual harvesting, with three replicates. The number of plants per unit
area, ear number, and the number of grains per ear were determined. After threshing,
1000 seeds were counted manually with nine replicates and dried at 60 °C to constant
weight to analyze crop yield (with a moisture content of 14%).

Grain yield (t ha™!) = ear number per hectare x grain number per ear x 1000-grain weight.

4.3.6. Statistical Analysis

Analysis of variance (ANOVA) was performed using IBM SPSS Statistics 27.0 to
evaluate the effects of year (Y), water and fertilizer management (WF), variety (V), planting
density (D), and their interactions on measured variables. When significant effects were
detected, the least significant difference (LSD) test was used for multiple comparisons at
p < 0.05. Microsoft Excel 2019 was used for data processing, and figures were plotted using
Origin 2021. Detailed ANOVA results are provided in Tables S1-S3.
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5. Conclusions

Drip fertigation (DI) significantly improved grain yield, water use efficiency (WUE),
and nitrogen utilization efficiency (NU{E) in high-density summer maize. Grain yield
increased by 7.3% and 3.8%, WUE by 18.4% and 16.3%, and NPFP by 7.4% and 3.5%
for DH605 and MY73, respectively. Planting density significantly influenced crop perfor-
mance, with optimal density being cultivar-dependent (105,000 plants ha~! for MY73 and
75,000-90,000 plants ha~! for DH605), indicating the importance of matching density with
varietal characteristics under drip fertigation. DI enhanced root-zone nitrogen availabil-
ity and post-silking nitrogen translocation to grains, improving NUE without affecting
NU,E. Overall, DI promotes coordinated improvement of yield, WUE, and NU:E by opti-
mizing root-zone nitrogen distribution and enhancing internal nitrogen remobilization in
high-density summer maize.
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/ /www.mdpi.com/article/10.3390/plants15132026/s1, Figure S1: Effects of different water and
fertilizer management methods and planting density on nitrogen translocation in summer maize in
2024; Figure S2: Effects of different water and fertilizer management methods and planting density
on nitrogen partial factor productivity, nitrogen utilization efficiency, nitrogen uptake efficiency, and
nitrogen harvest index in summer maize in 2024; Table S1: Analysis of variance (ANOVA) for yield
and its components; Table S2: Analysis of variance (ANOVA) for nitrogen translocation amount
(NTA), nitrogen translocation efficiency (NTE), and nitrogen translocation contribution proportion
(NTCP) in vegetative organs; Table S3: Analysis of variance (ANOVA) for water use efficiency (WUE),
nitrogen partial factor productivity (NPFP), nitrogen utilization efficiency (NU;E), nitrogen uptake
efficiency (NUpE) and nitrogen harvest index (NHI).
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Abbreviations

The following abbreviations are used in this manuscript:

DI Drip fertigation

BI Border irrigation

DH605 Denghai 605

ET. Crop evapotranspiration

WUE Water use efficiency

NTA Nitrogen translocation amount

NTE Nitrogen translocation efficiency

NTCP Nitrogen translocation contribution percentage
NHI Nitrogen harvest index
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NURE Nitrogen uptake efficiency

NU:E Nitrogen utilization efficiency
NPFP Nitrogen partial factor productivity
ANOVA  Analysis of variance

LSD Least significant difference

NO3;7-N Nitrate nitrogen
NH;*-N  Ammonium nitrogen
S Sowing

VT Tasseling stage

R6 Maturity
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