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Abstract

Maize is a vital cereal crop enhancing food security. Optimizing plant density is a common practice
to increase crop yield. This study investigates the impacts of high plant density on the biochemical
composition, dry matter accumulation (DMA), photosynthesis-active radiation (PAR), radiation use
efficiency (RUE), grain production, and stalk lodging in maize cultivation. Five plant densities (4.5,
6, 7.5, 9, and 15 plants m?) referred to as PD4.5, PD6, PD7.5, PD9, and PDI15, respectively, were tested
on three maize hybrids, Zhengdan 958 (ZD958), Longping 206 (LP206), and Jingiu 119 (JQ119), at the
Mengcheng Research Station during 2016 and 2017. High plant densities increased PAR, RUE, DMA,
and grain yield and led to a higher incidence of stalk lodging. The highest grain yields were achieved
at PD6 (9.44%) and PD7.5 (2.98%), while yields decreased at PD15 (12.5%) due to a 60% increase
in lodging. Under high plant density, internodes experienced rapid accumulation of carbohydrates
but ceased elongating, expanding, and developing structural carbohydrates. Stem bending resistance
positively correlated with cellulose, hemicellulose, and lignin content (0.9293*%*, (0.8572**, (0.8976%**),
as did stem crushing resistance with the same components (0.9096**, 0.8372**, 0.8738**). The present
study’s outcome will help determine the optimum plant density to improve food security and enhance
maize yield under different climatic conditions.
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Introduction

Food and energy crises are major global challenges
today, and increasing maize production and grain yield
can play a significant role in addressing these issues
[1-3]. China, the second-largest maize producer [4],
has four to six main maize production zones [5, 6].
In 2014, approximately 37 million hectares in China
were dedicated to maize, making it the most widely
cultivated cereal crop in the country [National Bureau
of Statistics of China, 2015]. Maize growth and yield are
generally influenced by the genotype and environmental
factors, as well as their interactions. Under optimal
conditions, crop yield response to plant density follows
a parabolic pattern, and increasing plant population is
a key agronomic practice for boosting maize production
[7-10]. However, high plant density restricts root growth
and nutrient uptake [11-13], causing competitive shading
that limits radiation interception by lower leaves,
accelerates leaf senescence, and reduces photosynthesis
in individual plants [14, 6, 15, 16].

In recent decades, maize yield potential per plant has
remained relatively stable, with overall yield increases
achieved primarily through increased plant density and
the development of high-yielding cultivars worldwide
[17-20]. This trend encourages maize growers to increase
plant density to maximize yields [21]. However, there
is a contrary opinion that high plant density can also
intensify competition among plants, leading to crowding
stress, reduced grain yield [22, 23], and a higher risk of
lodging [8, 24]. Final grain production in maize depends
on the number of seeds per unit area at maturity.
A high plant population is a common agronomic practice
to achieve increased maize yield [25], although kernel
numbers per plant tend to decrease as plant population
increases [25, 26]. In addition, kernel weight may
decrease by 5-30% [27, 19], though in some cases this
effect is minimal [28]. RUE (Radiation Use Efficiency)
is a crucial metric for measuring biomass production
and is closely linked to yield-related traits [29].

Proximity planting increases competition for essential
resources, such as light, water, heat, and nutrients,
reducing the storage capacity of carbohydrates in maize
leaves and affecting the growth of basal internodes.
Previous research has shown that basal internode
width significantly increases with plant population
[30]. However, contrasting evidence suggests that the
basal internode dimensions, dry weight per unit length
(DWUL), and rind penetration strength (RPS) of basal
internodes decrease as maize densities increase [31].
Previous studies have focused on examining the impact
of plant density on fully developed basal internodes,
while this study examines its effects on morphological
growth, biochemical composition, and their relationship
to lodging resistance in maize. Maize plant density
differs in China based on weather conditions, particularly
solar radiation, rainfall, and wind speed, though finding
optimal plant density for different regions remains
uncertain. Therefore, it is important to determine the

optimum plant population for different cultivars to
minimize yield losses from lodging across diverse
climatic conditions. The objectives of this study are
(1) to investigate the effects of plant density on ear
development, ear characteristics, kernel abortion, and
grain yield among different cultivars; (ii) to evaluate the
impact of plant density on biomass, PAR, and RUE; and
(iii) to understand how carbohydrate development affects
internode length, diameter, and stalk lodging traits.

