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Abstract: Reasonable dense planting is an important measure to increase crop yield per unit area and
save resources. However, there is no unified view of the competition for photosynthetic radiation in
different stratification structures of maize plants due to different planting densities, as well as the
internal mechanism of yield increase. In order to investigate these issues, field experiments were
conducted from 2021 to 2022 in Daxing, Beijing, China (39°37' N, 116°25' E, altitude 31.3 m a.s.l.).
Field plots were arranged in a randomized block design, with the main plot factor representing
plant density. In each replicate, four densities were set, i.e., 33,000 (D1), 42,000 (D2), 55,000 (D3),
and 83,000 (D4) plants-ha~!. Canopy stratification structure characteristics, including leaf area
index, biomass, and photosynthetically active radiation (PAR), were measured in each stratification
structure, and transmitted PAR, radiation use efficiency (RUE), and light extinction coefficient (K)
were calculated. We found that increasing plant density significantly increased biomass, leaf area
index (LAI), and precipitation use efficiency (PUE), but the light extinction coefficient (K) and harvest
index (HI) showed opposite trends. Compared to the D1 treatment, the grain yield, precipitation
use efficiency (PUE), radiation use efficiency (RUE), and LAI increased by 22.6-88.2%, 9.2-50.5%,
26.7-116.9%, and 27.7 to 150.6% in the D2, D3, and D4 treatments, and K and HI decreased by 19.7-
50.3% and 4.2-11.5%, respectively. These showed that a density of 83,000 plants-ha‘l was effective in
promoting maize growth in the Daxing area of Beijing, China.

Keywords: leaf area index; transmitted photosynthetically active radiation; radiation use efficiency;
light extinction coefficient; stratification structure

1. Introduction

Maize (Zea mays L.) is an important food crop, which has been one of the main crops in
agricultural production as a food, feed, and industrial material. In order to meet society’s
growing demand for food, raw materials, and bioenergy, how to increase crop yields has
become an international concern in the context of increasingly poor soil and the constraints
of decreasing arable area [1-3]. According to the global grain supply and demand model,
the demand for maize has increased from 526 million tons in 1993 to 784 million tons in
2020 [4]. It was estimated that an increase of more than 50% in grain production would be
required by 2025 to meet demand. However, since the 1990s, the growth rate of world grain
production has slowed. From 1982 to 1994, the annual increase in world maize production
was only 1.2% [5]. Importantly, the development of unused land is limited to increasing
food production [6]. If acreage does not increase, maize production per acre will have to
grow at a rate of about 1.5 percent per year to meet demand. Hence, increasing yields per
unit area is a realistic option for achieving increased food production, while the rational
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use of resources and improving the efficiency of resource use are the main issues that must
be faced [7,8].

High-density planting is the simplest and most common measure to increase yields
per unit area [9,10]. However, high-density planting not only exacerbates inter-plant com-
petition for nutrients and water but also restricts light transport within the canopy, thereby
altering the leaf area index, leaf distribution, and mean leaf inclination [11,12]. During plant
growth, structure and function interact, and changes in environmental conditions not only
affect plant physiological and ecological processes but also may cause changes in canopy
structure [12,13]. Changes in canopy structure not only affect the interception of solar
radiation but also influence the micrometeorological environment, such as temperature,
relative humidity, and CO; concentration within the canopy, which ultimately affects the
photosynthetic efficiency, water use efficiency, and yield of the crop population [14,15].
Therefore, an in-depth study of the quantitative relationship between canopy structure
changes and maize yield and resource use efficiency can provide an important theoreti-
cal basis for improving crop yield and efficient use of resources and is of great practical
significance for improving grain yields.

The leaf is an essential nutritional organ of maize and, at the same time, determines the
light distribution conditions and light energy use within the maize population [16]. Leaf
area is an important determinant of photosynthetic yield [17]. Bahadur et al. found that leaf
area index (LAI), total dry matter (TDM), biological yield, and seed yield increased with an
increase in plant density, while plant height, number of leaves per plant, stem diameter,
flowering, and maturity time, number of spikes per plant, thousand kernel weight, and
number of grains per spike showed a negative response [18]. Sibonginkosi et al. found
that with an increase in the sowing density of the plant, its leaf area and dry biomass also
increased accordingly [19]. Ear-leaves of maize are important contributors to ear dry matter,
and differences in canopy light environment under high density affect leaf photosynthetic
efficiency, which in turn affects plant dry matter accumulation [20]. The accumulation and
distribution of dry matter in different organs and different growth periods of maize were
different. Leaf dry matter accumulation before the tasseling stage is mainly used for plant
organ formation and development, while leaf dry matter accumulation after the tasseling
stage is mainly used for seed filling. The effect of dry matter accumulation on maize yield
increased with increasing density after the tasseling stage, while leaf dry matter decreased
significantly at maturity [21,22].

