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Highlights

¢ Plant growth retardant (EC (an ethephon and cycocel compound)) improves nitrogen utilization efficiency and harvest
index.

¢ The dry matter determines maize nitrogen uptake.

¢ EC and high-density planting can synergistically improve nitrogen use efficiency in maize.

Abstract

Improving nitrogen utilization efficiency is not only beneficial for increasing maize yield, but it can also mitigate the
environmental impact of excessive nitrogen fertilizer use. Numerous studies have evaluated the impacts of plant
growth retardants and plant density on plant lodging resistance and nitrogen uptake. However, the influence of plant
growth retardants on nitrogen utilization efficiency (NUtE) under varying plant densities has been rarely reported. A field
experiment conducted in 2020-2021 involved spraying EC (an ethephon and cycocel compound) at the 7th-leaf stage of
maize with dosages of 0 (CK), 450, and 900 mL ha™ at plant densities of 4.5, 6.0, 7.5, and 9.0 plants m2. Compared to
CK, the application of EC (especially the high dosage) significantly reduced plant height and dry matter, while increasing
stem diameter, the plant horizontal-vertical ratio (PHVR, a new index which we define as the ratio of stem diameter of the
basal first internode above the ground to plant height), and the number and area of vascular bundles. PHVR and vascular
bundle morphology had significantly positive correlations with individual plant dry matter remobilization amount and its
contribution to grain yield. Therefore, despite the reduced dry matter weight observed in the EC treatment, the greater
dry matter remobilization enhanced the harvest index (HI). However, nitrogen uptake efficiency was not improved with
the enhancement of PHVR and vascular bundle morphology, due to a reduction in dry matter accumulation. In contrast,
the improved PHVR and vascular bundle were beneficial for accelerating nitrogen translocation, thus increasing NUtE
significantly by 4.3-31.1% compared with CK across the plant densities. Increasing density simultaneously improved
nitrogen uptake and utilization efficiency. Consequently, a high dosage application of EC under high density could not only
significantly enhance lodging resistance but also improve NUtE and HI significantly by promoting the transport of dry matter
and nitrogen.
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1. Introduction

Exploring measures to increase yield and nitrogen use
efficiency (NUE) is a globally recognized goal in maize
production (Grassini et al. 2011; Zhang et al. 2015). Increasing
planting density is a key way to increase yield (Testa ef al.
2016; Zhang Y H et al. 2021). However, maize is highly
susceptible to lodging under high planting density, due to
inadequate canopy light and limited acquisition of nutrients,
especially nitrogen (Deng et al. 2012; Xue et al. 2017). The
occurrence of lodging reduces maize yield and increases the
time and economic cost of harvesting (Ma et al. 2014; Wang
et al. 2021). Thus, simultaneously improving yield and NUE in
maize cultivation is a problem that agronomists and breeders
have been dedicated to solving (Ciampitti and Vyn 2012).

Farmers usually apply excessive amounts of nitrogen
fertilizer to alleviate the increased intraspecific competition
under high planting density. Experimental results have shown
that a modest increase in the nitrogen rate can reduce the
maize lodging rate, thereby improving maize yield (Zhao
et al. 2020; Liu et al. 2023). On the contrary, excess nitrogen
fertilizer not only leads to lodging due to an increase in
the height of the plant center of gravity, as well as reduced
internode diameter and lignin content in stems (Ahmad et al.
2021), but it also causes environmental pollution. In addition,
the excessive use of nitrogen fertilizer keeps the leaves in a
perpetually green state (Antonietta et al. 2014; Li et al. 2021),
which results in a high nitrogen uptake efficiency (NUpE) but
a low nitrogen utilization efficiency (NUtE) and even yield loss
(Lee and Tollenaar 2007; Ciampitti and Vyn 2012). Studies
have indicated that the optimal N rate for an intensive maize
system with smallholder farms ranges from 164 to 180 kg N
ha™ in the North China Plain (NCP) (Cui et al. 2013; Zhang
et al. 2018). Moreover, increasing the plant density without
extra N inputs can obviously improve the maize yield while also
reducing nitrogen loss across China (Hou et al. 2020).

Spraying plant growth retardants is an effective regulatory
measure under high planting density that have been proven to
significantly improve maize stem lodging resistance and yield
by reducing plant height, the center of gravity height, and the
length of basal internodes, while increasing the diameter of
basal internodes and enhancing rind penetration strength and
the number and area of vascular bundles (Zhang et al. 2019;
Gong et al. 2021). Plant growth retardants also alter nitrogen
uptake and utilization. The application of ethylene at the V8
stage (when the 8th leaf collar is visible) reduces nitrogen
uptake, but increases the NUtE (Zhang Y S et al. 2021).
However, paclobutrazol, an inhibitor of gibberellin synthesis,
does not have a significant impact on nitrogen uptake or
utilization efficiency (Hltsch and Schubert 2021, 2022). It
is essential to fully understand how plant growth retardants
affect NUE, which is crucial for optimizing crop management to
achieve high yield and high NUE under high planting density
maize production.

NUE can be divided into NUpE and NUtE, which are
affected by N uptake, allocation, and remobilization (Shao
et al. 2024). Nitrogen uptake and allocation within the
different vegetative organs before silking are crucial for
establishing the canopy characteristics, thus determining

assimilate production (Kamiji et al. 2014). N accumulation
and remobilization after silking are closely related to leaf stay-
green, photosynthesis, and nutrient uptake, which ultimately
affect grain production (Lea and Azevedo 2006; Wang et al.
2014). In addition, the vascular system can facilitate the
movement and translocation of nitrogen by transporting water
and photoassimilates (Tian et al. 2021). A superior vascular
bundle system of the ear internode and ear shank in maize
can increase nitrogen translocation to the ear, improving
NULE (Liu et al. 2022). Plant growth retardant application
reduces the leaf area index, thus reducing biomass
accumulation and sink capacity (Tang et al. 2022), but it
increases the vascular bundle area for the basal internodes
of stems (Shi et al. 2016; Ye et al. 2016). Based on our
previous results (Tang et al. 2022), maize grain yield can be
significantly improved by increasing density under an optimal
nitrogen application rate (187.5 kg ha™). We speculated that
plant growth retardant application without increasing nitrogen
input under high planting density would reduce nitrogen
accumulation in maize due to reduced biomass accumulation,
but it would increase NUtE due to the regulatory effect of
plant growth retardants on stem and plant morphology. In
this study, a field experiment with four planting densities and
different concentrations of EC was conducted to: i) elucidate
the effects of plant growth retardant on nitrogen uptake and
nitrogen remobilization; and ii) investigate the relationships
between vascular bundle and plant morphology with NUE.
The results of this study may contribute to increasing NULE in
maize under a high planting density.