Materials and Methods
Soil and Analysis

Field trials were conducted in 2016 and 2017 at the
Mengchen Research Station in the North China Huaibei
Plain (Latitude is 33°09'N, Longitude 116°32’56”E).
Before sowing, soil tests were performed to determine
nutrient requirements. Soil samples were collected
from each subplot at depths of 10 cm, 15 cm, and
20 cm, and the average values were calculated. Table 1
includes the physicochemical features of the soil.
The closest conventional local weather station provided
the daily meteorological data, including the highest
temperature, lowest temperature, average temperature,
and amount of precipitation, with average temperature
and precipitation shown in Fig. 1. Nutrient management
included synthetic fertilizers for N, P,O,, KO,
and ZnSO,.7H,O, administered at rates of 60 kg ha,
140 kg ha'!, 125 kg ha'!, and 15 kg hal. An initial
irrigation of 900 cm?® ha™ was applied before crop
sowing.

Experimental Design and Crop Husbandry

A previous publication [9] discussed crop husbandry
and experimental treatments. In brief, 3 maize hybrids,
Zhengdan 958 [ZD958], Longping 206 [LP206], and
Jinqgiu 119 [JQ119], were grown at 5 plant densities (4.5,
6, 7.5, 9, and 15 plants m?) referred to as PD4.5, PD6,
PD7.5, PD9, and PD15 m-2, respectively, in both 2016
and 2017. The maize cultivars were assigned to the
main plots, and the plant densities were assigned to the
subplots in a randomized split-plot experimental design.
Using a sowing drill, the hybrid maize seeds were
manually sown on June 12, 2016, and June 7, 2017. The
crop was harvested on October 5, 2016, and September
27, 2017.

Sample Collection
Growth Parameters

In 2016, leaf area was measured every 3 days starting
at the fourth leaf stage, and sampling continued until the
silking stage [8]. Leaf areca was measured at the jointing,
flowering, and anthesis stages, and then the average
was calculated in 2017. Five plants were selected from
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Table 1. Soli physical propertiies.

10 cm 15 cm 20 cm Mean
Soil Ph 7.7 8.9 7.6 8.07
Organic mattet g/kg 11.34 12.45 11.4 11.73
Total nitrogen mg/kg 134.5 135.67 1333 134.9
Available P K (mg'kg™) 16.6 15.8 16.2 16.2
Available K (mg'kg™) 106.7 105.7 105.8 106.067
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Fig. 1. Meteorological data of mean temperature (°C) and precipitation (mm) during 2016 and 2017.
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each plot to calculate the leaf area, and the average value
was computed. Leaf length (L) and width (W) were
measured using a ruler, and the leaf area was calculated
using the following formula [32].

S=0.75xLxW

Plant height was measured at physiological maturity
with a meter rod.

Yield and Yield Component-Related Parameters

When the ears reached physiological maturity,
20 cobs were taken from the central rows of every plot.
Twenty randomly chosen ears were used to measure
ear diameter, tip-back length, and barren portion.
Additionally, the number of kernel rows [NKR] and
kernels per row [NKPR] were counted for 20 of these
randomly chosen ears. Five ears were selected and split
into 3 sections: the bottom, middle, and top portions.
The number of grains was then manually counted.
The weight was determined using an electronic
balance. The grain moisture content was determined
with a portable moisture meter (PM8188, Kett Electric
Laboratory, Tokyo, Japan). The grain yield and
1000-kernel weight (TKW) were adjusted to 14%
moisture content.

Light Interception Measurements

The line quantum sensor (SUNSCAN, Delta, UK)
was used for light interception measurement. At least
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five readings of physiological photon flux density
(PPFD) were taken in each plot during flowering, and
the measurements were taken between 13:00 and 15:00
(solar noon). To assess canopy height, the plants were
divided into 6 sections, designated as P1 through P6:
P1, positioned above the senescent leaves; P2, halfway
between the soil level and the cob; P3, at cob height; P4,
halfway between the cob and canopy; P5, 20 cm above
the canopy; and P6, at the top canopy level.

Biochemical Composition Measurements

Plant samples were collected from every treatment
at flowering, silking, and the mid-grain filling stage,
and were then separated into sheaths, stems, and leaves.
The separated samples were ground into powder in
liquid nitrogen. Cellulose, lignin, and hemicellulose
contents were determined [33].

Statistical Analysis

Statistical analysis of leaf area was performed at
a significance level of p = 0.05; individual comparisons
were carried out using a t-test (MS Excel, Microsoft
Inc., Seattle, WA, United States). The impacts of plant
density, variety, and year on measured parameters
(yield-related traits, lodging metrics, and biochemical
parameters) were analyzed by analysis of variance
(ANOVA) wusing Statistix 8.1 (Tallahassee, FL:
Analytical Software, 2013). Differences among means
were compared using the least significant difference test
(LSD) at a 0.05 probability level.
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Fig. 2. Leaf area (a-c) during 2016 and (d-f) during 2017 under different plant densities [PD4.5 (red dashed line), PD6 (blue dashed line),
PD7.5 (green dashed line), PD9 (black dashed line), and PD15 m™ (pink dashed line)] and cultivars (C1: Zhengdan 958, C2: Longping