Dense planting affects light distribution within the canopy and the growth of the maize
population [23,24]. During the growth of plants, the interaction of structure and function
and environmental conditions not only affects plant physiological and ecological processes
but also may cause plant morphological changes [13,25]. Wall found that changing the row
spacing of wheat would directly lead to changes in canopy structure and also affect the
leaf area index, light interception, and CO, assimilation rate to a certain extent, and with
the change in row spacing, the light interception capacity of its narrower rows was 25-35%
higher than that of its wider rows, and the light interception capacity of the canopy was
significantly improved [26]. Watiki et al. conducted studies on the They found that different
cropping practices such as changing maize density, cowpea variety, and intermixing and
intercropping not only improved canopy ventilation and light transmission capacity but
also canopy structure and light energy utilization [27]. Bai et al. found that planting density
is not higher the better the plant growth but also leads to poorer light transmittance to the
lower and middle leaf layers of the population under the optimum density conditions [28].
It is worth noting that as planting density increases, the upper leaf area increases while
the photosynthetically active radiation received by the middle and lower leaves decreases,
which suppresses the interception of light [17,29]. The distribution of light from top to
bottom in the plant canopy has a significant impact on the growth of maize [30,31].

Relatively little is known about how density affects leaf area index (LAI) in the strati-
fied structure of maize canopies and how LALI affects canopy light distribution, including
photosynthetically active radiation (PAR), light interception, radiation use efficiency (RUE),
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light attenuation, and biomass at different stages. The objectives of this study were to
investigate (i) the influence of plant density on LAI within each stratification structure
of the maize canopy, (ii) the effects of these morphological and structural characteristic
factors on incident PAR, fraction of PAR intercepted at midday (FPAR), transmitted PAR
(TPAR), RUE, extinction coefficient (K), and dry matter; and (iii) the relationship between K,
Biomass, RUE, LAI and TPAR to plant density, and the key characteristic factors affecting
the growth and development of maize in dense planting. Our findings will aid researchers
in optimizing the maize canopy structure according to the spatial distribution of light under
different canopies, thereby optimizing the planting density and achieving high maize yield.

2. Materials and Methods
2.1. Experimental Conditions

Field experiments were conducted from 2021 to 2022 at the Daxing Water-saving
Experimental Base of the China Institute of Water Resources and Hydropower Research
(39°37' N, 116°25' E, altitude 31.3 m a.s.l.) in Beijing, China. The region has a warm
temperate semi-arid continental monsoon climate, hot and rainy summer, and spring and
winter drought with little rain. The mean annual temperature and precipitation are 12.1 °C
and 540 mm. The average wind speed is 1.2 m-s~!, the average annual frost-free period
is 209 d, the average annual evaporation from free water is more than 1800 mm, and the
annual sunshine time is about 2600 h.

Figure 1 shows the meteorological data for 2021 and 2022. In the growing season,
average temperatures during the crop cycle were similar for both years (24.05 and 24.21 °C
for 2021 and 2022, respectively), but annual mean radiation was lower in 2021 (13.48 and
15.37 MJ-m~2.d ! for 2021 and 2022, respectively). The experimental plots suffered from
waterlogging in early and late July of 2022, and the accumulated effective precipitation in
2021 and 2022 was 292.0 mm and 456.7 mm, respectively.
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Figure 1. Daily characteristics of solar radiation, average temperature, and rainfall during the maize
growth period of 2021-2022.

In 2021, maize was planted on 18 June and harvested on 29 September; in 2022, maize
was planted on 20 June and harvested on 30 September. The jointing stage started on 30 July
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in both years, the tasseling stage on 14 August, the grain-filling stage on 3 September, and
the maturity stage on 27 September.

The soil at the site is sandy loam soil, with a field capacity of 0.33 cm®*.cm~3, a
permanent wilting point of 0.12 cm?®.cm ™3, a bulk density of 1.41 g-cm~% and a total soil
porosity of 41%. Mean soil properties in the first 100 cm of soil depth at sowing are: initial
soil water content 0.20 cm®-cm ™3, organic matter 12.17 g-kg !, total nitrogen 1.00 g-kg ™!,
available P and available K is 16.9 mg-kg~! and 123.6 mg-kg ™!, respectively. Phosphorus
and Potassium were applied (K,O: 115 kg-ha!, P,Os: 165 kg-ha~!) before sowing, and
the amount was also the common doses in the region.

Hybrid maize variety Jiyuan 168 was tested. The experimental design was a random-
ized block design with three replicate plots (6 m x 5.6 m) for each treatment. Four densities
of 33,000 (D1), 42,000 (D2), 55,000 (D3), and 83,000 (D4) plants-hzfl were arranged in the
factorial experiment design (Figure 2). Sowing dates were 23 June 2021 and 26 June 2022.
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(© (d)

Figure 2. Schematics of different planting patterns for maize (a) D1 treatments with a density of
33,000 plants~ha*1 ; (b) D2 treatments with a density of 42,000 plants-ha*1 ; (¢) D3 treatments with a
density of 55,000 plants-ha~!; (d) D4 treatments with a density of 83,000 plants-ha~!.

2.2. Measurements and Calculations
2.2.1. Photosynthetically Active Radiation Measurements

We designed a system called RR-9100-Q (Rainroot Scientific Limited, Co., Ltd., Beijing,
China) for measuring photosynthetically active radiation (PAR). The system mainly consists
of a probe and a control terminal. Ten PAR (400~700 nm wavelength band) photosensitive
diode probes are evenly distributed on a 1m long probe and used to measure the photosyn-
thetic photon flux density along the probing rod at different positions in the canopy. The
control terminal is connected to the base of the probe for observation and data storage of
the RR-9100-Q system and is connected to a PAR Silicon Photovoltaic Detector LI-190SA
(LICOR, Inc., Lincoln, NE, USA) in the same wavelength band. This enables simultaneous
measurement of photosynthetic photon flux density (PPFD) outside the canopy (Figure 3).
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Figure 3. AV-19LQ total solar radiation sensor.

