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Abstract: Increasing the planting density of summer maize to improve the utilization efficiency of
limited soil and water resources is an effective approach; however, how the leaf water-use efficiency
(WUEL), yield, and RUE respond to planting density and genotypes remains unclear. A 2-year field
experiment was performed in the North China Plain (NCP) to investigate the effects of planting
density (high, 100,000 plants ha−1; medium, 78,000 plants ha−1; and low, 56,000 plants ha−1) and
genotypes (Zhengdan 958 and Denghai 605) on the leaf area index (LAI), photosynthetic characteris-
tics, dry-matter accumulation, WUEL, and RUE of maize. The objective was to explore the effect of
density and genotype on the WUEL and RUE of maize. Increasing planting density boosted LAI, light
interception, dry-matter accumulation, and spike number but reduced the chlorophyll content, net
photosynthetic rate, transpiration rate, and 1000-kernel weight. Both high and low planting densities
were averse to RUE and yield. Zhengdan 958 increased the WUEL by 19.45% compared with Denghai
605, but the RUE of Denghai 605 was 18.19% higher than Zhengdan 958, suggesting that Denghai 605
had a greater production potential as the planting density increased. Our findings recommend using
78,000 plants ha−1 as the planting density with Denghai 605 to maintain summer maize yields in
the NCP.

Keywords: chlorophyll content index; leaf area index; leaf water-use efficiency; radiation-use
efficiency; yield

1. Introduction

Food security has become a growing global challenge for the world [1]. According to
data released by the World Food and Agriculture Organization of the United Nations (2022),
the number of hungry people worldwide was 828 million in 2021, and the global population
affected by food shortages will not decrease in the following decade (www.fao.org [accessed
on 1 October 2022]). The imbalance between food demand and agricultural resources is
the most prominent challenge in global resource protection and rational utilization, and it
is becoming increasingly serious with population growth. Improving land productivity
and agricultural resource utilization efficiency is necessary to mitigate this challenge [2].
Wheat, maize, and rice are the main food crops worldwide, and the planting area of each
crop exceeds 200 million hectares. Among them, maize, which is distributed over a wider
area, has better environmental adaptability [3]. China is the main maize producer, and
according to statistics from the State Statistical Bureau (China), the maize planting area in
2021 in China reached 430 million hectares (www.stats.gov.cn [accessed on 1 October 2022]).
China’s important maize production base is the North China Plain (NCP) [4]. China has
only 9% of the world’s arable land and 6% of the world’s total water resources; however,
it provides food for 22% of the world’s population [5]. Limited freshwater resources
greatly challenge agricultural sustainability and development; therefore, the development
of high-water-use efficient agriculture is urgent [6].

To balance the huge demand for grain production and limited land resources, increas-
ing planting density is generally considered a key solution to improve land productivity
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and crop yield [7]. However, high plant density reduces the light intensity reaching the
lower canopy, consequently reducing the crop function of the lower canopy, resulting in low
utilization of nutrients and light resources by plants, adversely affecting crop yield [8,9]. In
addition, maize is sensitive to soil moisture [10]. Improper planting patterns generally ac-
celerate water and land resource shortages [11,12], threatening regional food supplies [13].
Plant density is also a crucial factor influencing crop biomass formation [14].

Photosynthesis is a crucial metabolic process in plants that determines the transport
and partitioning of photoassimilates [15]. The photosynthetic intensity is generally con-
trolled by chloroplast structure and chlorophyll concentration [16]. Through chlorophyll,
green plants transform light energy into chemical energy, and chlorophyll concentration
is usually adopted to evaluate the photosynthetic dynamics of leaves [17]. For example,
Huang et al. [18] found that higher chlorophyll content improved the photosynthetic perfor-
mance of leaves. Enhanced photosynthesis was beneficial in improving the radiation-use
efficiency (RUE) and water-use efficiency of leaves (WUEL), increasing leaf transpiration
rate, boosting the nutrient utilization rate of plants [19], and improving water-use effi-
ciency [20]. In addition, the filling stage is a key period for grain formation in summer
maize [21]. The dry matter of grains is influenced by the filling rate and time, which largely
depend on genotype and environmental factors [22], such as drought stress, planting
density, and light intensity [23].