206, and C3: Jingiu 119).



and a 6.4% increase from PD9 to
PDI15. This trend is attributed to increased competition
BLP206" BJQ119"
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Effect of Planting Density on Plant
Height in Maize Cultivars

increase from PD6 to PD7.5, a 3.4% increase
B ZD958"

Fig. 3 demonstrates the effects of plant density on

the plant height of different maize cultivars. Plant height
increased by 8.6% from PD4.5 to PD6, followed by

a 9.2%
and their length to increase. No significant differences in

among plants, causing the internodes to become slimmer
plant height were observed among the cultivars.

from PD7.5 to PD9

leaf area for all cultivars

>

Results

of Maize Cultivars
leaf area decreased with increasing plant

Effect of Planting Density on Leaf Area
The effect of plant density on maize leaf area is

depicted in Fig. 2. At PD4.5

increased for lower ranks and decreased for higher
density. ZD958 exhibited longer and broader leaves than
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the other cultivars, resulting in a larger leaf area.

ranks. Overall,
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Fig. 3. Plant height a) during 2016 and b) during 2017 under different plant densities (PD4.5, PD6, PD7.5, PD9, and PD15 plants m?) and

cultivars, i.e., Zhengdan 958 (ZD958), Longping 206 (LP206), and Jingiu 119 (JQ119). Vertical bars indicate standard error.
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Effect of Planting Density on Yield and
Yield Components of Maize Cultivars

The effect of planting density on the yield and yield
components of maize cultivars is presented in Table 2.
Overall plant density had a significant effect on yield and
yield components. While cultivar significantly affected
yield and 1000-kernel weight, its effect on kernel number
and ear number was not significant. The maximum
grain yield was recorded at PD7.5, which was similar to
PD4.5, PD6, and PD9, and the minimum grain yield was
recorded at PD15. As planting density increased, grain
yield (GY) increased by 9.44% from PD4.5 to PD6, and
by 2.98% from PD6 to PD7.5. However, GY decreased
by 6.60% from PD7.5 to PD9, and by 12.54% from PD9
to PD15. Among the cultivars, ZD958 had a higher yield
compared with LP206, but it was at par with JQI119.
The results also showed an increase in ear number, but
a decrease in 1000-kernel weight (TKW) and kernel
number per ear. Across years and plant densities, the
order of decrease for kernel number per ear and TKW
was PD15 < PD9 < PD7.5 < PD6 < PD4.5.

Effect of Planting Density on Different
Positions of the Ear of Maize Cultivars

Table 3 shows the planting density effect on the
various positions of cultivars’ ears. Based on length,
the ear was divided into 3 sections: the top, middle, and
bottom. Planting density and year had a considerable
impact on the ear positions. For the top, middle, and
bottom, the highest number of grains and grain weight
were recorded at PD4.5, while the lowest values were
recorded at PD15. Grain weight in the middle and bottom
parts of the cultivars showed a substantial variation,
although there was no discernible change in the number
of grains for the top, middle, and bottom parts.

Effect of Planting Density on Ear Characteristics
of Maize Cultivars

Planting density had a significant impact on ear
characteristics, and the results are presented in Table 4.
Our findings showed that ear length declined with
increasing planting density and that the maximum ear

Table 2. Yield and yield components of maize in response to different plant densities and cultivars.

Treatments Yield (kgha™) TKW(g) kernels (No. ear") Ear No. ha'!
YEAR
2017 8212.7b 304.86b 524.52a 82824a
2016 9360.2a 31491a 526.77a 827990
Plant Density (PDm)

PD4.5 8457.6ab 333.74a 569.73a 74560b

PD6 9255.6a 318.02ab 572.82a 76788b

PD7.5 9531.2a 300.95bc 521.43b 79843b

PD9 8902.2a 299.09¢ 499.64bc 84335.3b
PD15 7785.9b 297.64c 470.62¢ 92334.0a
Cultivar

ZD958 9174.7a 299.79b 511.90a 66352a

LP206 8469.3 b 313.47a 531.34a 65923a

JQ119 8715.4ab 316.40a 533.70a 63251a

S.0.vV

YEAR * * NS NS
Plant density woE oK ok ok
Cultivar (C) * * NS NS
PD*C *x NS NS NS
Y*PD * NS NS NS
Y*C * NS NS NS
Y*PD*C NS NS NS NS

PD is an abbreviation for plant densities. Different letters among treatments indicate significant differences; * and ** indicate
significance at P0.05 and P0.01, respectively, according to the least significant difference (LSD). NS indicates that treatment effects
were not significant. Among cultivars, ZD 958 is (Zhengdan 958), LP 206 is (Longping206), and JQ119 is (Jingiu 119), respectively.
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Table 3. Plant density effect on different cob parts (top, mid, bottom) of maize crop for different hybrids.