The sensor consists of one set of AV-19LQ (Rainroot Scientific Limited, Co., Ltd., Beijing,
China) solar total radiation sensors and four sets of AV-19LQ linear photosynthetically
active radiation sensors. The power supply system consists of 12 Ah rechargeable batteries
and 20 W solar panels. A set of AV-19LQ linear photosynthetically active radiation sensors is
placed in each processing group of the support frame to drive AV-19LQ to move horizontally
on the horizontal support arm. The top of the vertical column is the LI-190SA container.
The overall color of the support frame is black to reduce the interference of its reflection on
the radiation status of the observation site.

2.2.2. Light Interception Rate

Photosynthetically active radiation interception (IPAR) was measured with the 1-m
long RR-9100-Q detector system between 10:00 and 14:00 h every 5 days after the jointing
stage. Three measurements were performed for each replicate. The first measurements
were taken above the canopy to determine incident PAR, with the probe moving parallel
to the crop rows at an interval of 20 cm as the horizontal distance of the canopy [32]. The
other measurements were taken above the soil surface, and the sensor was placed below
the canopy. PAR was measured at an interval of 20 cm vertically from the soil surface
upward to determine transmitted PAR. The maize canopy was divided into three layers.
The bottom layer is from the ground to 1/3 of the plant height. The middle layer is from
1/3 to 2/3 of the plant height, and the top layer is above 2/3 of the plant height, in addition.
The PAR interception rates of four different horizontal interlines at the same canopy height
were averaged to obtain the PAR interception rate at the canopy height [33]. The incident
PAR and fraction of PAR intercepted at midday (FPAR) were calculated as follows:

IPAR = PAR, — PAR,_; 1)
IPAR
FPAR = oo @)

where IPAR is the photosynthetically active radiation interception (MJ-m~2.d~1), PAR, is
the mean of the incident PAR detected above the canopy, n represents the top of the canopy,
2/3,and 1/3 of the canopy, and n — 1 represents 2/3 and 1/3 of the bottom of the canopy
(ground).
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The transmitted fraction PAR (TPAR) through the canopy was obtained by linear
regression between the incident PAR above the canopy and the incident PAR through the
canopy. The canopy TPAR was calculated using the following equation [34]:

PAR;,

TPAR =
PAR, ;

)

The first and last measurements were taken above the canopy to determine the incident
PAR (Iy). The other four measurements were taken above the soil surface, with the sensor
placed below the canopy and moved parallel to rows at regular intervals to determine the
transmitted PAR, as indicated by Charles-Edwards and Lawn [32].

2.2.3. Above-Ground Biomass and Leaf Area Index

Starting from maize emergence, sample plants were measured weekly (2021 and 2022)
to estimate the above-ground biomass and leaf area index (LAI). Five plants per plot (those
adjacent to the site where radiation interception was measured) were collected. Biomass
was separated into leaves, stems, leaf sheaths, ears, and tassels when present. Samples
were dried in a forced-air drying oven at 70 °C until constant weight.

LAI was measured at an interval of three days and expressed on a per-ground area
basis. Leaf area index was estimated as follows:

M=

L; X Wimax

where L; is the length of the leaf, Wiy4x is the maximum width of the leaf, D and S are the
distance in meters between two rows and the space between two plants, respectively, and
0.74 is an empirical constant.

2.2.4. Radiation Use Efficiency and Precipitation Use Efficiency

In each treatment, three random quadrats covering a 10.0 m? area were selected to
determine yield and yield components (kernel number per square meter and 100-kernel
weight). Grain and biomass yields were determined at 13% moisture content. Dry biomass
was measured separately at the jointing stage (JS), tasseling stage (TS), grain-filling stage
(GS), and maturity stage (MT), and the corresponding cumulative absorption intercepted
PAR (IPAR) was computed to estimate radiation use efficiency (RUE, g-MJ 1), as proposed
by [35]:

B
1PAR (5)
where B is the cumulative biomass at different stages, and IPAR is the corresponding
cumulative intercepted PAR.

The precipitation use efficiency (PUE) was calculated using the following equation:

RUE =

PUE — Grain yield ©)
p
where P is the amount of precipitation (mm) during the growing season.
The harvest index for maize (HI) was calculated using the following equation:
HI — Grain yield )

~ Biomass yield
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2.2.5. Light Attenuation

The Beer-Lambert light extinction coefficient (K) through the canopy was obtained
by non-linear regression between the intercepted FPAR fraction and the plant’s LAI. The
extinction coefficient was calculated by the following equation [36]:

_ |In(FPAR)|

LA ®)

where K is the light extinction coefficient during the growing season and LAI; is the
cumulative leaf area index at canopy height L.

2.3. Statistical Analysis

SPSS 21.0 software (IBM, Armonk, NY, USA) was used for one-way analysis of variance
(ANOVA) followed by the least significant difference (LSD) multiple range test. ANOVA
was conducted with planting density condition level as a fixed factor to compare the effects
of different canopy layers, growth stages, and years on maize radiation use efficiency
(RUE), dry matter leaf area index (LAI), and light extinction coefficient (K). Data followed
by p < 0.05 was considered statistically significant. Correlation analysis was performed
using the Pearson correlation coefficient test, and figures were generated using Origin Pro
(version 2021, Origin Lab).