2. Materials and methods
2.1. Experimental site and design

The field experiments were conducted at the Hengshui
Experimental Station of Hebei Academy of Agriculture and
Forestry Sciences in 2020 and 2021. The soil characteristics
and meteorological data were consistent with our previous
study (Tang et al. 2022). A split-plot design with three
replicates was adopted in this study. The main plots
contained four planting densities (PD): 4.5, 6.0, 7.5, and 9.0
plants m™ (D1, D2, D3, and D4); and the subplots contained
three concentrations of EC (an ethephon and cycocel
compound): 0 mL ha™ EC, i.e., water control, 450 mL ha™
EC, and 900 mL ha™ EC (CK, T1, and T2). The EC was
sprayed between 5:00 and 7:00 p.m. when the seventh leaf
was fully expanded (V7). The maize variety ‘Zhengdan 958’
was used in this study. A specialist compound fertilizer for
maize (750 kg ha™", N:P,04:K,0=25:8:12) was applied before
manual sowing, at 187.5 kg N ha™' (close to the optimal N
rate for maize in the NCP). To guarantee the successful
germination of maize, irrigation (750 m® ha™') was immediately
conducted after manual sowing. The plot area was 80 m’
(8 mx10 m). Pest, disease and weed management followed
common practices.

2.2. Plant morphological characteristics and dry matter
sampling

Three representative maize plants per plot were selected at
the silking stage (R1) to measure plant height, ear height,
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center of gravity height and the stem diameter of the basal
first internode above the ground (Xu et al. 2017). Here we
define a new parameter, the plant horizontal—vertical ratio
(PHVR), to estimate the effects of EC on plant morphology.
PHVR was calculated by the following formula:

PHVR (%)=Stem diameter of the basal first internode
above ground/Plant heightx100 (1)

At R1 and R6 (maturity stage), three maize plants were
selected to determine dry matter accumulation. These
samples were separated into stems (including sheath and
tassel), leaves, and ears. At R6, the ears were further
separated into ear cob, husk, and grains. All plant samples
were oven-dried at 105°C for 30 min and then dried at 80°C to
constant weight. The dry samples were weighed to determine
dry matter accumulation, allocation and contribution to grains.
Subsequently, the samples were ground with a grinder and
passed through a 1 mm mesh sieve to determine N content,
uptake, and remobilization.

2.3. Vascular bundle number and area

At the tasseling stage (VT) in 2021, three plants per plot
were selected to obtain the basal third internode above the
ground. Cross sections of the internode were manually
cut with razor blades and stored in Formalin-Aceto-Alcohol
fixative (FAA, 38% formaldehyde:glacial acetic acid:70%
alcohol=1:1:18). After staining with saffron, the slices were
decolorized with a 50, 70, and 80% alcohol gradient for
3-8 s at each step. The stem microstructure, and numbers
of large, small, and total vascular bundles were observed
with a Zeiss Stemi 2000-C Stereo microscope (Carl Zeiss
Inc., Ontario, CA, USA). In the individual big and small
vascular bundles, phloem and xylem were observed with
an Olympus BX53 microscope (Olympus China Co., Ltd.,
Beijing, China) and analyzed by ImageJ (version 1.49, NIH,
USA) according to the methods given by He et al. (2005).
Vascular bundles with a complete structure are big vascular
bundles, and the rest are small vascular bundles. The
number and area of vascular bundles, phloem and xylem

were calculated as:
Total number of vascular bundles (TNVB)=Small vascular
bundle number (SNVB)+Big vascular bundle number (BNVB)
2)

Small vascular bundle area (SAVB)=Single small vascular

bundle area (SSAVB)*xSNVB (3)
Big vascular bundle area (BAVB)=Single big vascular
bundle area (SBAVB)xBNVB (4)
Total vascular bundle area (TAVB)=SAVB+BAVB (5)
Proportion of small vascular bundle area to total vascular
bundle area, PSVB (%)=SAVB/TAVBx100 (6)
Proportion of big vascular bundle area to total vascular
bundle area, PBVB (%)=BAVB/TAVBx100 (7)

2.4. Dry matter accumulation, allocation, remobilization
and contribution to grains

The harvest index (HI) was calculated by dividing the grain
weight per ear at R6 by the aboveground biomass per plant.
Two metrics were used to assess the dry matter accumulation
of different organs based on the measured dry matter weight

(DM, kg ha™") (Chen et al. 2013).

Organ dry matter remobilization amount (DMR, kg ha™)
was calculated as:

DMR=DM at R1-DM at R6 (8)

The contribution of organ dry matter remobilization to grain
yield (CDMR, %) was calculated as:

CDMR (%)=DMR/Grain DMx100 9)

2.5. Nitrogen content, uptake and remobilization

The nitrogen accumulation (N, kg ha™) levels of different
organs were determined by dry matter weight and the
nitrogen concentration measured by the SmartChem 200
automated discrete analyzer (AMS Alliance, Shenzhen,
China) at 660 nm. Total N accumulation of all organs at
R6 and R1 were marked as total nitrogen uptake amount
(NUT, kg ha™) and Pre-silking N uptake (PreN, kg ha™),
respectively. The plant and grain nitrogen allocations and
NUE were calculated based on previous studies (Xu et al.
2012; Ciampitti and Vyn 2013; Chen and Vyn 2017):

NR (organ N remobilization amount, kg ha™')=N at R1-N

at R6 (10)
CNR (contribution of organ N remobilization to grain N,
%)=NR/Ng.i,x100 (11)

PostN (post-silking N uptake, kg ha™)=NUT-PreN
(12)
VNRE (vegetative N remobilization efficiency, %)=NR/Pre

Nx100 (13)
NHI (N harvest index, %)=N.,/NUTx100 (14)
NUpE (N uptake efficiency, kg kg7 )=NUT/Nitrogen

application rate (15)

NUtE (N utilization efficiency, kg kg™ )=GY/NUT
(16)

PFPN (partial factor productivity of N, kg kg™')=GY/
Nitrogen application rate 17)
where GY is the grain yield, and the nitrogen application rate
was 187.5 kg ha™ in this study.

2.6. Statistical analyses

General linear modeling (GLM) was applied to analyze the
influences of plant density, EC, year and their interactions on
every variable using IBM SPSS Statistics 25.0 (SPSS, Inc.,
Chicago, IL, USA). Duncan’s multiple comparison method
(at the 0.05 level) was employed to determine the differences
among treatments. The determination coefficients and
P-values in this article were calculated by linear regression
using SPSS 25.0. The histograms with error bars were
plotted using SigmaPlot 14.0 (Systat Software, Inc., San
Jose, CA, USA). The heat map of Pearson’s coefficients
was plotted in OriginLab Pro 2021 (OriginLab Corporation,
Massachusetts, USA).