One of the most significant environmental factors that affect plant growth and grain
development is light intensity [24]. As a C4 plant, maize is highly sensitive to light intensity,
and its growth requires rich sunlight resources [25]. Photosynthetically active radiation
(PAR) is closely related to the energy transformation and material production processes
of plants and is the primary energy source for biomass formation [26,27]. Specifically,
green plants use PAR from sunlight and CO2 in the atmosphere to generate chemical
energy through photosynthesis, thus providing nutrition for almost all living organisms on
Earth [28]. Therefore, the interception of solar radiation is vital for the growth of summer
maize under field conditions [29]. In summer maize, the absorption of solar radiation
is also affected by the leaf area index (LAI) [30,31]. The leaves convert the intercepted
solar radiation into dry matter above ground [32]. The accumulation of dry matter above
the ground further affects the summer maize yield [33]. Crop productivity in dryland
agriculture is strongly correlated with the efficiency of converting water and solar radiation
into dry-matter accumulation [34].

Canopy structure is an important feature of agricultural ecosystems that affects water–
carbon cycling, the microclimate, and crop competitiveness [35–38]. Changes in plant
density can cause significant changes in the canopy structure and further affect the inter-
ception of light radiation [39–41]. An appropriate planting density can adjust the canopy
structure of summer maize and improve the light distribution in the canopy for improving
the efficiency of light energy utilization [42]. For example, Shi et al. [43] showed that
increasing density improves LAI when the density is 82,500 plants ha−1, with the summer
maize having the highest RUE. Chen et al. [44] reported that when the density of maize
increased from six to nine plants m−2, the water-use efficiency also increased. However,
if LAI increases too high, it may result in self-shading and even yield loss [45]. The ideal
LAI has been shown in earlier investigations to be higher than 10 [46]. However, according
to Kiniry et al. [47], the ideal LAI for maize was 6. Therefore, choosing the right planting
density will enhancing the yield and RUE.

Previous studies have only reported a single effect of planting density or genotype
on maize growth. For example, Shi et al. [48] showed that increasing the planting density
of maize significantly improved the biomass and LAI of maize after flowering, and the
distribution and absorption of light in the maize canopy under high-density treatment were
different from those under low-density treatment. Liu et al. [49] revealed that different
genotypes showed different canopy interception ratios, accumulation levels of dry matter,
and yield. However, the changes in the WUEL, RUE, and yield of summer maize under the
combination of planting density and genotype remain unclear. Therefore, in our research,
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we selected two key factors related to limiting the use of solar radiation and water resources,
i.e., density and genotype. We hypothesized that more drought-resistant genotypes of
maize combined with appropriate planting density could greatly increase solar radiation
and water utilization efficiency, mitigating the shortage of cultivated land and freshwater
resources. In this study, two summer maize genotypes with various levels of drought
resistance in NCP and three planting densities were selected. We determined the effects of
planting density and summer maize genotype on canopy structure, PAR, WUEL, yield, and
RUE. In this study, our goal is to investigate the following: (1) study the effect of density
and genotype on WUEL and RUE of summer maize; (2) determine the yield of summer
maize with different planting densities and genotypes. Our findings can provide theoretical
value for maintaining summer maize yields in the NCP.

2. Materials and Methods
2.1. Experimental Station

The experiment was carried out during the summer maize growing seasons in 2021
and 2022 under rain-fed conditions at the Agronomy Experiment Station of Shandong
Agricultural University (36◦10′9′′ N, 117◦9′03′′ E). The experimental station is in the tem-
perate continental monsoon climate zone, with an average annual rainfall from June to
September of 453.7 mm. The soil of the experimental site is loamy (40% sand, 44% silt, and
16% clay), with total nitrogen, available phosphorus, and available potassium contents
of 108.3 m kg−1, 16.2 mg kg−1, and 92.6 mg kg−1 in the 0–20 cm soil layer, respectively.
In the 2021 and 2022 summer maize growing seasons, the precipitation was 691 mm and
532 mm, respectively. The precipitation and temperature during June to September of
the test are shown in Figure 1. An on-site weather station (NL–GPRS–1, Zhejiang Top
Cloud-agri Technology Co., Ltd., Zhejiang, China) was used to recorded the weather infor-
mation (precipitation, minimum and maximum temperatures, and solar radiation) near the
study site.
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Summer maize was planted in experimental plots with an area of 3 m × 3 m, sur-
rounded by bricks and concrete (1.50 m deep) to prevent the horizontal flow of water.
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2.2. Experimental Design