3. Results
3.1. Biomass Yield and Grain Yield

Maize biomass yield and grain yield varied significantly (p < 0.05) with planting
density in the 2021 and 2022 growing seasons (Table 1). The HI decreased with the increase
in planting density (Table 1). Yield and its components were significantly affected by
density in 2021 (p < 0.05) (Table 1). The average 100-kernel weight did not increase with the
increase in planting density and showed the highest value in the D3 treatment (Table 1).

Table 1. Maize yield and its components in different treatments.

. Kernel Weight Grain Yield Biomass Yield o PUE (kg-ha—1

Growth Period Treatment (5100 Seed 1) (kg-ha1) (kg-ha1) HI (%) mm-1)
D1 31.2d 5497.2d 9247.6 d 594 a 18.8d

2021 D2 33.0c¢ 6142.1c 12,383.0 49.6 b 21.0c

D3 379a 6996.9 b 14,570.1 b 48.0c 240b

D4 346D 92573 a 20,937.6 a 442d 31.7a

D1 385b 7233.2d 14,519.2d 49.8 a 15.8d

2022 D2 38.9ab 7718.4 c 16,1779 ¢ 47.7b 16.9 ¢

D3 39.8a 9204.6 b 20,263.0 b 454 c 202b

D4 36.7 c 9599.1a 21,7718 a 44.1d 210a

Note: Different letters (e.g., abcd) represent the significant differences at p < 0.05 among the various treatments
[least significant difference (LSD) test].

The PUE of maize was significantly (p < 0.05) affected by planting density during the
different cropping seasons (Table 1). Similar to the trend of grain yield, the PUE decreased
with increasing planting density, reaching the highest level in the D4 treatment. Compared
to the D4 treatment, the PUE of the D2 and D3 treatments decreased by 8.3% and 13.8%,
respectively.

3.2. Radiation Use Efficiency

The RUE of maize was significantly (p < 0.05) affected by planting density after the
grain-filling stage of 2 years (Figure 4). In different treatments, the mean value of canopy
RUE increased slowly during the jointing stage and rapidly increased after the filling stage.
The jointing stage is the key period for the rapid accumulation of dry matter by maize. At
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this time, the upper part of the crop canopy is not fully developed and is less affected by
density. Under high-density treatment during the jointing stage, the RUE of the middle
layer and lower canopy was greater than that of the upper layer, with RUEddle layer >
RUEjower layer > RUEypper layer- On the contrary, with the increase in maize canopy closure,
IPAR increased with the increase in planting density, while RUE and cumulative biomass
showed the same trend. At the mature stage, RUE for biomass yield increased by 13.1% to
66.7% (2021) and 35.6% to 151.8% (2022) for the D2, D3, and D4 treatments, respectively.
Planting density had a significant (p < 0.05) effect on biomass RUE.

lower layer
I middle layer
I upper layer

S

RUE (g MJ)
T
T

o
T
T

DI D2 D3 D4 DI D2 D3 D4 DI D2 D3 D4 DI D2 D3 D4 DI D2 D3 D4 DI D2 D3 D4 DI D2 D3 D4 DI D2 D3 D4

N TS GS MT IS TS GS MT

Figure 4. Maize canopy radiation use efficiency (RUE) under four densities in 2021 (left) and 2022
(right). JS = Jointing stage, TS = Tasseling stage, GS = Grain-filling stage, MT = Maturity stage. Note:
Data represent mean value + SD of RUE with three replicates. Different letters (e.g., abc) within the
same variables represent significant differences at p < 0.05 [least significant difference (LSD) test].

In the 2 years, the accumulation of above-ground biomass increased with the increasing
planting density (Figure 5), with the highest value recorded in the D4 treatment. The
accumulation of dry matter rapidly increased from the JS to the GS stage, reaching the
highest value during physiological maturity (Figure 5). In 2021, the dry matter of the
middle layer increased from 699.9 (D1) and 1611.3 (D4) in the JS stage to 7368.7 (D1) and
16,356.7 (D4) kg ha—! in the MT stage. The growth rates were 952.7% (D1) and 915.1% (D4),
respectively, and the growth rate of D1 was higher than that of D4 treatment. A similar
pattern was observed in 2022. The growth rate of the middle layer of the canopy was
significantly greater than that of the lower and upper layers, mainly due to the gradual
increase in dry matter accumulation in maize male ears after the jointing stage.

30
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Figure 5. The variation of canopy dry matter in maize under four densities in 2021 and 2022. Note:
Data represent mean value & SD of dry matter for three replicates. Different letters within the same
variables represent significant differences at p < 0.05 [least significant difference (LSD) test].

In 2 years, maize plant height increased continuously with the fertility period, and the
differences between treatments were not significant (p < 0.05) except for the GS period in
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2021 (Figure 6). At the GS stage, the pattern of change was consistent: Hp; < Hpy < Hps <
Hpy in both years, and D1 and D4 treatments reached significant levels.

300
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250 | b T o a a I L
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Figure 6. The variation in plant height of maize under four densities in 2021 and 2022. Note: Data
represent mean value + SD of plant height with three replicates. Different letters within the same
variables represent significant differences at p < 0.05 [least significant difference (LSD) test].