3. Results

3.1. Morphology of maize plants and vascular bundles

Regardless of planting density, spraying EC at V7 significantly
reduced the plant height, ear height and center of gravity
height (Fig. 1), whereas it markedly increased the diameter
of the first basal internode (Fig. 2). Compared with CK, the
plant height, ear height and center of gravity height were
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reduced by 3.7, 10.9, and 11.6% under treatment T1 and by
6.7, 18.4, and 16.9% under treatment T2 averaged for the
two years under all planting densities, respectively. The basal
internode diameters of T1 and T2 were 4.1 and 6.5% higher
than that of the control in both years (P<0.05). As shown in
Fig. 3, year, PD, and EC, as well as the interaction between
year and EC significantly affected PHVR. The PHVR values
under treatments T1 and T2 were significantly elevated by
6.8 and 10.0% in comparison to CK in 2020, and by 9.6 and
18.4% in 2021, respectively. The PHVR of treatments D3
and D4 exhibited significant reductions compared to that of
D1 in 2020, and the PHVR of treatment D4 was remarkably
lower than D1 in 2021.

The total, small and big vascular bundle numbers and
areas were significantly affected by PD, EC and PDxEC

(except for PDXEC with the total and big vascular bundle
areas) (Table 1; Fig. 4). Across all densities, compared to
the CK, the total, small and big vascular bundle numbers
in the third basal internode showed significant increases of
5.5, 5.7, and 5.3% under the T1 treatment, and 9.0, 7.6, and
11.2% under the T2 treatment, respectively. The average
area of single small and big vascular bundles, as well as the
total, small and big vascular bundle areas under T1 exhibited
significant increments of 14.0, 21.8, 23.3, 19.0, and 27.4%
compared with CK, and 26.2, 22.1, 34.5, 34.4, and 34.9%
under treatment T2, respectively. In summary, the effects
of EC on the proportion of small or big vascular bundle area
varied among the different plant densities, and the proportion
of small to total vascular bundle area was notably reduced
with increasing plant density.
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Fig. 1 Effects of plant growth retardant (EC) and plant density (PD) on the morphological structure of summer maize. Y, year.
D1, D2, D3, and D4 indicate plant densities of 4.5, 6.0, 7.5, and 9.0 plants m2, respectively; CK, T1, and T2 indicate water control, 2
mL L' EC (ethephon:cycocel=3:1), and 4 mL L™ EC, respectively. Bars indicate the SD of the mean (n=3). Different lowercase letters
indicate significant differences among EC treatments at the same plant density at P<0.05 according to Duncan’s significant difference test.
", " and ™ indicate significant differences at the P<0.05, P<0.01 and P<0.001 probability levels, respectively; ns means non-significant.
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Fig. 2 Effects of plant growth retardant (EC) and plant density (PD) on the basal first internode stem diameter in 2020 and 2021.
Y, year. D1, D2, D3, and D4 indicate plant densities of 4.5, 6.0, 7.5, and 9.0 plants m2, respectively; CK, T1, and T2 indicate water control,
2 mL L' EC (ethephon:cycocel=3:1), and 4 mL L™ EC, respectively. Bars indicate the SD of the mean (n=3). Different lowercase and
capital letters indicate significant differences among EC treatments at the same plant density and different plant densities, respectively,
at P<0.05 according to Duncan’s significant difference test. ™ indicates significant differences at the P<0.001 probability level; ns means

non-significant.
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Fig. 3 Effects of plant growth retardant (EC) and plant density (PD) on the plant horizontal-vertical ratio (PHVR) in 2020 and 2021.
Y, year. D1, D2, D3, and D4 indicate plant densities of 4.5, 6.0, 7.5, and 9.0 plants m2, respectively; CK, T1, and T2 indicate water control,
2 mL L™ EC (ethephon:cycocel=3:1), and 4 mL L™" EC, respectively. ns means non-significant. Bars indicate the SD of the mean (n=3).
Different lowercase and capital letters indicate significant differences among EC treatments at the same plant density and different plant
densities, respectively, at P<0.05 according to Duncan’s significant difference test. ™ and ™ indicate significant differences at the P<0.01
and P<0.001 probability levels, respectively.

Table 1 Effects of plant growth retardant (EC) and plant density (PD) on vascular bundle number and area of the basal third
internode above ground at the tasseling stage in 2021"

Average area of a single  Average area of a single big
small vascular bundle vascular bundle TAVB  SAVB BAVB PSVB PBVB

PD? ECY TNVB SNVB BNVB (X1O'3 mmz) (x10‘3 mmz) (mmz) (mmz) (mmz) (%) (%)

Sum  Phloem Xylem  Sum Phloem Xylem

D1 CK 708b 432b 276b 708a 24a 73a 850b 81a 146a 540b 305a 235c 565a 435¢c
T1 716b 436b 280b 720a 25a 73a 972a 79a 133a 586ab 313a 272b 535b 465b

T2 763a 446a 317a 712a 27a 85a 976a 75a 131a 626a 318a 309a 506c 494a

Mean 729A 438A 291AB 713A 25B 77A 933A T79A 137B 272A 584A 312A 536A 464B

D2 CK 708b 418b 289b 59.0b 20b 69b 880b 98ab 103b 502b 247b 255c 492a 508a
T1 713b  421b 292b 729a 43ab 96a 1002a 74b 131ab 59.9a 306a 293b 51.0a 49.0a

T2 747a 428a 320a 737a 46a 102a 1046a 123a 169a 649a 315a 334a 485a 515a

Mean 722A 422A 300A 685AB 37A 89A 976A 98A 134B 294A 583AB 289A 496B 504A

D3 CK 693b 405b 288a 49.0b 21a 91a 806b 90a 171a 431c 199b 232b 458b 542a
T1 711ab 420ab 291a 56.7b 21a 68a 983a 88a 164a 524b 238b 286a 453b 547a

T2 723a 432a 291a 779a 21a 70a 979a 111a 163a 621a 337a 285a 542a 458b

Mean 709A 419A 290AB 612BC 21B 76A 923A 96A 166A 268AB 525B 258A 484B 516A

D4 CK 582b 335b 247b 47.2b 29a 83a 716b 67a 98b 337b 159b 178b 473a 527a
T1 698a 403a 295a 56.0a 29a 85a 100.3a 85a 152a 522a 226a 296a 434a 566a

T2 700a 405a 295a 625a 27a 89a 969ab 10.7a 152a 539a 253a 286a 472a 528a

Mean 660B 381B 279B 552C 28AB 86A B896A B86A 134B 253B 466C 213A 459B 541A

ANOVA
PD . ns ns ns
EC ns ns . . ns ns
PDIEC - - ns ’ ns ns - ns - ns

" TNVB, SNVB, and BNVB represent total, small, and big vascular bundle numbers, respectively; TAVB, SAVB, and BAVB represent total,
small, and big vascular bundle areas, respectively; PSVB and PBVB represent the proportions of small and big to total vascular bundle area.