A split-plot design with a random zone arrangement was used for the experiment. Three
planting patterns, including high (H, 100,000 plants ha−1), medium (M, 78,000 plants ha−1),
and low (L, 56,000 plants ha−1) densities, were the main divisions, and two genotypes,
Zhengdan 958 (Z) and Denghai 605 (D), were the subdivisions. Z (Henan Academy of
Agricultural Sciences Institute of Grain Crops; Zhengzhou, Henan, China) was the drought-
resistant. D (Shandong Denghai Seed Industry Co., Ltd.; Laizhou, Shandong, China) was
the drought-sensitive. There were six treatments in total, and each treatment was repeated
thrice. A total of 18 plots were randomly arranged into blocks. The row spacing of summer
maize was 60 cm. Summer maize was planted on 20 June 2021 and 19 June 2022, then
harvested on 24 September 2021 and 24 September 2022. In the two years, the accumulated
rainfall in the week before sowing was 75.5 mm and 22.2 mm, respectively, so we irrigated
before sowing at 60 mm in 2022. The irrigation method was flood irrigation. Before sowing,
22.50 g m−2 of urea, 16.90 g m−2 potassium chloride, and 22.50 g m−2 diammonium
phosphate were applied as base fertilizers in each plot. Topdressing urea was applied at
the V6 (the sixth-leaf stage) with 22.50 g m−2. Other field management practices referred to
local experiences.

2.3. Measurements
2.3.1. Leaf Area Index

At V6, V12 (the twelfth-leaf stage), R1 (silking stage), and R2 (filling stage) of summer
maize, we selected three uniform-growth plants from each plot and measured the length
and maximum width of all leaves. LAI was calculated as follows [50]:

Leaf area per plant =
n

∑
i=1

k(Li × Bi) (1)

Leaf area index (LAI) = leaf area per plant × number of plants per unit area (2)

where k is the leaf area conversion coefficient, the fully developed leaf k is 0.75, the
undeveloped leaf k is 0.50, L is the leaf length, B is the maximum leaf width, and subscript
i is the number of leaves.

2.3.2. Photosynthetically Active Radiation

During R2 of summer maize, PAR measurements were conducted from 9:00 to 11:00 on
typical sunny days. The test data were collected through a linear sensor using the SunScan
canopy analyzer (Delta-T Devices Ltd., Cambridge, UK) The sensor was placed parallel
between two adjacent rows of summer maize and parallel to the ground. The incident and
reflected PAR were measured at the top, middle, and bottom of the canopy of the summer
maize. The bottom data were measured at 10 cm higher than ground. PAR interception,
penetration, and reflection ratio of the entire canopy were calculated as follows [16]:

Canopy PAR interception ratio =

[
in(c) − re(c) − in(g) + re(g)

]
in(c)

× 100% (3)

Canopy PAR penetration ratio =
in(g)

in(c)
× 100% (4)

Canopy reflection ratio of canopy =
(1−Canopy PAR interception ratio −Canopy PAR penetration ratio)× 100%

(5)

where in(c) is the incidence of the canopy, in(g) is the incidence of the stratum, re(c) is the
reflection of the canopy, and re(g) is the reflection of the bottom.
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The PAR interception ratio in the middle of the canopy was calculated as follows:

The PAR interception ratio at the middle of canopy =
[in(s)−re(s)−in(g)+re(g)]

in(c)
× 100%

(6)

where in(s) is the incidence at the middle of the canopy and re(s) is the reflection at the
middle of the canopy.

2.3.3. Chlorophyll Content Index

In summer maize R1 and R2, chlorophyll content index (CCI) was measured using
a CCM-200 Chlorophyll Content Meter (Opti-Sciences, Inc., Hudson, NH, USA). Three
spiked leaves with uniform growth were selected from each plot [16].

2.3.4. Photosynthetic Parameters

The net photosynthetic rate (Pn) and transpiration rate (Tr) were measured using an LI-
6400 Portable Photosynthetic Assay System (LI-COR, Lincoln, NE, USA). On a typical sunny
day, Pn and Tr of the spike leaves of summer maize were measured between 9:00–11:00 a.m.
Leaf water-use efficiency (WUEL) was calculated as follows [51]:

WUEL =
Pn
Tr

(7)

where Pn is the net photosynthetic rate (µmol CO2 m−2 s−1) and Tr is the transpiration rate
(mmol H2O m−2 s−1).