3.3. Leaf Area Index of Different Densities

As shown in Figure 7, the leaf area index (LAI) of different treatments expanded
with plant growth in the early stage, while the canopy LAl increased rapidly during the
JS and reached its peak at the tasseling stage, and then gradually decreased due to the
senescence of lower leaves. The leaf area index during the entire growth period showed
a parabolic variation. As the density increased, the LAI gradually increased. The LAI of
the D4 treatment was higher in 2021 than in 2022 (Figure 7). Rainfall prior to the jointing
stage in 2021 promoted an increase in leaf area, but effective rainfall at the tasseling stage
promoted a more significant increase in leaf area index in the D4 treatment. The maximum
LAls differed among densities (p < 0.01). The highest value of D4 treatment in 2021 was
9.45 (14 August 2021), while the maximum LAI in 2022 was only 6.38 (31 August 2022).

[Jlower layer
[ middle layer
[ Tupper layer

20217716
2021721

[
202177126 D2[ |

Date

[J1ower layer
[ middle layer
[ Jupper layer

(b) The variation of canopy leaf area index in 2022

Figure 7. The variation in the canopy leaf area index of maize under four densities in 2021 and 2022.
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The LAI was significantly affected by planting density over the 2 years (p < 0.05)
(Table 2). Total LAI reached its highest values at the TS, but the upper LAI reached its
highest values at the maturity stage. Compared with the D1 treatment, the total LAI of
the D2, D3, and D4 treatments showed an increase of 22% to 172% (2021) and 32% to 129%
(2022), respectively. The vertical variation in LAI in the canopy indicated that the overall
difference came mainly from the differences in the upper and middle parts of the canopy.
The effect of density on the LAI of upper layer leaves was most significant at the maturity
stage, for middle layer leaves at the jointing stage, and most significant for lower layer
leaves at the filling stage. The interaction effect of planting density was significant for the
middle and lower layers of the canopy (p < 0.05).

Table 2. Effects of different densities on canopy leaf area index (LAI) at different growth stages and
different canopy layers.

LAI (m? m~2)
Growth 2021 2022

Period Treatment Upper Middle Lower Upper Middle Lower

Layer of Layer of Layer of Sum Layer of Layer of Layer of Sum
Canopy Canopy Canopy Canopy Canopy Canopy

D1 0.57b 0.79b 0.27b 1.64 0.37b 0.52 ¢ 0.14b 1.02
Jointing D2 0.77Db 0.98 ab 0.42 ab 2.17 0.69 ab 0.71 bc 0.24 ab 1.65
stage D3 0.79Db 1.39 ab 0.42 ab 2.61 0.80 ab 0.90b 0.25 ab 1.95
D4 293 a 1.62a 0.77 a 5.33 091a 1.32a 0.45a 2.68
D1 0.64b 1.35d 0.62b 2.60 0.82¢ 133 ¢ 0.48b 2.62
Tasseling D2 0.83b 1.80 c 0.76 b 3.40 1.11 be 1.57 be 0.64 ab 3.32
stage D3 1.03b 2.14b 1.08Db 4.25 1.40 ab 215b 0.83 ab 4.38
D4 5.36 a 3.84a 192a 11.12 1.80a 3.05a 111a 5.97
Grain- D1 0.53Db 149 c 0.75¢ 2.77 0.69 c 1.25d 0.69b 2.63
fillin D2 0.71b 1.80 bc 0.89 bc 3.40 0.72 ¢ 1.82¢ 0.99b 3.53
sta eg D3 1.04Db 2.02b 1.09b 4.16 1.16Db 2.37b 0.97 b 4.50
& D4 34l a 343 a 1.69 a 8.54 147 a 291a 1.63a 6.02
D1 0.39b 0.73 ¢ 0.87b 1.99 0.74a 0.83 ¢ 0.66 b 2.24
Maturity D2 047Db 0.96 bc 1.04Db 2.47 0.63 a 1.22 be 1.03 ab 2.88
stage D3 1.04a 125b 1.38b 3.68 0.97 a 1.47 ab 1.28 ab 3.72
D4 113 a 192a 247 a 5.52 0.92a 1.89a 145a 4.26

Note: Different letters represent the significant differences at p < 0.05 among the various treatments [least
significant difference (LSD) test].

3.4. Maize Transmitted Photosynthetically Active Radiation of Entire Canopy throughout
Growth Period

Figures 8 and 9 show the vertical and horizontal distribution of transmitted photosyn-
thetically active radiation (TPAR) over the maize developmental stages (jointing, tasseling,
grain filling, and maturity) with four plant densities in 2021 and 2022. A tendency toward
less TPAR was observed under high plant densities. Compared with the D4 treatment, the
mean TPAR values of the D1, D2, and D3 treatments increased by 26.7%, 19.6%, and 13.6%
over the entire growth season in 2021, and by 56.7%, 38.1%, and 26.0% in 2022, respectively.
The TPAR of maize was significantly affected by planting density and canopy hierarchical
structure. As the canopy increased, the TPAR in the lower part of the canopy gradually
decreased. During the entire growth season, the TPAR values of the upper and middle
layers in 2021 increased by 430.5% and 188.3%, respectively, compared to the lower canopy
layer. In 2022, these increases reached 515.9% and 215.1%, respectively, surpassing the
values of the lower canopy layer. Although the blade angle can automatically adjust and
improve the light transmittance with increasing density, the degree of adjustment is not as
significant as the effect of density on light transmittance. As the density increased, the light
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transmittance at the lower and middle layers of the canopy (panicle layer) still showed a
significant downward trend.
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Figure 8. Effects of planting density on vertical and horizontal distribution of TPAR for maize in
2021 at different growth stages. I = Jointing stage, II = Tasseling stage, III = Grain-filling stage, IV =
Maturity stage.
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Figure 9. Effects of plant density on vertical and horizontal distribution of TPAR for maize in 2022 at
different growth stages.