Treatments No. of grains Weight (g) No. of grains Weight (g) No. of grains Weight (g)
top part top part mid part mid part bottom part bottom part
YEAR
2017 148.57a 45.117a 196.10a 59.237a 176.64a 55.621a
2016 141.57b 38.117b 189.1b 52.237b 169.64b 48.621b
Plant Density (PDm?)
PD4.5 161.32a 52.806a 213.68a 63.558a 185.52a 58.479a
PD6 158.3a 44.091ab 197.01a 59.757ab 182.50ab 56.799a
PD7.5 144.9a 43.057ab 195.11a 55.602bc 175.07ab 50.83b
PD9 144.18a 38.419ab 194.37a 54.833c 170.32b 50.827b
PDI5 116.63b 29.714b 162.83b 44.932d 152.29¢ 43.671c
Cultivar
ZD958 146.45a 37.813a 185.75a 58.601a 168.18a 49.314b
LP206 153.43a 41.237a 191.21a 57.001a 171.42a 52.095ab
JQ119 135.32a 45.802a 200.84a 51.608b 179.83a 54.955a
S.0.V
YEAR * * * * * *
Plant density *% * *% *% *% *%
Cultivar (C) NS NS NS * NS *
PD*C ok NS * * *% *
Y*PD NS NS NS NS NS NS
Y*C NS NS NS NS NS NS
Y*PD*C NS NS NS NS NS NS

PD is an abbreviation for plant densities. Different letters among treatments indicate significant differences; * and ** indicate
significance at P0.05 and P0.01, respectively, according to the least significant difference (LSD). NS indicates that treatment effects
were not significant. Among cultivars, ZD 958 is (Zhengdan 958), LP206 is (Longping 206), and JQ119 is (Jinqiu 119), respectively.

length (19.36) was recorded at PD4.5. At PDIS5, the
smallest ear length (15.47) was recorded. Ear length
reduced from PD4.5 to PD6 to PD7.5 to PD9 to PD15
by 5.4%, 6%, 1.6%, and 8.7%, respectively, as planting
density increased. In terms of ear length, no significant
variations were recorded across cultivars. The barren
area was significantly affected by both planting density
and cultivar, and their interaction was significant.

The barren area increased with planting density;
the largest value was measured at PD15 (0.9372), and
the lowest value was measured at PD4.5 (0.3722).
Among the cultivars, JQ119 showed greater barrenness
than ZD958 and LP206. Ear diameter was significantly
affected by both cultivar and plant density,
and a significant correlation was recorded between
them. Ear diameter declined with increasing plant
density; the highest ear diameter (49.09) was measured
at PD4.5, and the minimum (44.529) was measured at
PDI15. Ear diameter decreased by 0.33%, 3.18%, 1.66%,
and 4.43%, respectively, as plant density increased, with

the sequence PD4.5 > PD6 > PD7.5 > PD9 > PDI5.
Among the cultivars, JQ119 had a larger ear diameter
than LP206 and ZD958.

Plant population was found to have a substantial
(P<0.01) influence on the number of kernel rows
per ear (NKPR). The greatest NKR (15.764) was
recorded in treatment with the lowest population
(PD4.5), while the lowest NKR (14.885) was recorded
in the treatment with the greatest density (PDI5).
The number of kernel rows reduced as the plant
population increased, and the sequence was PDA4.5
> PD6 > PD7.5 > PD9 > PDIS5. Cultivars differed
significantly from one another; JQ119 produced the
most kernel rows in contrast to LP206 and ZD958. Plant
density had a substantial impact on the NKPR; at PD4.5,
the highest values of NKPR (36.973) were recorded,
whereas at PD15, lower NKPR values (30.8532) were
recorded. PD7.5 and PD9 showed similar numbers of
kernels per row. There was no significant difference in
the number of kernels per row among cultivars.
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Table 4. Cob characteristics response to different plant densities and cultivars.