2.3.5. Dry-Matter Accumulation

At V6, V12, R1, R2, and R6 (mature stage) of summer maize, we selected representative
plants from each plot, cut them into small samples, and placed them in an oven at 105 ºC
for sterilization for 30 min. The samples were then dried to a constant weight at 85 ◦C. An
electronic balance was used to weigh the dry-matter mass and calculate the dry-matter
accumulation [49].

2.3.6. Radiation-Use Efficiency

The radiation-use efficiency (RUE) was calculated as the ratio of dry-matter accumu-
lation to intercepted radiation during the growth periods. The daily solar radiation was
recorded at an on-site weather station [16].

2.3.7. Grain Yield and Yield Components

In R6 of summer maize, 3 m double rows were selected in each plot for yield mea-
surement. The number of spikes per unit area was calculated. After natural air drying, the
number of rows per spike and grains per row was recorded. After threshing, an electronic
balance was used to measure the yield and kernel weight and convert them to a mass
containing 14% water [52].

2.4. Statistical Analysis

SPSS 26 (IBM, Chicago, IL, USA) data processing software was used for statistical
analysis. An analysis of variance (ANOVA) was used to evaluate the differences between
treatments. Differences were considered statistically significant at p ≤ 0.05 according to the
least significant difference (LSD).

3. Results
3.1. Leaf Area Index

Under each treatment, the LAI of summer maize showed a trend of rapid increase
from V6 to R1, after which there was a gradual change (Figure 2). For the same genotype of
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summer maize, the LAI decreased with a reduction in planting density at every stage. The
LAI under the ZH treatment was significantly higher than that of the other treatments. In
both growing seasons, LAI was 15.71% higher in Zhengdan 958 than in Denghai 605.
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Figure 2. LAI of summer maize at different growing stages in the 2021 and 2022 summer maize growing
seasons. Z represents Zhengdan 958, D represents Denghai 605; H represents high density, M represents
middle density, and L represents low density. The measurement date was on 19 July, 27 July, 10 August,
and 28 August, 2021; and 15 July, 27 July, 13 August, and 4 September, 2022, which belonged to V6 (the
sixth-leaf stage), V12 (the twelfth-leaf stage), R1 (silking stage), and R2 (filling stage) of summer maize,
respectively. Vertical bars represent standard errors. Bars labeled at the top of the column with different
letters are significantly (p < 0.05) different among treatments using LSD post hoc test.

3.2. Photosynthetically Active Radiation

The PAR interception ratio of the canopy generally decreased with a decline in planting
density during the summer maize R2 stage in 2021 and 2022 (Table 1). However, in both
growing seasons, the PAR interception ratios of the H and M treatments were 6.70% and
4.66% higher on average than that of L, respectively. Meanwhile, in both growing seasons,
the PAR penetration ratio of the canopy increased with the decrease in planting density,
and the H and M treatments were significantly lower (52.61% and 32.81% on average,
respectively) than L treatment.

The experimental year and planting density significantly interacted with the PAR
interception ratio of the canopy. However, there were no significant interaction effects on
the PAR interception ratio of the canopy between the other treatments.

Similar to the total canopy PAR interception ratio, both genotypes and planting
densities significantly affected the PAR interception ratio in the middle of the canopy
during the summer maize R2 stage in 2021 and 2022 (Figure 3). At the same density, the
PAR interception ratio in the middle of the canopy of Zhengdan 958 was higher than that
of Denghai 605. Compared with Denghai 605, the PAR interception ratio at the middle of
the canopy under Zhengdan 958 treatments increased by 20.99%, 15.15%, and 9.82% for
the H, M, and L conditions, respectively, in 2021, and 5.49%, 6.57%, and 7.61% in 2022,
respectively. For the same genotype, the PAR interception ratio in the middle of the canopy
is the highest under M treatment; however, no significant differences were found among
the H and M treatments.
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Table 1. Effects of planting densities and genotypes on canopy PAR interception ratio, penetration
ratio, and reflection ratio during the summer maize R2 (filling stage) in 2021 and 2022.