The numbers on the contour lines in the Figures 8 and 9 represent the values of
TPAR, with TPAR closer to 1 indicating more abundant light exposure; conversely, values
farther from 1 suggest insufficient light transmittance. A dense distribution of contour
lines indicates a rapid decrease in light transmittance, while sparse contour lines suggest
a slower decrease in transmittance. During the entire growing season, the average value
PAR at the top of the canopy was 2140 pumol/(m?:s), whereas the average PAR at the
bottom of the canopy under D4 treatment was only 44.18 umol/(m?-s). Meanwhile, the
PAR at the bottom of the canopy under the D1 treatment was 201.41 pumol/ (m?-s), the D2
treatment was 183.32 mol/(m?s), and the D3 treatment was 169.45 umol/(m?-s). The light
transmittance of the different leaf layers of the population decreased with the increase in
density. Particularly, density has a great influence on the light distribution of the population
in the jointing and filling stages. At the same growth stage, different maize populations
had different leaf stratification structures and light transmittance. The TPAR of a specific
maize population varied at different growth stages. At the jointing stage, in the lower part
of canopy, the TPAR of D4 treatment near the horizontal position of maize was 0.18 (2021)
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and 0.10 (2022), respectively, lower (p < 0.05) than PAR transmittance of D1 treatment at
the same location of 0.32 (2021) and 0.24 (2022), as well as the TPAR of D2 treatment at the
same location of 0.36 (2021) and 0.18 (2022). During the grain-filling period, four treatments
were performed at the mid-point between rows (40-cm horizontal position; Figures 8 and 9).
The TPAR in the middle of the canopy remained between 0.20 and 0.25 with no significant
difference (p > 0.05), whereas the TPAR in the lower canopy under D4 treatment was 0.15
(2021) and 0.17 (2022). The TPAR at the same location treated with D1 was 0.10 (2021) and
0.11 (2022), respectively, with significant differences (p < 0.05), indicating that the increase
in density mainly improved the TPAR in the lower part of the canopy.

3.5. The Light Extinction Coefficient

Canopy structure can affect the radiation distribution and the interception rate of the
canopy. The extinction coefficient of a crop population can indicate the degree of radiation
attenuation by the crop canopy. The extinction coefficient is sensitive to environmental
factors and is affected by the leaf angle distribution, sun altitude angle, leaf area index,
planting density, and planting method. As shown in Figure 10 and Table 3, the K values
of maize populations under different treatments in 2021 and 2022 were the highest at the
jointing stage, and the K value varied significantly under different density treatments,
ranging from 5.82 to 16.14 (2021) and 5.43 to 13.90 (2022), respectively. The variation
patterns were as follows: Kp; > Kpy > Kps > Kps. With growth and development, the
leaves thickened, the leaf area increased, and the extinction coefficient gradually decreased.
At the tasseling stage, maize leaves grow vigorously; the extinction coefficient gradually
decreases with values ranging from 0.60 to 8.38 (2021) and 0.87 to 6.18 (2022). During
the grain filling and maturity stages, leaf growth slowed down, and plant and leaf shape
changes were relatively small, resulting in a lower extinction coefficient.

Table 3. Effect of canopy structure on K in 2021 and 2022 at different growth stages.

K
Growth 2021 2022
Period Treatment Lower Middle Upper Lower Middle Upper
Layer of Layer of Layer of Average Layer of Layer of Layer of Average
Canopy Canopy Canopy Canopy Canopy Canopy

D1 485a 213a 9.16 a 5.38 3.02a 298 a 7.89a 4.63

Jointing D2 425b 1.59Db 9.07 a 497 2.68b 2.03b 797 a 422
stage D3 423b 2.00a 6.70b 431 2.26b 144 c 4.69b 2.80
D4 194 c 0.85¢ 3.03¢ 1.94 170 ¢ 130 ¢ 243 ¢ 1.81

D1 423D 0.82a 8.38 a 4.48 2.99b 144 a 6.18a 3.54

Tasseling D2 6.79 a 0.77b 3.11b 3.56 3.64a 1.08Db 436b 3.03
stage D3 3.35¢ 0.60 c 2.54c 2.16 2.65b 0.90 be 223 ¢ 1.93
D4 1.15d 0.72b 0.89d 0.92 193¢ 0.87 c 094 c 1.25

Crain- D1 211b 1.06 a 252a 1.90 1.82b 0.67 a 2.50 a 1.67
filling D2 296 a 0.82b 148D 1.75 225a 0.41Db 2.00a 1.55
stage D3 215b 0.71b 0.76 1.21 2.30a 0.37b 124Db 1.30
D4 124 c 0.59b 0.47 c 0.77 1.95b 0.38b 126Db 1.20

D1 4.87 a 113 a 3.15a 3.05 599 a 0.82 bc 413a 3.65

Maturity D2 3.80b 120a 141Db 2.14 3.54b 1.09 a 3.65b 2.76
stage D3 3.68 b 0.90b 1.78Db 2.12 2.87 c 0.87b 211c 1.95
D4 172 ¢ 0.54c 0.86 c 1.04 294 bc 0.76 c 1.18d 1.63

Note: Different letters represent the significant differences at p < 0.05 among the various treatments [least

significant difference (LSD) test].
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Figure 10. Canopy K of maize under four densities in 2021 and 2022.