D1, D2, D3 and D4 indicate 4.5, 6.0, 7.5, and 9.0 plants m™, respectively.

¥CK, T1, and T2 indicate water control, 2 mL L™ EC (ethephon:cycocel=3:1), and 4 mL L™' EC, respectively.

Different lowercase and capital letters indicate significant differences among EC treatments at the same plant density and different plant

densities, respectively, at P<0.05 according to Duncan’s significant difference test. ', ~ and ~ indicate significant differences at the P<0.05,

P<0.01 and P<0.001 probability levels, respectively; ns means non-significant.

3.2. Dry matter accumulation, remobilization and har- weight of each organ at R1 and R6, and on pre-silking and
vest index post-silking dry matter accumulation (Table 2). Across all
Year, PD, and EC had significant impacts on the dry matter densities, the dry matter weight of stems and leaves at R1
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Fig. 4 Effects of plant growth retardant (EC) and plant density (PD) on the big vascular bundles of the basal third internode above
ground at the tasseling stage of D1-CK (A), D1-T1 (B), D1-T2 (C), D2-CK (D), D2-T1 (E), D2-T2 (F), D3-CK (G), D3-T1 (H), D3-T2 (1),
D4-CK (J), D4-T1 (K), and D4-T2 (L). Red arrows indicate xylem and black arrows indicate phloem. D1, D2, D3, and D4 indicate plant
densities of 4.5, 6.0, 7.5, and 9.0 plants m=2, respectively; CK, T1, and T2 indicate water control, 2 mL L™ EC (ethephon:cycocel=3:1),

and 4 mL L' EC, respectively.

were significantly reduced by 7.1 and 11.3% under T1, and
by 10.8 and 17.0% under T2 in 2020-2021, respectively.
Similarly, stem dry matter weight at R6 was significantly
reduced by 6.6 and 13.7%, and by 12.4 and 17.2% for leaves
under T1 and T2 in both years, respectively, compared to
CK. Under all T1 treatments, pre-silking and post-silking dry
matter accumulation significantly declined by 8.4 and 5.3%,
respectively; and by 12.8 and 9.7% for T2, compared to the
control. With increasing density, the dry matter weight of
maize was significantly increased.

The leaf and stem dry matter remobilization amounts and
the contribution to grain yield were significantly affected by
year, PD, EC, and their interactions (Fig. 5). EC application
significantly increased the absolute value of the dry matter
remobilization amount and its contribution to grain at all
densities in both years. Despite the negative dry matter
remobilization amount of vegetative organs in 2020, its absolute

magnitude still reflects the transport capacity of nutrients from
the organs. Specifically, the absolute value of the leaf dry
matter remobilization amounts of T1 and T2 were 30.8-228.0%
and 39.3-258.9% higher than that of CK at each density in both
years, respectively. Compared with CK, the absolute values of
the contribution of leaf dry matter remobilization to grain yield
under T1 and T2 were increased by 38.3-249.1% and 53.9—
283.5% in both years, respectively. In addition, the absolute
values of the stem dry matter remobilization amount of EC were
significantly improved by 18.9 and 23.4% in 2020, and by 27.0
and 69.7% in 2021 under T1 and T2, respectively. The absolute
values of the contribution of stem dry matter remobilization to
grain yield under T1 and T2 were increased by 21.5 and 28.2%
in 2020, and by 37.6 and 93.8% in 2021, respectively. The
density analysis indicated that with increasing density, the dry
weight remobilization amount and the contribution to grain yield
exhibited trends of or decreasing or first increasing and then
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Table 2 Effects of plant growth retardant (EC) and plant density (PD) on leaf, stem and grain dry matter weights per hectare at

the silking and harvesting stages in 2020 and 2021"

DM DM DM DM DM PreDM PostDM
Year(y) ~ PD¥  ECY (Mgha')  (Mgha’)  (Mgha')  (Mgha')  (Mgha')  (Mgha')  (Mgha)
2020 D1 CK 180a 284 a 2.01a 345a 723 a 464 a 8.06 b
T1 135b 246 b 164 b 339a 7.15ab 381b 8.37 ab
T2 131¢ 236 b 163b 3.24b 7.09b 3.67b 8.28 a
Mean 149D 255D 176D 336D 716D 404D 8.24 D
D2 CcK 223a 317a 251a 4392 8.90 a 5.40 a 1039 a
1 166 b 2.76 b 205b 389b 8.66 a 443D 1017 a
T2 152¢ 266 b 199b 3.88b 8.55a 418 ¢ 1023 a
Mean 180C 287C 218C 405C 8.70 C 467C 10.26 C
D3 CcK 249 a 3.78a 267 a 490 a 9.80 a 6.27 a 11.11a
1 222b 3.34b 259b 470b 9.71a 5.56 b 11.45a
T2 190¢ 3.18¢ 241¢ 413 ¢ 9.19b 5.07 ¢ 10.65 b
Mean 220B 343B 256 B 4588 9.57B 5.63 B 11078
D4 CcK 297 a 431a 3.11a 498 a 10.66 a 7.28a 11.46 b
1 255D 405b 3.09a 491a 10.61a 6.59 b 12.02a
T2 231¢ 380¢c 291b 473b 1053 a 6.11¢ 12.06 a
Mean 261A 405A 3.04 A 487 A 10.60 A 6.66 A 11.85 A
2021 D1 CcK 188a 384a 141a 335a 9.25a 5.72a 8.29a
1 186a 388a 126 b 321b 8.58 ab 5.74a 7.31b
T2 173b 3.78a 110¢ 277¢ 8.05b 551a 6.41c
Mean 182¢C 383C 126C 311¢C 8.63C 5.66 D 7.34C
D2 CK 1.83 a 342a 1.55a 2.98 a 8.27 a 7.01a 10.06 a
1 177a 342a 130b 295a 7.76 b 6.93a 9.09b
T2 163b 337a 110¢ 2.79b 711¢ 6.67 b 8.01¢
Mean 175¢C 340D 132¢C 291¢C 771D 6.87C 9.05B
D3 CcK 284 a 5.36 251a 473 a 1159 a 8.20 a 10.64 a
1 252b 460b 187b 3.95b 10.38 b 7.12b 9.09b
T2 250 b 462b 1841 3.74¢ 10.07 b 7.12b 8.53 ¢
Mean 262B 486B 208B 4148 10.68 B 748B 9.42B
D4 CK 295a 5.89 a 278 a 5.37a 13.05 a 8.84 a 1235 a
1 291a 5.78a 245D 489b 11.88 b 8.69a 1053 b
T2 287 a 5.33b 238b 420¢ 11.85 b 8.20 b 1023 b
Mean 291A 5.67 A 254 A 482A 12.26 A 8.58 A 11.04 A
ANOVA
Y
PD
EC
YxPD
YXEC
PDxEC ns ns
YxPDxEC ns )

"' DMg,. and DMg,s represent leaf and stem dry matter weights at the silking stage; DMgg , DMggs, and DMgqs, represent leaf, stem and grain dry
matter weights at the harvesting stage; PreDM and PostDM, represent pre-silking and post-silking dry matter accumulation.