Treatments

Interception Ratio Penetration Ratio Reflection Ratio

(%) (%) (%)

2021 2022 2021 2022 2021 2022

Genotypes
Z 89.02 a 92.65 a 7.82 a 5.67 a 3.16 a 1.68 a

D 88.69 a 90.63 b 7.88 a 7.58 a 3.43 a 1.79 a

p-value 0.854 0.046 0.964 0.072 0.602 0.520
Densities

H 92.74 a 93.25 a 4.35 c 4.91 b 2.91 b 1.84 a

M 88.89 b 92.28 a 8.62 b 6.02 b 2.49 b 1.70 b

L 84.93 c 89.38 b 10.58 a 8.96 a 4.48 a 1.67 c

p-value 0.000 0.001 0.000 0.001 0.000 0.684
Treatments

ZH 92.33 a 94.58 a 4.69 c 3.61 d 2.98 b 1.81 a

ZM 88.96 b 92.94 ab 8.97 b 5.46 cd 2.08 b 1.60 a

ZL 85.77 bc 90.43 c 9.79 ab 7.94 ab 4.44 a 1.63 a

DH 93.15 a 91.92 bc 4.01 c 6.20 bc 2.85 b 1.88 a

DM 88.82 b 91.63 bc 8.27 b 6.57 bc 2.91 b 1.80 a

DL 84.10 c 88.32 d 11.37 a 9.98 a 4.53 a 1.70 a

p-value 0.000 0.000 0.000 0.001 0.001 0.947

Interaction (p-value)
Y × G 0.087 0.033 0.642
Y × P 0.007 0.130 0.000
G × P 0.568 0.294 0.375

Y × G ×P 0.409 0.388 0.575
The data were the average values on 12 September 2021 and 7 September 2022. Z represents Zhengdan 958, D
represents Denghai 605; H represents high density, M represents middle density, L represents low density; Y represents
experimental year, G represents genotypes, and P represents densities. In each growing season, in the same column,
values followed by different letters differ significantly (p < 0.05) among treatments using LSD post hoc test.
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3.3. Chlorophyll Content Index

The CCI of Denghai 605 was 28.17% and 17.03% higher than that of Zhengdan 958 in
2021 and 2022, respectively. Increasing planting density significantly diminished the CCI
(Figure 4). Compared with the L treatment, at the R1 stage, CCI in M and H decreased by
3.32% and 6.30% in 2021 and by 8.34% and 14.60% in 2022, respectively; at the R2 stage,
CCI in M and H decreased by 8.63% and 18.75% in 2021 and by 10.32% and 14.35% in
2022, respectively.
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3.4. Photosynthetic Parameters

In both growing seasons, the Pn of summer maize decreased with the increase in
planting density. H and M treatments reduced the Pn of summer maize by 18.66% and
8.96% in the L treatments, respectively (Figure 5). Similar to Pn, the Tr of two genotypes
for summer maize significantly decreased with the increasing planting density. The Tr of
Denghai 605 was 27.45%, 16.14%, and 17.90% higher than that of Zhengdan 958 under H, M,
and L conditions in 2021, respectively, and 23.62%, 5.18%, and 13.85% in 2022, respectively.

The higher the planting density, the larger the WUEL of Zhengdan 958; however, the
WUEL of Denghai 605 is the highest in treatment M. The H treatment had the highest
WUEL, which was significantly higher than that of the other treatments during both
growing seasons. For example, the WUEL of Zhengdan 958 was 20.60% (2021) and 18.19%
(2022) on average compared with Denghai 605; however, the significance appeared only in
the H treatments.
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3.5. Dry-Matter Accumulation and Radiation-Use Efficiency

In the vegetative stages (V6 and V12) and R1 of both growing seasons under the
same planting density, the dry-matter accumulation of Zhengdan 958 was always higher
than that of Denghai 605 (Figure 6). Under the same genotype conditions, the dry-matter
accumulation in summer maize was in the order of H > M > L. During R6, the dry-matter
accumulation under the DM treatment was the highest in both growth seasons, and it
significantly increased by 16.31% compared with ZM in 2021.