As the height of the canopy decreased, the degree of radiation attenuation increased,
and the lower leaves received less light, resulting in lower shading levels. Therefore, the
extinction coefficient K of the crop population became smaller. The variation in K values
in each layer of maize was Kupper layer > Kiower layer > Kmiddle layer, Which indicated that the
effect of density on canopy stratification structure was mainly manifested in the lower and
middle layers. The K value showed a decreasing trend with an increase in density.

3.6. Relation between the K, B, RUE, LAI and TPAR to Density

Radjiation distribution in crop canopies depends on complex processes such as direct
solar radiation and scattered sky radiation, which are repeatedly reflected, absorbed, and
projected by plant organs and the ground. Figure 11 shows the responses of extinction
coefficient (K), biomass (B), radiation use efficiency (RUE), leaf area index (LAI), and trans-
mitted photosynthetically active radiation (TPAR) to different densities in different growth
periods and canopy levels (middle layer, lower layer, upper layer). These parameters
were interrelated with each other at different growth stages and years. Density was nega-
tively correlated with the extinction coefficient, and the correlation coefficients with the
Kupper layer r€ached a significant level (p < 0.01), with correlation coefficients from 0.83 to
0.94. The correlation coefficients with the Kpjgdie layer reached a significant level (p < 0.05).
This suggests that the effect of density on the extinction coefficient occurred mainly in the
middle and upper layers of the canopy. Except for the maturity stage, density was posi-
tively correlated with dry matter (biomass), and the dry matter in the lower layer reached
a significance level (p < 0.05). With the extension of the growth period, the difference
between the middle layer of dry matter and density gradually became significant, whereas
the correlation between the lower layer gradually weakened, which indicated that the effect
of density on dry matter was related to the canopy stratification structure.

Density was positively correlated with LAI, with significant levels (p < 0.01) observed
in both the upper and middle layers, with correlation coefficients ranging from 0.83 to 0.94.
During the tasseling and grain-filling stages, the correlation between lower LAI and density
was not significant. This is because, during this period, the lower leaves were fully grown
and developed, and due to the high coverage of each density treatment, the differences
between treatments were not significant. There was no correlation between density and
RUE, which indicated that density was not the main factor affecting RUE. We found that
during the tasseling stage, the middle RUE was positively correlated with the upper layer
dry matter, reaching a significant level (p < 0.01) with a correlation coefficient of 0.88.
The correlation between the lower layer RUE and dry matter was not significant, which
indicated that changes in RUE were related to dry matter accumulation. The correlation
between density and TPAR was complex. The density was positively correlated with TPAR
of the upper layer, reaching a significance level (p < 0.05) at the maturity stages, with
a correlation coefficient of 0.80. However, the densities of the middle and lower layers
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were negatively correlated with the TPAR. During the grain-filling stage, the correlation
coefficient between density and lower TPAR reached a significant level (p < 0.01), with a
correlation coefficient of 0.95.
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Figure 11. Correlation between D, K, B, RUE, LAI, and TPAR to different densities at different years,
growth stages, and canopy levels.

4. Discussion

Previous studies have demonstrated that planting density has a greater impact on
the population canopy compared to other cultivation and management measures [37,38].
Under high planting density, the maize canopy stratification structure is compact, the plants
are short, and the leaves are few and straight. Therefore, the canopy can intercept more
light with a higher leaf area index and improve its ability to resist stem lodging by reducing
the height of the panicles. These characteristics all contribute to high yields of maize at
high densities [39,40]. Similar results were also obtained in this study. Compared with
the D1 treatment, the average LAI values of the other three densities of D2, D3, and D4
treatments increased by 18%, 39%, and 63% (2021), as well as 24%, 40%, and 56% (2022),
respectively. As the leaves grew, the length and width of the lower leaves in the canopy
gradually stabilized, with little change. The upper and middle leaves gradually completed
their growth and development during the grain-filling stage and then began to decrease.
After the tasseling stage, with the increase in density, the rate of leaf decline increased.
When the leaf expansion reached its maximum value, the amplitude of change decreased,
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but dry matter accumulation gradually increased. Research has shown that the increase
in maize yield is associated with a longer green retention period of leaves [41,42]. Maize
can still maintain photosynthetic activity in the middle and late grain-filling stages [43,44]
and maintain a high rate of dry matter accumulation and light energy utilization in the
grain-filling stage [45,46]. The increase in maize yield was mainly due to the increase in
dry matter accumulation rate during the grain-filling period [47]. Under different density
conditions, maize yield increased with increasing density, and maize exhibited a strong
tolerance to high density.