Treatments Length BP Diameter NKR NKPR
YEAR
2017 17.830a 0.6953a 48.417a 15.511a 34.448a
2016 17.104b 0.5776a 46.193b 15.517a 33.885a
Plant Density (PDm)

PD4.5 19.369a 0.3722¢ 49.096a 15.764a 36.973a

PD6 18.32b 0.5016bc 48.932a 15.846a 36.114a

PD7.5 17.223¢ 0.61ab 47.377b 15.622a 33.497b

PD9 16.948¢c 0.6511abc 46.592b 15.454a 33.397b

PDI5 15.47d 0.9372a 44.529¢ 14.885b 30.8532¢

Cultivar

ZD958 17.347a 0.402b 46.175b 14.680c 34.529a

LP206 17.486a 0.3387b 48.197a 15.623b 34.304a

JQ119 17.567a 1.1687a 47.544a 16.240a 33.667a

S.0.V

YEAR * NS * NS NS
Plant density o ok o o wox
Cultivar (C) NS * * ** NS
PD*C *% *% % % *%
Y*PD NS NS * NS NS
Y*C NS NS NS NS NS
Y*PD*C NS NS NS NS NS

PD is an abbreviation for plant densities. Cob length (cm), BP barren cob part (cm), cob diameter (mm), number of kernel rows (NKR),
number of kernels per row (NKPR). Data are the means of 20 cobs per plot. Different letters among treatments indicate significant
differences; * and ** indicate significance at P0.05 and P0.01, respectively, according to the least significant difference (LSD). NS
indicates that treatment effects were not significant. Among cultivars, ZD 958 is (Zhengdan 958), LP206 is (Longping 206), and JQ

119 is (Jingiu 119), respectively.

Effect of Planting Density on Dry Matter
(DM) Accumulation of Maize Cultivars

Biomass production is a vital parameter for
determining grain yield and crop development.
Biomass production at the pre-silking stage increased
significantly as plant density increased in ZD958 from
PD4.5 to PDI5, and the interaction between plant
density and cultivar was significant (Table 5). The trend
for total above-ground dry matter was recorded as grain
yield < LP206 < ZD958. For all cultivars, post-silking
dry matter was higher than pre-silking dry matter, while
the ratio of pre-silking dry matter to post-silking dry
matter for ZD958 averaged 0.73, which was higher than
for LP206 and JQ119.

Effect of Planting Density on PAR
Interception of Maize Cultivars

Table 6 shows how plant density affects the PAR of
different varieties of maize. Results showed that PAR
decreased in the canopy as plant density increased.
The highest PAR value was recorded at PS5, and the
variations were less noticeable at P6. Plant densities
differed significantly in intercepted PAR values, with
the greatest values recorded at PD4.5 and the minimum
values recorded at PDI15. In comparison with other
cultivars, ZD958 has a greater PAR value.

Effect of Planting Density on Radiation Use
Efficiency (RUE) of Maize Cultivars

As planting density increased, RI and RUE values
also increased. The reason for this increase may be
that, as plant density increased, the amount of radiation
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Table 5. Dry matter (DM) production under different plant densities and cultivars.

Treatments Pre silk (kg ha) Post silk (kg ha™) the ratio (E;I;r;/)p%t silk Total DM (kg ha')
YEAR
2017 7784.7a 13027a 0.7135a 20245a
2016 7741.6a 13213a 0.7141a 20512a
Plant Density (PDm?)

PD4.5 6237.4d 7407a 0.871a 13644c

PD6 6889.6¢ 9304b 0.9479a 16194c

PD7.5 8451.6b 11873bc 0.7323ab 20324b

PD9 8892.5b 13828cd 0.5377b 20990b

PD15 9482.7a 22006d 0.4551b 314890

Cultivar

ZD958 7927.6a 13215 a 0.7332a 20587a

LP206 7634.3b 13107a 0.6771a 20741a

JQ119 7372.0c 12329a 0.7031a 20256a

S.0.V

YEAR NS NS NS NS
Plant density *x *x *x **
Cultivar (C) * NS NS NS
PD*C o NS NS NS
Y*PD NS NS NS NS
Y*C NS NS NS NS
Y*PD*C NS NS NS NS

PD is an abbreviation for plant densities. Different letters among treatments indicate significant differences; *, ** indicate significance
at P0.05 and P0.01, according to the least significant difference (LSD), respectively, NS indicates that treatment effects were not
significant. Among cultivars, ZD 958 is (Zhengdan 958), LP206 is (Longping 206), and JQ 119 is (Jingiu 119), respectively.

intercepted by the plant canopy increased, which
enhanced the capacity of plants to intercept more solar
radiation. In this study, RUE increased from -31.30%
to -11.51% for ZD958, 28.45% to 10.43% for LP206,
and 26.34% to 9.89% for JQI119. Rlacc increased from
-12.42% to -3.48% for ZD958, -11.23% to -3.51%
for LP206, and -11.78% to 3.40% for JQ119. There
is a strong positive correlation between plant densities
and RUE (a) and plant densities and RI (b), as shown
in Fig. 4.

