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Abstract: The photosynthetically active radiation (PAR) of crop canopy is highly related to yield
formation, but how it relates to yield and yield distribution is not well understood. The focus of
this study was to explore the relationship between light competition under different densities and
yield distributions of cotton. The experiment was conducted in 2019 and 2020 at the Cotton Research
Institute of the Chinese Academy of Agricultural Sciences in Anyang city, Henan Province, China. A
randomized block design was employed, with a total of three repeats. Each repeat had six density
treatments: D1: 15,000; D2: 33,000; D3: 51,000; D4: 69,000; D5: 87,000; and D6: 105,000 plants·ha−1.
As predicted, the results showed that the canopy light interception, leaf area index, plant height,
and biomass of high-density cotton were higher than those of low-density cotton. The aboveground
biomass produced by D6 was the highest, and was 12.9, 19.5, 25.4, 46.3, and 69.2% higher in 2019
and 14.3, 19.9, 32.5, 53.7, and 109.9% higher in 2020 than D5, D4, D3, D2, and D1, respectively. Leaf
area, plant height, biomass, boll number, and boll weight were significantly correlated with the light
interception rate. D5 (87,000 plants·ha−1) had a higher light interception rate and the highest yield.
The highest lint yields produced by D5 were 1673.5 and 1375.4 kg·ha−1 in two years, and was 3.2, 4.3,
5.6, 9.7, and 24.7% higher in 2019, and 6.8, 10.6, 13.5, 21.5, and 34.4% higher in 2020 than D6, D4, D3,
D2, and D1, respectively. The boll retention of the lower fruit branch under D5 reached 0.51 and 0.57
in two years, respectively. The shedding rate of the upper fruit branch decreased with the increase
in cotton density in two years. The boll retention rate and shedding rate in the lower part of cotton
plants were most closely related to light interception, with R2 values of 0.91 and 0.96, respectively.
Our study shows cotton yield could be improved through higher light interception by optimizing
planting density and canopy structure.

Keywords: light interception; plant density; yield distribution

1. Introduction

The environmental resources needed for plant growth, development, and reproduction
are roughly the same [1]. Each individual in the group cannot own environmental factors
and must share them with others. Craine [2] defined resource competition as “a process
in which two or more individuals obtained potentially common and limited resources in
different ways”. Light resources are the most important energy source for plant growth,
and the total amount of light resources per unit land area available for plants is limited.
Plants compete for light resources, causing light competition among plants [3].
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Cotton (Gossypium hirsutum L.) is not only a cash crop in China [4], but also an
important strategic material related to the national economy and people’s livelihood [5].
It involves the financial revenue of more than 200 cotton production bases and counties,
as well as the normal operation of cotton processing, circulation, clothing industry, and
import and export trade [6]. In recent years, cotton planting costs have increased in China,
and the planting benefits have gradually decreased [7]. At the same time, with the increase
in population, the arable land area for cotton production has gradually decreased, and
cotton grain competition has become increasingly significant [8], resulting in a downward
trend of cotton production overall. Cotton production is a group production under field
conditions, and the yield per unit area mainly depends on the photosynthetic capacity of
the population per unit area [9]. Therefore, the establishment of a population structure
with high light efficiency is a core issue in the cultivation of high-quality and high-yield
cotton. Understanding the competition for light energy of the population, improving the
photosynthetic performance of the population, and improving the utilization rate of light
energy are critical for realizing high-quality and high-yield cotton.

Competition among plant species for resources in the same niches involves den-
sity [10,11]. If the density is high, the competition is strong, and if the density is low, the
competition is weak [12]. When competition occurs at the individual level of the plant, to
ensure their own survival needs, plants will reasonably regulate the distribution of their
own photosynthates, so the organs will be affected, and the organ biomass will change
accordingly [13]. At the population level, when the density increases beyond a certain
threshold and the competition intensity reaches the maximum, the crop population will
exhibit a self-thinning phenomenon [14], which will affect the total plant biomass and
yield [15]. Zhang found that increasing the planting density before the full boll stage
increased the leaf area index, thus increasing the light interception rate of the canopy
and the photosynthesis of the cotton population. However, after the full boll stage, too
high a density will lead to a rapid decrease in the leaf photosynthetic rate, which is not
conducive to the production and transport of photosynthetic substances, thus reducing
the boll weight [16]. Yao showed that the canopy structure and leaf photosynthetic char-
acteristics changed with the narrow row spacing of cotton, and its yield was affected by
the photosynthetic efficiency [17]. Changing the crop planting density is a time-tested
agronomic technique that can increase crop yield and profitability [18].

Generally, light interception varies with the developmental stage of crops, and dry
matter production is positively correlated with light interception [19]. The photosynthate
distribution in plants is usually affected by biological factors (such as competition) and
environmental factors (light, water, nutrition) [20]. Competition for aboveground light re-
sources will affect the quantity and distribution characteristics of available resources, which
may affect the biomass allocation of plant organs [21]. However, how light interception
affects the yield distribution of cotton plants has not been determined.

The purpose of this experiment was to study the relationship between light energy
competition and the yield distribution of a cotton population with different densities. The
main purpose was to explore (1) the changes and differences in canopy light interception of
cotton individuals and the population under different densities during the whole growth
period, (2) the changes in the leaf area index and aboveground biomass of different cotton
individuals and the population with canopy light interception, and in particular, (3) the
relationship between canopy light interception and plant boll distribution of different
cotton populations.