D1, D2, D3 and D4 indicate 4.5, 6.0, 7.5, and 9.0 plants m™, respectively.

¥ CK, T1, and T2 indicate water control, 2 mL L™ EC (ethephon:cycocel=3:1), and 4 mL L™' EC, respectively.

Different lowercase and capital letters indicate significant differences among EC treatments at the same plant density and different plant

densities, respectively, at P<0.05 according to Duncan’s significant difference test.

“and " indicate significant differences at the P<0.05,

P<0.01 and P<0.001 probability levels, respectively; ns means non-significant.

decreasing.

Year, PD, EC, and yearxPDxEC each had a pronounced
influence on HI in 2020-2021 (Fig. 6). HI decreased with an
increase in density. Across all plant densities, the averages
of Hl under T1 and T2 increased by 2.4 and 4.0% compared
to CK in 2020, and by 0.7 and 2.5% in 2021, respectively.

3.3. Nitrogen accumulation, remobilization, uptake
and utilization

Year, PD, EC and yearxPD had significant impacts on the

N accumulation of different organs, organ N remobilization
amounts and the contributions to grain N (except for EC and
stem N content at R1 and the leaf N remobilization amount)
(Table 3). The N accumulation of each organ increased with
density, and EC application reduced the N accumulation
to varying degrees in different densities. Averaged for all
densities and years, the grain N accumulations of T1 and T2
at R6 were notably reduced by 14.5 and 24.2%, respectively,
compared to the control. Compared with CK, the average
stem N remobilization amount was significantly improved by
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Fig. 5 Effects of plant growth retardant (EC) and plant density (PD) on leaf and stem dry matter remobilization amounts (A) and
the contribution of leaf and stem dry matter remobilization to grain yield (B) in 2020 and 2021. DMR,_and DMRq, leaf and stem dry
matter remobilization amounts; CDMR  and CDMRq, contributions of leaf and stem dry matter remobilization to grain yield; Y, year. D1,
D2, D3, and D4 indicate plant densities of 4.5, 6.0, 7.5, and 9.0 plants m=2, respectively; CK, T1, and T2 indicate water control, 2 mL L-"EC
(ethephon:cycocel=3:1), and 4 mL L™ EC, respectively. Bars indicate the SD of the mean (n=3). Different lowercase and capital letters
indicate significant differences among EC treatments at the same plant density and different plant densities, respectively, at P<0.05 according
to Duncan’s significant difference test. ™ and ™ indicate significant differences at the P<0.01 and P<0.001 probability levels, respectively.
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Fig. 6 Effects of plant growth retardant (EC) and plant density (PD) on the harvest index in 2020 and 2021. Y, year. D1, D2,
D3, and D4 indicate plant densities of 4.5, 6.0, 7.5, and 9.0 plants m2, respectively; CK, T1, and T2 indicate water control, 2 mL L™ EC
(ethephon:cycocel=3:1), and 4 mL L™ EC, respectively. Bars indicate the SD of the mean (n=3). Different lowercase and capital letters
indicate significant differences among EC treatments at the same plant density and different plant densities, respectively, at £<0.05
according to Duncan’s significant difference test. “ and ™ indicate significant differences at the P<0.05 and P<0.001 probability levels,

respectively; ns means non-significant.

11.2% under T1 and 21.9% under T2. The contribution of
the stem N remobilization amount to grain N had a significant
improvement of 28.7% under T1, and further increased by
54.6% under T2.

Relevant indicators of nitrogen use were significantly
influenced by year, PD, EC and yearxPD, but EC did not
have a significant impact on NHI, and yearxPD did not
significantly affect PFPN (Table 4). Compared with CK, the
high dose of EC (T2) significantly reduced PostN and NUT

by 18.5-68.3% and 11.5-26.9%, respectively. In comparison
to the control, T1 and T2 exhibited significant increases in
vegetative N remobilization efficiency (VNRE) across all
densities, which rose by 13.8 and 23.4% in 2020, and by
47.8 and 54.0% in 2021, respectively. Compared with CK,
the NUpE of T1 and T2 were markedly diminished by 12.5
and 19.8% across all densities, while the NUtE of T1 and T2
were increased by 10.0 and 16.2%. In both years, PFPN
at each density experienced significant declines of 3.8 and
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Table 3 Effects of plant growth retardant (EC) and plant density (PD) on leaf and stem N contents, remobilization amounts, and

the contribution of N remobilization to grain N in 2020 and 2021"

N N N N N NR NR CNR CNR
vear(Y) PD" ECY  (gha') (gha') (kgha") (kgha") (kgha') (kgha") (kgha") (%) (%)
2020 D1 CK 35.0a 31.3a 345a 16.3 a 1029 a 0.5a 15.0 a 05a 146 a