Effect of Planting Density on Biochemical
Composition of Maize Cultivars

To comprehend the effects of plant density on the
strength of carbohydrate content in response to various
cultivars, measurements of the lignin, cellulose, and
hemicellulose contents of the basal third internode are
represented in Table 7. During internode development,
the cellulose and lignin contents increased at the
flowering, silking, and grain-filling stages. Furthermore,

as plant density increased, the cellulose and lignin
concentrations of the basal third internode decreased.
In contrast to the fluctuation of lignin and cellulose
levels throughout internode growth, the hemicellulose
concentration of cultivars peaked during the silking
stage and decreased during the grain filling stage.
ZD958 had more lignin, cellulose, and hemicellulose
content compared with LP206 and JQI119. As a result,
ZD958 was more resistant to lodging than the other
cultivars

Discussion
Plant Density Effect on Growth Parameters

When plant population increases, particularly at
the tillering stage in Gramineae species, leaf area per
plant decreases [34]. In wheat, leaf area was larger at
low plant densities for lower leaf ranks, but it declined
for upper leaf ranks as plant density increased [35].
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Fig. 4. Correlation between plant density and a) RUE (g MJ-1 PAR) and b) RI (MJ PAR m™) effect PD4.5, PD6, PD7.5, PD9, and PD15
m? and different cultivars, i.e., C1: Zhengdan 958 (ZD958), C2: Longping 206 (LP206), and C3: Jingiu 119 (JQ119). R? is significant

at P<0.01.

This reduction in leaf area at high plant population can
be attributed to increased competition for resources.
Closer planting leads to decreased leaf area, which
in turn reduces the net assimilation rate of individual
plants, promotes earlier leaf senescence, and causes
increased shading among leaves. These findings are
consistent with previous studies, which reported the
highest leaf area at the lowest plant density and the
lowest leaf area at the highest plant population [36-38].
An increase in plant density also intensifies
competition between plants, leading to an elongation of
internodes and a reduction in their diameter, resulting
in taller, thinner stems [7, 8]. As a result, plant height
increases significantly. For instance, plant height
increased from 209 cm to 221 cm as density increased
[39]. High plant populations tend to produce taller
plants with thinner stems. An increase in plant height
due to high plant density can be attributed to enhanced
interplant competition for light and the disruption
of growth regulators that influence crop growth
[40]. According to meteorological data presented
in the supplementary material (Fig. 1), more precipitation
was recorded at the anthesis stage, leading to over 60%

lodging [8], which ultimately reduced grain yield.
Fig. 5(a-b) show a positive correlation between plant
height and lodging percentage, and a negative correlation
between yield and lodging percentage.

Plant Density Effect on Yield
and Yield-related Components

In modern crop production, high plant density is
often regarded as a key agronomic practice for enhancing
yield [41-44]. However, it is crucial to note that increased
plant density does not always correspond to higher
yields [45, 46]. In this study, grain yield significantly
increased at a plant density of PD7.5, which aligns with
findings from other research [45, 46]. Although higher
plant densities generally boosted dry matter and grain
yield, yields at PD9 and PD15 declined due to lodging
in cultivars LP206 and JQI19, as previously reported
[8]. In contrast, ZD958 maintained stability under these
conditions. Similar studies have documented yield
losses of 5% to 40% from stalk lodging under high-
density planting [47-49]. The main reason for lodging
in LP206 and JQ119 was the reduction in stem diameter
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Fig. 5. Correlation between a) plant height and lodging percentage and b) between yield and lodging percentage.

and length due to high competition at high plant density
®).

1000 kernel weight (TKW) was highest at PD4.5
and decreased as plant density increased, with
discernible differences among hybrids, as presented in
Table 1. These findings align with previous research
that also demonstrated a significant decrease in TKW
as plant density increased [50, 51]. Other studies have
shown a linear reduction in TKW with increasing
plant population. Our results are consistent with the
findings of [22, 27, 52, 53], who reported that there is
a slight correlation between plant population and TKW.
Additionally, increased plant density led to a reduction
in ear length, likely due to competition for essential
resources such as space, water, and nutrients [54, 9]. This
competition adversely affected ear length, ear weight,
and ear diameter, which collectively reduced yield per
plant [55]. Previous studies similarly observed that the
highest ear length occurs at lower plant densities, with
the lowest recorded at high plant densities [56, 57].

The number of kernel rows (NKR) is another
important trait that affects yield. In our study, NKR
decreased as plant population increased, with the
maximum NKR observed at PD4.5 and the minimum
at PDI15. This reduction in NKR at higher densities
likely results from efficient resource utilization at lower
densities, where plants face less competition for critical

resources such as space, water, nutrients, and light
[58-60]. Similarly, as plant density increased, NKPR
significantly decreased. This reduction in NKPR at
high plant populations is likely due to competition
among plants for nutrients, limiting kernel growth and
development [57-61]. Table 8 represents a robust positive
correlation between cob diameter, cob length, NKR,
NKPR, and TKW. Additionally, cob characteristics, such
as cob diameter, number of kernel rows, and number
of kernels per ear, showed significant correlations
and cultivar-specific interactions. High plant density led
to a reduction in cob length (-10.8%), ear weight (-6%),
and the NKPR (-10%) [62-64].