The radiation distribution within the crop canopy is formed by a complex process of
repeated reflection, absorption, and projection of direct solar radiation and scattered sky
radiation from plant organs and the ground [48]. In this study, as planting density increased,
the TPAR values decreased, leading to a lower extinction coefficient. This might explain
the elevated maize grain and biomass yield but the decrease in HI under high planting
density in this study. As the leaves expanded horizontally, the phenomenon of shading
from the upper leaves to the lower leaves of the plant population became increasingly
serious, and the PAR was mainly absorbed and utilized by the middle and upper leaves
of maize. Therefore, the maize TPAR in the canopy gradually decreased with the increase
of LAI TPAR of maize plants was relatively high in the early stage of growth and rapidly
decreased from the tasseling stage. However, in the later stage, due to the aging of leaves
in the lower part of the canopy, the PAR increased slowly. At the tasseling stage, the
horizontal differences in TPAR under density treatments were relatively small at the 0 cm
vertical position but gradually increased from 60 cm. The development of maize leaves
and the expansion of LAI have a significant explanatory effect on the spatial distribution of
TPAR in different years and spatial locations. During the jointing stage, maize plants grew
rapidly, with LAI of 1.84-5.45 (2021 and 2022) for different treatments. The population
light distribution was unstable, but the effective radiation transmittance in the canopy was
relatively high. At the early stage of tasseling, as the leaf layer gradually increased, the
LAI of D4 treatment reached 4.32-5.45 (in 2021 and 2022). The shading of upper leaves on
lower leaves of the plant population became more serious, and the PAR decreased sharply
from top to bottom. However, during the maturity stage, as the leaves senesced, TPAR
increased.

The light energy utilization of the maize canopy was closely related to the canopy
characteristics of the population. Efficient canopy can improve the photosynthetic capacity
of the plants, thereby accumulating more dry matter [49]. The main factor that affects
the distribution of photosynthetically active radiation in maize canopy is LAIL Under
specific planting patterns and management systems, the size of the leaf area determines the
vertical variation distribution of light intensity [50]. This study found a significant positive
linear relationship between the LAI accumulation and biomass accumulation, which was
consistent with previous research results [51]. After the tasseling stage, LAI increased to its
maximum value, and then the variation magnitude decreased, but dry matter accumulation
gradually increased. Additionally, the magnitude of this decrease was relatively small
under low densities, which is beneficial to the assimilation of photosynthetic products
and increases the distribution of carbohydrates on the spike. After the tasseling stage, the
lower part of the canopy under different densities showed little change in dry matter RUE
with complete development of stem and leaves, while the variation of RUE in the middle
layer showed an upward trend with the increase of female spike dry matter. At the top of
the canopy, as the upper leaves and panicles developed, the amplitude of variation in the
upper RUE tended to stabilize. The TPAR of maize was significantly affected by planting
density. A similar trend was shown with K and HI, but PUE showed an opposite trend,
increasing with the increase of planting density.

The improvement of tolerance is an incidental effect of achieving high yield through
large-scale breeding under high-density conditions rather than a direct result of selecting
planting density adaptability [52]. In all the treatments, the total dry matter production
steadily increased from crop growth to maturity (Figure 2). At the grain-filling stage, the
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dry matter in the (middle) panicle and middle layers reached a significant level (p < 0.01),
with a correlation coefficient of 0.92. At the maturity stage, the dry matter in the panicle
and lower layer reached a significant level (p < 0.01) with a correlation coefficient of 0.90
(Figure 10). The results showed that the dense planting increased the proportion of leaves in
the panicle layer after the grain-filling stage, promoted the expansion of lower layer leaves,
delayed the early senescence of upper layer leaves, and improved the supply capacity of
assimilates during the grain-filling period. However, the effect of dense planting on dry
matter, TPRA, and RUE in the early growth stage was not significant, which indicated
that dense planting had little effect on the vegetative growth of maize in the early stage.
Increasing the absorption of photosynthetically active radiation is also an effective way
to increase yield, as the maximum leaf area index increases, and more importantly, the
senescence of leaves is delayed in the final stage of the life cycle, leading to an extension of
photosynthetically active period [53,54].

Due to some limitations of the study, we tried to fully consider the effects of var-
ious influencing factors on the growth of maize under different planting densities and
attempted to quantitatively analyze the correlation analysis between various factors and the
development of canopy structure at different fertility stages. However, there are still some
influencing factors that have not been taken into consideration. In addition, some potential
problems need to be solved in further research, such as the effects of different densities
on canopy structure and its processes under water limiting factors and quantifying the
interactions between canopy structure-light energy utilization-yield under more complex
density scenarios. In future studies, the variables affecting canopy structure characteristics
will be investigated more systematically to address the issues of food scarcity and rational
resource utilization.

5. Conclusions

In this study, we comprehensively analyzed the effects of four planting densities of
maize on transmittance PAR, biomass, leaf area index, radiation use efficiency, and light
attenuation at different development stages and three hierarchical structures. The main
conclusions are as follows: (1) There was a significant difference in the effect of density on
the upper and the middle layer LAI, and from the tasseling stage, the difference gradually
decreased with the growth of lower leaves. (2) The effect of density on dry matter was
mainly reflected in the middle and lower layers of the canopy hierarchical structure, and
the differences between treatments in the middle layer of the canopy were highly significant
during the tasseling and grain-filling stages. This was mainly related to the gradual and
complete development of female tassels, while the differences in the lower layer were
related to the light adaptation of the canopy structure to the density. (3) TPAR is influenced
by LAI which was related to different canopy structures. The impact of density on TPAR
varies among different layers, with a positive correlation in the upper layer and a negative
correlation in the middle and lower layers. (4) RUE was mainly affected by dry matter
accumulation. Especially at the early stage of tasseling, the dry matter in the middle of the
canopy had a highly significant impact on RUE. (5) The effect of density on the extinction
coefficient was mainly manifested in the upper and middle layers of the canopy, whereas
the extinction coefficient of the lower layer was mainly related to TPAR. (6) By comparing
the population PAR, IPAR and TPAR with LAI and biomass, we concluded that a density
of 83,000 plants-ha~! can effectively promote the growth of maize in the Daxing area of
Beijing, China.
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