T1 31.7b 30.6a 304b 16.0 a 84.8b 13a 146 a 14 a 174 a
T2 32.8 ab 294 a 304b 13.6 a 79.3b 24 a 15.8 a 29a 199a
Mean 33.2D 304D 318D 15.3 A 89.0B 14 A 15.1D 1.6 A 17.3C
D2 CK 458 a 36.3a 44.4 a 19.6 a 127.7 a 1.3a 16.8 a 10a 13.1b
T 38.6b 33.8a 36.1b 13.2b 98.2b 24 a 20.5a 25a 20.9 ab
T2 35.8b 355a 359b 11.7b 926 b -0.1a 23.8a 0.0a 26.0 a
Mean 40.0C 35.2C 38.8C 14.8 A 106.2 A 1.2A 204 C 1.2A 20.0 BC
D3 CK 504 a 43.8 a 48.8 a 19.2a 120.8 a 16a 246b 14 a 21.0a
T 49.7 a 433 a 47.6 a 18.2a 1125a 2.1a 25.0 ab 1.8a 224 a
T2 457b 419a 46.5 a 13.3b 100.2 a -0.8a 28.6 a -0.8a 28.7 a
Mean 48.6 B 43.0B 47.7B 16.9 A 1M11.2A 1.0A 26.1B 0.8A 24.0 AB
D4 CK 61.8a 46.4b 58.4 a 204 a 105.7 a 34a 26.0b 30a 22.3b
T1 58.7 a 50.0 a 59.7 a 18.6 ab 93.5ab -1.0 ab 31.3a —-1.0ab 29.1a
T2 53.3b 48.5a 57.0a 145b 66.1b -3.7b 34.0a -36b 33.7a
Mean 579A 48.3 A 58.4 A 179 A 88.4 AB -04 A 304 A -0.5A 284 A
2021 D1 CK 559a 404 b 23.0a 23.1a 111.3a 329a 17.3b 29.5¢c 155¢c
T1 55.2a 409b 215a 219b 102.3b 33.6a 19.0b 329b 18.6 b
T2 528 a 42.8 a 18.7b 18.7¢c 86.4c 341a 240a 394 a 278 a
Mean 54.6 D 414D 211D 21.2A 100.0 C 335D 20.1D 33.9B 20.7B
D2 CK 72.7 a 48.3 a 324 a 255a 1359 a 40.2a 228 a 29.7b 16.8 b
T 70.9 ab 49.6 a 27.3b 220a 1154 b 43.6 a 276 a 378 a 239a
T2 66.8 b 492 a 24.3b 242 a 1055¢ 425a 25.0a 404 a 23.7 a
Mean 701 C 491C 28.0C 239A 118.9B 421C 251C 36.0 AB 21.5B
D3 CK 81.3a 543 a 37.3a 19.1a 139.2 a 44,0 a 35.2a 316b 252b
T 789 a 52.1a 299b 16.2 a 109.7 b 49.0a 359a 447 a 32.7 ab
T2 79.1a 524 a 30.5b 14.5a 105.1b 48.6 a 379a 46.1 a 36.2a
Mean 79.8B 52.9B 326B 16.6 B 118.0 B 47.2B 36.3B 40.8 A 314 A
D4 CK 92.0a 65.8 a 36.3a 294 a 156.1 a 55.7 a 36.5b 35.7a 234c
T1 93.8a 63.7 a 384 a 21.7 ab 138.3b 554 a 42.0 ab 40.1 a 30.5b
T2 935a 62.4 a 389a 14.7b 122.5¢c 54.6 a 476 a 446 a 389a
Mean 93.1A 64.0 A 379A 21.9A 139.0 A 55.2 A 42.0A 40.1 A 309A
ANOVA
Y
PD
EC ns ns
YxPD
YXEC ns ns ns ns ns ns ns ns
PDxEC ns ns . ns ns ns ns ns
YxPDxEC ns - ns ns ns ns ns ns

Y'Ngs. and Ngys represent the N contents of leaves and stems per hectare at the silking stage; Nge., Nrgs and Ngqs represent the N contents of
leaves, stems and grains per hectare at the harvesting stage; NR_ and NRg represent the N remobilization amounts of leaves and stems; CNR_
and CNRg represent the contributions of leaf and stem N remobilization to grain N, respectively.

2D1, D2, D3, and D4 indicate plant densities of 4.5, 6.0, 7.5, and 9.0 plants m~?, respectively.

¥ CK, T1, and T2 indicate water control, 2 mL L™ EC (ethephon:cycocel=3:1), and 4 mL L™ EC, respectively.

Different lowercase and capital letters indicate significant differences among EC treatments at the same plant density and different plant

densities, respectively, at P<0.05 according to Duncan’s significant difference test.

, and indicate significant differences at the P<0.05,

P<0.01 and P<0.001 probability levels, respectively; ns means non-significant.

6.8% under treatments T1 and T2, respectively. In addition,
with an increase in density, the NUT, PreN, VNRE, NUpE,
NUtE, and PFPN were significantly increased, while PostN
was not significantly different. However, NHI was significantly
reduced with density increases.

3.4. Correlation analysis

Significantly positive correlations were observed between
PHVR and the different parameters of vascular bundles
(Fig. 7). Dry matter remobilization of the total plant, including

leaves and stems (DMR,) and the contribution to grain
yield (CDMR,), and HI were highly significantly positively
correlated with various indicators of vascular bundles.
Similarly, N remobilization of the total plant, including leaves
and stems (NR;), had significant positive correlations with
all vascular bundles indicators, while the contribution to
grain N (CNR,) was only significantly positively correlated
with the big vascular bundle indicators. NUtE showed
significantly positive correlations with the numbers and areas
of all vascular bundles, except for the small and individual
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Table 4 Effects of plant growth retardant (EC) and plant density (PD) on maize plant N uptake, remobilization and utilization

efficiency related traits in 2020 and 2021"

NUT PreN PostN VNRE NHI NUpE NULE PFPN
vear(Y)  PDY  ECY  (gha')  (kgha')  (kgha) (%) (%) (kokg")  (kgkg")  (kgkg)
2020 D1 CK 153.7 a 66.4 a 87.3a 23.3a 66.9 a 0.82 a 59.6 b 48.8 a