Plant Density Effect on Biomass
Accumulation, PAR, and RUE

Biomass production is a vital parameter for
determining grain yield and crop development. In
our study, we observed a positive correlation between
biomass production and grain yield, consistent with
previous studies indicating that high biomass production
is associated with high yield [28]. Specifically, our
results demonstrated that biomass production was
enhanced with plant density, increasing from PD4.5 to
PD15 plants m™2. This aligns with the previous findings
demonstrating that dry matter increased with increasing
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plant population [65-67]. The enhancement in dry
biomass yield is attributed to a greater number of plants
per unit area, enhancing overall productivity.

PAR and RUE are important physiological traits in
agronomy, as they help intercept light to support the
C:N ratio and improve the metabolic pathways of crops.
Our results showed that as plant density increased, RI
and RUE also increased due to increased leaf area and
lamina length, driven by higher interplant competition.
High plant density enhanced both the amount and
quantity of radiation captured by the plant canopy,
enabling plants to intercept more solar radiation (51).
Fig. 4 illustrates strong positive correlations between
plant density and both RUE (a) and RI (b), underscoring
the importance of RUE and RI in determining dry
matter accumulation in crops.

Plant Density Effect on Cellulose, Lignin,
and Hemicellulose Content of Maize Cultivars

Lodging resistance is a critical trait in crop
cultivation, and  morphological  characteristics
significantly impact lodging resistance. Studies have been
conducted to examine the morphological, histological,
and anatomical differences in response to different
plant populations to breed lodging-resistant cultivars.
Table 6 represents the effects of plant density on cellulose,
lignin, and hemicellulose content in maize. Previous
research indicates that a higher plant population extends

Table 6. Plant density effect on PAR in different corn cultivars.

the period of rapid internode elongation [33]. Close
planting reduces light intensity within the maize canopy,
inhibiting the photodestruction of auxin and increasing
internode length [28]. However, rapid thickening of
internodes terminates earlier, and the duration of fast
internode thickness and internode elongation is reduced
as carbohydrates are predominantly used for internode
elongation, causing a decrease in diameter. As a result,
high-density plantings produce taller plants with reduced
internode diameter, leading to less light penetration and
reduced photosynthetic capacity in lower canopy layers
[68]. Our study found that high plant density leads to
a shorter period of rapid dry matter accumulation in
the basal third internode. As a result, the rate of RPS
(rind penetration strength) generation declined with
higher plant density. Dense planting has significant
effects on the basal third internode. This effect on
the basal internode involves accelerated elongation
but a reduced growth period for internode diameter.
Previous research indicates that dense planting inhibits
carbohydrate production in the basal internode, which in
turn slows the accumulation of cellulose and lignin, as
well as cortical development. Morphogenesis primarily
occurs during stalk development, with the diameter of
the basal internode increasing along with its length. The
decrease in structural carbohydrates necessary for RPS
development in maize internodes has been observed.
Nonstructural carbohydrates produced in the leaves are
transported to the internodes, where they are converted

Treatments P1 P2 P3 P4 P5 P6
Plant density m?
PD4.5 417.82a 540a 669a 892.56a 1422a 1598a
PD6 411.67b 532b 656b 860.5b 1402.9b 1572.32b
PD7.5 405.98¢ 521.68¢c 642.6¢ 848.69¢ 1387.6¢ 1556¢
PD9 401.34cd 509d 630d 839.6¢cd 1375.1d 1540d
PDI15 397d 505.22de 622.3e 815e 1351.3e 1518e
Cultivar
ZD958 417.78a 526.28a 648.34a 849.93a 1392.2a 1560a
LP206 402.93b 520ab 642.56b 845.34ab 1388.3a 1558a
JQ119 395.18¢ 512.8b 640.38b 830.23¢ 1380.3b 1550b
S.0.V
Plant density *% *% % *% *% *%
Cultivar * * * * * *
P*C NS NS NS NS NS NS

PD is an abbreviation for plant densities. Photosynthetically active radiation (PAR) in different canopy layers is affected by plant
density at the flowering stage. Abbreviations for canopy height: P1, above the senescent leaves; P2, halfway between the soil surface
and the cob; P3, cob height; P4, halfway between the cob and the canopy top; P5, 20 cm above the canopy; P6, at the top canopy level.
Different letters among treatments indicate significant differences; * and ** indicate significance at P0.05 and P0.01, respectively,
according to the least significant difference (LSD). NS indicates that treatment effects were not significant. Among cultivars, ZD 958
is Zhengdan 958, LP206 is Longping 206, and JQ119 is Jinqiu 119, respectively.