Under the same genotype treatment, the RUE of the H treatment was the highest in
the vegetative stages (V6–R1) of both growth seasons. In the reproductive stages (R1–R6)
of both growing seasons, the RUE of the DM treatment was the highest, at 2.02 and
2.16 g MJ−1, respectively (Figure 7). In both growing seasons, M planting density increased
the RUE of summer maize by 10.61% and 25.76% for H and L, respectively, and the RUE of
Denghai 605 was 18.19% higher on average than that of Zhengdan 958.
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Figure 6. Effects of planting densities and genotypes on dry-matter accumulation at V6 (the sixth−leaf
stage), V12 (the twelfth−leaf stage), R1 (silking stage), R2 (filling stage), and R6 (mature stage) in 2021
and 2022 summer maize growing seasons. Z represents Zhengdan 958, D represents Denghai 605;
H represents high density, M represents middle density, and L represents low density. Vertical bars
represent standard errors. Bars labeled at the top of the column with different letters are significantly
(p < 0.05) different among treatments using LSD post hoc test.
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Figure 7. Effects of planting densities and genotypes between V6 (the sixth−leaf stage), R1 (silking
stage), R1 (silking stage), R6 (mature stage) on radiation−use efficiency in 2021 and 2022 summer
maize growing seasons. V6−R1 represents the stage from V6 to R1, R1−R6 represents the stage
from R1 to R6; Z represents Zhengdan 958, D represents Denghai 605; H represents high density,
M represents middle density, and L represents low density. Vertical bars represent standard errors.
Bars labeled at the top of the column with different letters are significantly (p < 0.05) different among
treatments using LSD post hoc test.
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3.6. Grain Yield and Yield Components

The genotype significantly affected the number of rows per spike during both growing
seasons. Rows per spike dramatically increased in Denghai 605 by 6.62% and 8.55%
compared with Zhengdan 958 in 2021 and 2022, respectively (Table 2). Planting density
significantly affected spike number, kernel number per row, 1000-kernel weight, and
grain yield in summer maize. The spike number of summer maize under high-density
treatment was significantly higher than that under medium-density (21.37% and 16.98%,
respectively) and low-density (68.63% and 63.55%, respectively) treatments. However, the
kernel numbers per row and 1000-kernel weight under the low-density treatment were
higher than those under the high- and medium-density treatments. In 2021, the grain
number per row at a low density and 1000-kernel weight at a high density significantly
increased by 17.32% and 11.67% compared with medium- and high-density treatments,
and by 21.16%, 18.45%, 8.07%, and 3.51%, respectively, compared with medium density.
Although the increase in 1000-kernel weight under low density could compensate for the
decrease in spike number, the yield under low density was significantly reduced by 26.86%
and 24.83% compared with medium density in 2021 and 2022, respectively.

Table 2. Effects of planting density and genotypes on grain yield and yield components in 2021 and
2022 summer maize growing seasons.

Treatments

Spikes
Numbers

Rows Number
per Spike

Kernel Numbers
per Row 1000-Kernel Weight Grain Yield

(Spikes m−2) (Rows Spike−1) (Kernels Row−1) (g) (t ha−1)

2021 2022 2021 2022 2021 2022 2021 2022 2021 2022

Genotypes
Z 26.67 a 26.33 a 14.80 b 14.38 b 38.58 a 36.36 a 280.47 a 309.82 a 9.78 a 10.16 a

D 26.78 a 26.56 a 15.78 a 15.61 a 36.45 a 34.62 a 293.60 a 314.70 a 10.08 a 10.15 a

p-value 0.969 0.933 0.003 0.000 0.160 0.252 0.131 0.682 0.630 0.984
Densities

H 33.17 a 32.17 a 15.10 a 15.00 a 34.46 c 31.95 c 267.06 b 281.42 c 9.95 b 10.06 b

M 27.33 b 27.50 b 15.17 a 14.73 a 37.73 b 35.82 b 295.99 a 322.02 b 11.10 a 11.52 a

L 19.67 c 19.67 c 15.60 a 15.25 a 40.43 a 38.71 a 298.06 a 333.33 a 8.75 c 8.89 c

p-value 0.000 0.000 0.506 0.569 0.001 0.000 0.001 0.000 0.002 0.000
Treatments

ZH 32.67 a 32.00 a 15.13 bc 14.40 c 36.50 b 32.73 cd 261.78 d 286.70 d 10.48 ab 10.66 b

ZM 27.67 b 27.00 b 14.73 c 14.33 c 38.70 ab 37.00 b 297.46 b 316.59 c 11.02 a 11.11 ab

ZL 19.67 c 20.00 c 14.53 c 14.40 c 40.55 a 39.37 a 282.17 c 276.14 e 7.84 c 8.72 c

DH 33.67 a 32.33 a 15.07 bc 15.60 ab 32.42 c 31.18 d 272.34 c 326.17 b 9.43 b 9.46 c

DM 27.00 b 28.00 b 16.47 a 15.13 bc 36.75 b 34.63 c 294.51 b 327.45 b 11.17 a 11.94 a