T 131.3b 62.3 a 69.0b 255a 64.5a 0.70b 65.9 a 46.0b
T2 123.3b 62.2a 61.2b 29.1a 64.3a 0.66 b 68.3a 449b
Mean 136.1 C 63.6 D 725A 26.0A 65.2 A 0.73C 64.6 B 46.6 D
D2 CK 191.7 a 82.1a 109.6 a 22.0b 66.6 a 1.02a 57.2b 584 a
T 1476 b 72.3b 75.3b 316a 66.6 a 0.79b 720a 56.7 ab
T2 140.2 b 713b 68.9b 33.2a 66.0 a 0.75b 749a 559b
Mean 159.8 B 75.2C 846 A 289 A 66.4 A 0.85B 68.0 AB 57.0C
D3 CK 188.8 a 94.2 a 94.6 a 278 a 63.7 a 1.01a 66.5 a 66.2 a
T1 178.4 a 93.0a 85.4a 29.2 a 63.0a 0.95 ab 65.7 a 62.5b
T2 160.0 a 87.6b 724 a 31.7a 62.6 a 0.85b 69.4 a 59.2¢c
Mean 175.7 AB 91.6B 84.1A 296 A 63.1B 0.94 AB 67.2 AB 62.6 B
D4 CK 195.2 a 108.2 a 87.0a 27.2a 59.6 a 1.04 a 67.5b 70.3a
T 186.0 ab 108.6 a 77.4 ab 27.8 a 579a 0.99 ab 69.6 ab 69.0 a
T2 1728 b 1019b 709b 298 a 58.6 a 0.92b 74.7 a 68.7 a
Mean 184.7 A 106.2 A 78.4 A 28.2A 58.7C 0.98 A 706 A 69.3A
2021 D1 CK 157.4 a 96.3 a 61.2a 52.1b 70.7 a 0.84 a 64.2b 539a
T 145.7b 96.0 a 49.7b 54.8b 70.2 a 0.78 a 65.4b 50.8 ab
T2 123.8 ¢ 956 a 28.3¢ 60.7 a 69.7 a 0.66 b 75.6a 49.8b
Mean 1423 C 96.0 D 46.4 A 559B 70.2 A 0.76 C 68.4 B 515D
D2 CK 193.8 a 121.0 a 72.8 a 52.1b 70.1 a 1.03a 634 c 65.5a
T 164.7 b 120.6 a 442 b 59.1a 70.1a 0.88b 66.1b 58.1b
T2 153.9¢ 116.0 a 379b 58.2 a 68.5a 0.82¢c 69.6 a 57.2b
Mean 170.8 B 119.2C 516 A 56.5B 69.6 A 0.91B 66.4 B 60.3C
D3 CK 1956 a 135.6 a 599a 58.4b 71.2a 1.04 a 67.8b 70.7 a
T1 155.9b 131.1a 24.8 b 64.8 a 70.4 a 0.83b 80.9a 67.3 ab
T2 150.1b 131.5a 18.6 b 65.8 a 70.0 a 0.80b 82.6 a 66.1b
Mean 167.2B 132.7B 344 A 63.0A 705A 0.89B 771A 68.0B
D4 CK 2218 a 157.8 a 64.0a 58.5a 70.4 a 1.18 a 62.7b 74.2 a
T 198.5b 157.5a 410b 61.7 a 69.7 a 1.06 b 74.4 ab 78.3 a
T2 176.2 c 1559 a 203 ¢ 65.7 a 69.6 a 0.94b 76.3 a 71.7 a
Mean 198.8 A 1571 A 41.7A 619A 69.9A 1.06 A 71.2 AB 74.7 A
ANOVA
Y
PD
EC ns
YxPD ns
YXEC ns ns ns ns ns ns ns
PDxEC ns ns ns ns ns ns ns .
YxPDxEC ! ns ns ns ns .

Y NUT, total N uptake; PreN, pre-silking N uptake; PostN, post-silking N uptake; VNRE, vegetative N remobilization efficiency; NHI, N harvest
index; NUpE, N uptake efficiency; NUtE, N utilization efficiency; PFPN, partial factor productivity of N.

D1, D2, D3, and D4 indicate plant densities of 4.5, 6.0, 7.5, and 9.0 plants m™, respectively.

¥ CK, T1, and T2 indicate water control, 2 mL L™ EC (ethephon:cycocel=3:1), and 4 mL L™' EC, respectively.

Different lowercase and capital letters indicate significant differences among EC treatments at the same plant density and different plant

densities, respectively, at P<0.05 according to Duncan’s significant difference test.

and ~ indicate significant differences at the P<0.05,

P<0.01 and P<0.001 probability levels, respectively; ns means non-significant.

small vascular bundle areas (Fig. 7). However, NUpE was
significantly negatively correlated with all the parameters
of vascular bundles. In addition, the indicators related to
the small and total vascular bundles were also significantly
negatively correlated with PFPN.

The correlation analysis revealed that pre- and post-silking
dry matter accumulation and pre-silking N accumulation were
very significantly positively correlated with NUpE in 2020
and 2021 (Fig. 8). Therefore, the determination of N uptake
efficiency resulted from the combined effects of pre- and post-
silking N accumulation. The correlation analysis revealed

that PHVR was significantly positively correlated not only with
the absolute value of dry matter remobilization per plant and
its contribution to grain yield, but also with harvest index and
NUtE (Fig. 9). Therefore, we believe that the increase in dry
matter remobilization and its contribution to grain yield led to
an increase in the harvest index, ultimately enhancing NUtE.

4. Discussion
4.1. hanges in dry matter determine nitrogen uptake

Dry matter accumulation is the material foundation for maize
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Fig. 7 Relationships between TNVB, SNVB, BNVB, SSAVB,
SBAVB, TAVB, SAVB, BAVB, PHVR and DMR , with CDMR , HI,
PFPN,NR , CNR , NUpE, NUtE, and PHVR in 2021 (n=36). TNVB,
SNVB and BNVB indicate total, small and big vascular bundle
numbers; SSAVB and SBAVB indicate single small and big vascular
bundle areas; TAVB, SAVB and BAVB indicate total, small and big
vascular bundle areas. DMR , total dry matter remobilization per
plant; CDMR,, contribution of I.!SMRP to grain yield; HI, harvest index;
PFPN, partial factor productivity of N; NR,, total N remobilization
per plant; CNR_, contribution of NR to grain yield; NUpE, N uptake
efficiency; NUtE, N utilization efficiency; PHVR, plant horizontal-
vertical ratio. Numbers represent Pearson'’s correlation coefficient
R. - represents a negative correlation between the two indicators.
", " and ™ indicate significant differences at P<0.05, P<0.01 and
P<0.001, respectively.

yield formation. Higher biomass is usually accompanied by
higher leaf area and photosynthetic capacity, which allows
maize to convert absorbed nitrogen into organic nitrogen
compounds more effectively (Wei et al. 2015). Moreover,
higher biomass typically indicates stronger metabolic activity,
which can provide more energy (such as ATP) to drive the
active uptake of nitrogen (Xu et al. 2012; Kamiji et al. 2014;
Bloom 2015). The compound EC, which is composed of
ethylene and cycocel, has been reported to inhibit cell division
and expansion by synthesizing the ethylene precursor ACC
(Saiz-Fernandez et al. 2017), thus resulting in less leaf
growth and dry matter accumulation (Tang ef al. 2022). Our
results showed that EC treatments reduced biomass. Some
studies reported that reduced biomass accumulation indicates
an insufficient photosynthetic supply capacity and reduced N
uptake, which drive more assimilate and N remobilization from
the vegetative organs to the grain (Zhang Y S et al. 2021;
Tang et al. 2022). This study also indicated that EC reduced
N uptake but increased N remobilization (Table 3), and the
greater transportation capability of vascular bundles would
promote N uptake (Xu et al. 2017). However, a negative
correlation between vascular bundle area and N uptake was
observed in this study. This suggested that biomass plays
a dominant role in N uptake while vascular bundles do not.
In addition to the requirements of aboveground growth and
metabolism (Xu et al. 2012), root morphology and vitality also
determine nitrogen absorption (Liu ef al. 2017). As discussed
above, EC reduced the leaf area and biomass, thus reducing
the nitrogen requirement. In addition, reduced maize root
biomass was observed under ethephon treatment (Xu et al.
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Fig. 8 Relationships between PreDM, PostDM, PreN, and NUpE in 2020 (A) and 2021 (B). PreDM, pre-silking dry matter accumulation;
PostDM, post-silking dry matter accumulation; PreN, pre-silking N uptake; NUpE, N uptake efficiency. The gray bands represent the 95%

confidence intervals. R? indicates the coefficient of determination.