Optimizing Maize Plant Density to Enhance... 13

Table 7. Plant density effect on biochemical parameters of maize cultivars.

Cellulose Lignin Hemicellulos
Treatments
Flowering | Silking | Blister Flowering | Silking | Blister Flowering Silking Blister
YEAR
2017 152.17a 203.54a | 243.73a 32.433a 50.411a | 63.033a 130.52a 143.01a 135.57a
2016 146.47b 197.64b | 237.93b 25.133b 43.111b | 55.733b 124.62b 137.11b 129.67b
Plant Density (PDm?)
PD4.5 192.85a 293.62a | 404.57a 42.094a 77.761a | 90.781a 165.62a 184.62a 171.28a
PD6 171.52b 247.51b | 270.57b 32.65b 64.317b | 73.123b 143.73b 154.62b 144.62b
PD7.5 157.18¢ 193.95¢ | 217.9¢ 27.317¢ 43.206¢c | 60.986¢ 125.39¢ 131.84c 127.95¢
PD9 132.18d 153.95d | 175.9d 22.983d 27.539d | 40.213d | 109.28cd 119.62d 117.28d
PDI5 92.85¢ 113.95¢ | 135.23¢ 18.872¢ 20.983e | 29.983e 93.84d 109.62¢ 101.95¢
Cultivar
ZD958 159.45a 209.35a | 250.5a 34.183a 53.317a 67.05a 140.75a 148.35a 140.82a
LP206 147.45b 198.35b | 238.1b 27.317b 46.65ab 57.05b 128.42b 138.48b 130.88b
JQ119 141.05¢ 194.08c | 233.9¢ 24.85¢ 40.317b 54.05¢ 113.55¢ 133.35b 126.15¢
S.0.V
YEAR * * * * * * * * *
Plant density *% *% *% *% *% *% *% *% *%
Cultivar (C) ok 3k *® 3k 3k *® 3k 3k *
PD*C NS NS NS NS NS NS NS NS NS
Y*PD NS NS NS NS NS NS NS NS NS
Y*C NS NS NS NS NS NS NS NS NS
Y*PD*C NS NS NS NS NS NS NS NS NS

PD is an abbreviation for plant densities. Different letters within a year, density, or cultivars indicate significant differences; *, **
at P0.05 and P0.01, according to the least significant difference (LSD), respectively. NS indicates that treatment effects were not
significant. Among cultivars, ZD 958 is (Zhengdan 958), LP206 is (Longping206), JQ119 is (Jingiu 119), respectively.

Table 8. Correlation between cob characteristics.

Length BP Diameter NKR NPKR
BP -0.2919%*
Diameter 0.6338%%* 0.0733ns
NKR 0.4964 ** 0.2334* 0.5129%**
NPKR 0.8851%* -0.4616** 0.4386%** 0.3856**
1000 G 0.3441%** 0.0125NS 0.3304* 0.2051* 0.2051*

*, ** indicate significance at P<0.05 and 0.01, respectively; NS indicates that the correlation was not significant. BP is barren part,
NKR is the number of kernel rows, NPKR is the number of kernels per row.

into structural carbohydrates. The rapid build-up of cellulose, hemicellulose, and lignin content. In brief, our
total carbs precedes the quick synthesis of structural
carbohydrates. ZD958 outperforms LP206 and JQ119
in terms of biochemical metrics. Our results (Fig. 6)
showed that there is a strong positive correlation between

stem crushing resistance, stem bending resistance, and

findings demonstrate the impact of plant density on the
basal third internode of maize plants, with implications
for carbohydrate production, structural development,

and biochemical metrics.
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crushing resistance (N).

Conclusions

In summary, higher plant densities enhance radiation
interception, resulting in higher DMA, RUE, and grain
production, along with significant changes in ear traits.
Optimal grain production was achieved at planting
densities of PD6 and PD7.5, while densities of PD9
and PDI5 reduced yield due to increased lodging in
JQI119 and LP206. Planting density had a substantial
impact on ear traits, showing a strong correlation
between cob length and kernel count per row. Cultivars
JQI119 and LP206 performed well at PD6 and PD7.5,
whereas the lodging-resistant ZD958 achieved higher
yields at greater densities. In general, we recommend
that the ideal plant densities for maize production to
achieve high yield are PD6 and PD7.5. Furthermore, to
enhance photosynthesis and dry matter accumulation,
we suggest the application of plant growth regulators
such as ethephon and optimized fertilizer strategies to
boost internode thickness, rind strength, and lodging
resistance.
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