DL 19.67 c 19.33 c 15.80 ab 16.10 a 40.21 a 38.05 ab 313.96 a 340.50 a 9.65 b 9.05 c

p-value 0.000 0.000 0.002 0.003 0.001 0.000 0.000 0.000 0.001 0.000

Interaction (p-value)
Y × G 0.894 0.417 0.694 0.032 0.436
Y × P 0.469 0.045 0.764 0.000 0.778
G × P 0.618 0.059 0.244 0.000 0.001

Y × G × P 0.423 0.025 0.292 0.001 0.113

Z represents Zhengdan 958, D represents Denghai 605; H represents high density, M represents middle density, L
represents low density; Y represents experimental year, G represents genotypes and P represents densities. In
each growing season, in the same column, values followed by different letters differ significantly (p < 0.05) among
treatments using LSD post hoc test.

Significant interactions were found between genotype and planting density for grain
yield. However, neither the experimental years and genotypes or the experimental years
and densities had a significant interaction effect on grain yield. Additionally, there was no
three-way interaction impact between density, genotype, and experimental year.
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4. Discussion

In the present study, the LAI of summer maize increased with increasing planting
density (Figure 2). As the summer maize density increases, competition among plants
intensifies and, consequently, maize leaves may develop rapidly, resulting in a larger
LAI [53]. In addition, the effective number of plants per unit area is an important reason
for the increase in LAI. Therefore, our results are in agreement with those reported by
Gou et al. [54].

The fluctuations in the overall canopy’s PAR interception ratio were consistent with
LAI, which showed an increasing tendency with improved planting density (Table 1).
However, the PAR interception ratio in the middle of the canopy under the medium-
density treatment was higher than that under high- and low-density treatments (Figure 3).
Higher LAI aggravated the shading effects between summer maize plants under high-
density treatment, significantly reducing the PAR interception ratio measured at the middle
and bottom of the canopy, thereby reducing the photosynthetic capacity of leaves located
at the bottom of the canopy [53,55]. Liu et al. [56] found that with an increase in plant
density, the amount of solar radiation intercepted by the lower leaves decreased and the leaf
senescence speed increased, which agrees with our study. Moreover, the PAR interception
ratio at the middle of the canopy significantly impacted the grain yield because the spiked
leaf and its adjacent leaves are the most vital functions in the grain formation of summer
maize [57]. Chen et al. [58] found that the overgrowth of crop vegetation increased the
shading of leaves, thus reducing PAR conversion efficiency, which is consistent with our
results. Therefore, we conclude that for summer maize with high-density treatment, the
transmittance of PAR in the canopy decreases because of the larger canopy LAI, resulting
in an uneven distribution of PAR in the canopy. Therefore, dry-matter accumulation in
summer maize decreases, slowing the transport of photosynthetic substances to the grain.

In this study, the genotypes of summer maize had a significant impact on CCI. Electron
transfer in cells mainly depends on chlorophyll molecules, and can control how light energy
is absorbed, transformed, and distributed. They also contribute to photosynthesis [59,60].
A higher CCI can delay leaf senescence and improve filling efficiency [17]. Cellular aging
causes cellular proteins to break down and Pn levels to drop, thus decreasing Pn [61]. For
example, Li et al. [62] found that CCI was closely related to the yield of summer maize.
The CCI of Denghai 605 was higher than that of Zhengdan 958, which improved the
photosynthetic performance of Denghai 605, promoted the transformation of dry matter
into grains, and increased the yield of Denghai 605.