" indicates significant difference at P<0.001.



1924 Qian Tang et al. / Journal of Integrative Agriculture 2026, 25(5): 1913—-1926
A 35 B 40 o 59
EPAS @
30 R?=0.68 58
30 o9
- 25 — =9 57
o o @ =
s 20 s 20 fo I 56
o o
= 15 = 55
10
10 54
5 1.1 1.2 1.3 1.4 48 1.1 1.2 1.3 1.4 0 08 09 10 11 12 %3 08 09 10 11 12
PHVR
o5 PHVR 85 o4 PHVR % PHVR
P 0 Ao
R=0497 o o gof R=0.17" o 20| R?=0.90" P R=0.32" o 09
20 R 75 o . 80 0’0 o
o O@ W 70 ° :ao o EAG w °o &

5 35 ]
20| 9280 0 Ze5| o Fo 712 27 o o0 ®
Q ° @ S S e %°
- 60 (] = 8 )

10 o ' 60
® 55 @ 4
)
5 50 50
1.1 1.2 1.3 1.4 1.1 1.2 1.3 1.4 08 09 10 11 12 08 09 10 11 1.2
PHVR PHVR PHVR PHVR

Fig. 9 Relationships between PHVR with |DMRP|, |CDMRp|, HI, and NUtE in 2020 (A) and 2021 (B). PHVR, plant horizontal-vertical
ratio; |DMRP|, absolute value of the total dry matter remobilization per plant; |CDMRp|, absolute value of the contribution of DMR_, to grain
yield; HI, harvest index; NUtE, N utilization efficiency. R? indicates the coefficient of determination. The gray bands represent the 95%
confidence intervals. “and ™ indicate significant differences at P<0.05 and P<0.001, respectively.

2014). We concluded that root and shoot biomass limited the
nitrogen uptake.

Increasing plant density generally leads to higher resource
use efficiency, resulting in higher biomass accumulation and
grain yield (Zhang Y H et al. 2021). Under relatively low
nitrogen application and dense planting conditions, biomass
and nitrogen accumulation and distribution to grains were
higher, thus a high NUE and yield of maize can be achieved
(Ciampitti and Vyn 2013). The grain yield in our previous
study (Tang et al. 2022), as well as biomass and N uptake
in the present study were found to increase with increasing
density under a nitrogen application rate of 187.5 kg N ha™".
These findings suggested that the nitrogen supply was
sufficient for the maize requirement under high density
(9.0 plants m™; Table 2). Note that the nitrogen input was
not increased, but biomass and N accumulation did increase,
which also demonstrated that biomass determines N uptake.

4.2. Optimized maize morphology improves NUtE and
harvest index

Vascular bundles play important roles in matter transport
(Shane et al. 2000), mechanical support, and the
coordination of source—sink flow (Xu et al. 2017). Larger
areas and numbers of vascular bundles are more conducive
to the efficient transport of water and nutrients (Liu et al.
2022). Spraying EC, especially a high concentration of EC,
significantly increased the areas and numbers of vascular
bundles (Table 1). Correlation analysis showed that the
relevant indicators of vascular bundles were significantly
positively correlated with the total dry matter remobilization,
N remobilization and NUtE (Fig. 7). In other words, EC
increased the transportation capability of vascular bundles,
which contributed to increasing NUtE. However, as a “flow”
organ, the vascular bundles play a crucial role in facilitating

assimilate (including nitrogen) absorption and transport.
They do not have the ability to determine the processes
of nitrogen absorption and transport on their own. In this
study, we defined a new indicator, PHVR, to represent
maize morphology. Interestingly, the vascular bundles were
significantly positively correlated with PHVR. Moreover,
PHVR had a significant positive correlation with NUtE.
These findings suggested that PHVR can serve as a more
easily accessible indicator for evaluating NUtE than vascular
bundles. As a result, EC application significantly enhanced
NUtE by improving PHVR and vascular bundle structure.

Greater intraspecific competition will weaken individual
plant growth under a high planting density, i.e., thinner stems
and greater plant height. In this study, reduced areas and
numbers of vascular bundles and PHVR were observed
under high plant density. However, increasing the density
ensures biomass accumulation of the population, thus
leading to greater nitrogen uptake and utilization efficiency.
Therefore, negative correlations between PFPN and NUpE
with vascular bundles were observed.

The harvest index reflects the proportion of assimilates
allocated to the grains and vegetative organs in crops, and it
also indicates that the flow of photosynthetic products from
“source” organs to “sink” organs is smooth. Our results also
showed that EC application significantly improved HI, and HI
was significantly positively correlated with vascular bundle
indicators and PHVR (Fig. 9). Raun and Johnson (1999)
have also indicated that a greater HI is the key to high NUE.
In conclusion, the increase of NULE is inextricably linked to an
increase in HI and they affect each other.

4.3. Interaction of EC and planting density on NUE

Biomass was significantly affected by the interactive effect of
EC and density. In other words, the adverse effect of EC on
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biomass was smaller under high-density conditions, which
was conducive to achieving a higher yield under high-density
planting. EC application significantly improved NUE, but the
interaction between EC and density had no significant effect
on NUE, which indicates that EC can increase NUE at any
density. Considering the positive effects of increasing density
on biomass accumulation, nitrogen absorption and utilization
efficiency, spraying EC under high-density conditions is
recommended to increase biomass, yield and NUE. It is also
generally believed that a greater nitrogen supply is needed to
increase the yield under high planting density. However, our
previous research found that the yield under high density (9.0
plants m™) still increased with a nitrogen application rate of
187.5 kg ha™' (Tang et al. 2022). Greater NUE was observed
in this study, where the experimental conditions were the
same as in the previous study. Thus, we believed that
appropriately increasing the planting density without adding
to the nitrogen input can improve yield and enhance NUE. Of
course, further research on the interactions among density,
EC, and nitrogen application is still needed.

5. Conclusion

Spraying EC at V7 reduced dry matter accumulation and
nitrogen uptake in maize. However, increasing planting
density could enhance nitrogen uptake and utilization
efficiency even though nitrogen input was not increased.
Furthermore, EC not only reduced the risk of lodging but also
improved stem vascular bundles and PHVR, thus increasing
NUE and HI. Therefore, high planting density in combination
with a plant growth retardant can synergistically improve
NUE and ultimately increase the yield potential of maize.
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