Pn and Tr are the highest in low density because, as the planting density of summer
maize decreased, the biomass and activity of the root system of a single plant increased [63].
As a result, the root could absorb more soil moisture and increase soil water-use effi-
ciency [64]. Water strongly controls the growth of crops [65]. The root system’s capacity
to take in and transmit water is enhanced with an increase in Tr [66]. A better water
environment could optimize Pn and Tr [67], promote the synthesis of chlorophyll, and
reduce the degradation of chlorophyll, and the increase in Pn could react with CCI and
enhance the photosynthetic performance of leaves [68]. Therefore, with an increase in Pn,
the photosynthetic performance of summer maize was enhanced, and the efficiency of
transforming photosynthetic effective radiation into dry-matter accumulation was also
improved. In the 2021 and 2022 growing seasons, the Pn of the DH treatment was lower
than that of the ZH treatment in R2. This indicated that the conversion efficiency of the DH
treatment to dry-matter accumulation through photosynthetic active radiation was lower
than that of the ZH treatment, resulting in a lower yield of the DH treatment than that of
the ZH treatment. In addition, the WUEL of Zhengdan 958 increased when the planting
density increased. However, the WUEL of Denghai 605 was the highest under the medium-
density treatment. Crop transpiration was the main component of water consumption [69].
Although photosynthesis was lower in Zhengdan 958 under the high-density treatment,
transpiration was also minimal, leading to a higher WUEL.
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During R2, the dry-matter accumulation of summer maize was the highest at a medium
planting density (except for the ZM treatment in 2021, and no significant differences were
found between ZM and ZH). This was because the accumulation of dry matter mainly
depended on the interception of solar radiation and the use of radiant energy [70,71]. The
intercepted quantity of PAR in maize leaves under the low-density treatment was low,
leading to a lower dry-matter accumulation. However, under high-density treatment, the
weak light caused by shading obstructed electron transmission in plants, reducing the
photosynthetic efficiency of summer maize [72]. Finally, dry-matter accumulation in the late
R2 of summer maize was relatively slow. A higher planting density of summer maize could
improve the dry-matter accumulation and grain yield per area and increase the competition
for environmental resources among single-summer maize [73]. Therefore, dry-matter
accumulation in summer maize was highest under the medium planting density treatment.

In this study, low planting density increased the 1000-grain weight of summer maize
but decreased the spike number in relation to medium and high planting density. The
reduction in spike number was due to the decline in effective plants per unit area caused
by planting density, which reduced the spike number of summer maize and reduced
yield. Yan et al. [74] also demonstrated that crop yield under low-density treatments was
positively correlated based on the quantity of panicles per square inch. The 1000-grain
weight at a high density was less than that at medium and low densities. This result was
consistent with that of Liu et al. [75], who found that high-density planting would reduce
the 1000-grain weight by 4–8%. The decrease in the 1000-grain weight under high-density
treatment was due to competition between limited water and nutrition [76]. Similarly, the
decrease in grain number per row was also a key factor in the reduction in yield under
high planting density. However, the increase in the number of spikes under the high-
density planting pattern could not compensate for the decrease in the 1000-grain weight
and grain number per spike [77]. The soil nutrients might not be fully supplied to satisfy
the growth needs of maize with increasing planting density, and the lack of effective light
resources and carbohydrate assimilation of a single plant leads to a lower yield under
high-density planting patterns than that of medium- and low-density planting patterns [78].
A similar study was reported by Testa et al. [79], who found that high-density planting
(10 plants m−2) influences the development of grains and decreases the yield potential of
a single plant.

There were only two summer maize genotypes designed in this experiment. Con-
sidering that different genotypes may have different agronomic characters, thus affecting
RUE, we need to design experiments using more genotypes to verify our ideas. Taking the
differences in soil temperature into account, the different planting density is likely to affect
it; therefore, further research is necessary to determine whether this affects the efficiency of
radiation used by summer maize.

5. Conclusions

In the present study, we investigated the response of the RUE and WUEL of summer
maize to planting densities and genotypes in the NCP. The LAI and canopy PAR intercep-
tion ratio decreased with reductions in planting density. The effective radiation interception
rate in the middle of the canopy, RUE, and yield were the highest under 78,000 plants ha−1.
The average RUE of Denghai 605 was 18.19% higher than that of Zhengdan 958. Planting
density had a significant effect on yield and yield components. The 1000-kernel weight
at low density was higher but could not compensate for the decrease in spike number;
therefore, the yield at low density was significantly reduced by 25.85% compared with
that at medium density. The drought-resistant genotype (Zhengdan 958) increased WUEL
by 19.45% compared with the drought-sensitive genotype (Denghai 605), and under high
planting density, it was high. Although the WUEL of Zhengdan958 was high, owing to the
relatively low Tr level, the grain yield and RUE at R2 were lower. In summary, Denghai 605
with a density of 78,000 plants ha−1 had the highest RUE and summer maize yield in the
NCP. Therefore, we recommend using Denghai605 with a planting density of 78,000 plants
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ha−1 in the NCP for maintaining a stable grain yield of summer maize. Further studies are
needed to prove the molecular mechanism of planting density and genotype on the high
photosynthetic efficiency of summer maize.
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