2. Materials and Methods
2.1. Experimental Site

The experiment was carried out in 2019 and 2020 in the eastern field of the Cotton
Research Institute of the Chinese Academy of Agricultural Sciences in Anyang city, Henan
Province (36◦06′ N, 114◦21′ E). Meteorological data were obtained from the weather station
at the experimental site (Table 1). The monthly average temperatures for the two years
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during the growing seasons were 22 and 21 ◦C, and the precipitation was 392 and 318 mm,
respectively. The average temperature in 2019 was slightly higher than that in 2020, and
the precipitation in 2019 was lower than that in 2020. The monthly average PAR in 2019
was almost higher than that in 2020, and the total sunshine hours in 2019 and 2020 were
1548 and 1535 h, respectively.

Table 1. Meteorological information of the cotton growth period in the experimental site.

Meteorological Data Year April May June July August September October

Precipitation (mm) 2019 70.4 5.0 55.4 42.0 116.1 51.3 51.5
2020 28.8 39.5 50.4 29.2 156.1 3.6 9.9

Temperature (◦C) 2019 14.4 22.0 27.9 28.5 25.5 22.0 15.4
2020 14.2 22.2 26.2 26.0 26.0 21.9 14.4

Sunshine hours (h)
2019 193.6 297.7 256.7 260.2 186.6 213.7 139.9
2020 284.4 294.3 206.5 204.4 196.4 226.3 123.1

Daily PAR
(µmol·m−2·s−1)

2019 315.3 497.8 483.4 455.5 377.6 319.8 211.5
2020 405.6 467.6 413.7 411.4 360.5 364.9 198.2

2.2. Experimental Design

The experiment was conducted in a randomized block design with 3 repeats (Figure 1).
The cotton variety tested was SCRC28, which has a loose plant type, medium maturity,
steady growth throughout the growth period, and has been sown in the experimental base
all year round. The six density treatments were D1: 15,000, D2: 33,000, D3: 51,000, D4:
69,000, D5: 87,000, and D6: 105,000 plants·ha−1. The experimental plot was 10 rows, the
row spacing was 0.8 m, and the plot area was 64 m2. The seeds were sown on 17 and 18
April in 2019 and 2020, respectively. The sowing method was manual on demand, and
the seedlings were manually determined at the two-leaf stage after emergence. Before
sowing and applying fertilizer, the experimental plot was irrigated with foot entropy water,
which means no trench stalks were made in the field, and they were allowed to flow on the
ground, and the amount of irrigation was approximately 290 m3·ha−1. Before sowing, basic
fertilizer was applied to the field (N 225 kg·ha−1, P2O5 150 kg·ha−1, and K2O 225 kg·ha−1),
and topdressing was applied at the flowering and boll development stage (N 273 kg·ha−1,
P2O5 169 kg·ha−1, and K2O 169 kg·ha−1). In the middle stage of cotton growth, mechanical
weeding and spraying of pesticides, plant growth regulators, and chemical control methods
were used to control diseases and insect pests.
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2.3. Data Collection
2.3.1. Investigation of the Cotton Growth Period

The growth of cotton was investigated every three days after cotton emergence, and the
time when the cotton population entered the squaring stage (50% of cotton plants showed
squares approximately 3 mm in diameter), flowering stage (50% of cotton plants produced
the first white flower), and boll opening stage (50% of cotton plants began to show opened
bolls) was recorded in 2019 and 2020. The results of the survey are shown in Table 2.

Table 2. Cotton growth stages with different planting densities in 2019 and 2020.

Cultivar Treatment Emergence/DAE 1 Seedling/DAE Squaring/DAE Flowering/DAE Boll Opening/DAE

SCRC28

Year 2019

D1 4-28/0 5-20/22 5-28/30 6-24/57 8-14/108

D2 4-28/0 5-20/22 5-28/30 6-24/57 8-15/109

D3 4-28/0 5-20/22 5-30/32 6-24/57 8-15/109

D4 4-28/0 5-20/22 5-30/32 6-24/57 8-16/110

D5 4-28/0 5-20/22 5-31/33 6-26/59 8-17/111

D6 4-28/0 5-20/22 5-31/33 6-26/59 8-19/113

Year 2020

D1 4-27/0 5-15/18 5-31/34 6-28/62 8-21/116

D2 4-27/0 5-15/18 5-30/33 6-27/61 8-22/117

D3 4-27/0 5-15/18 5-29/32 6-27/61 8-21/116

D4 4-27/0 5-15/18 6-1/35 6-27/61 8-22/117

D5 4-27/0 5-15/18 6-1/35 6-28/62 8-21/116

D6 4-27/0 5-15/18 5-29/32 6-26/60 8-22/117
1 DAE: Days after emergence. D1: 15,000, D2: 33,000, D3: 51,000, D4: 69,000, D5: 87,000, D6: 105,000 plants·ha−1.

2.3.2. Light Interception

Starting from the cotton seedling stage, after each sampling, two rows of cotton with
uniform and representative growth in each plot were selected for measurement during
sunny and cloudless weather from 10:00 in the morning, with one repeat each time. The
spatial grid method was used in this experiment (Supplementary Materials Figure S1), and
the 80 cm horizontal distance between two rows of cotton was equally divided into four
equal parts, which were used as measuring points at 0, 20, 40, 60, and 80 cm, respectively. In
the vertical position, perpendicular to the ground, the 20 cm layer was divided into several
layers so that a spatial grid perpendicular to the direction of the cotton row was obtained.
The light interception of the cotton canopy was measured by a 1-m-long portable linear
light quantum sensor (LI-191SA, LI-COR, Lincoln, NE, USA), and the data were recorded
by a data collector (LI-1400, LI-COR, Lincoln, NE, USA). The measurement was carried out
in order at each point, andthe sensor was placed in the parallel direction, the intercepted
PAR intensity was measured with sensor facing up, and then the reflected PAR intensity
was measured with the sensor facing down. At the same time, a sensor was placed 20 cm
above the canopy, and the total intensity of the incident PAR was automatically recorded
in real time every 5 s.

According to the calculation method of Tang [22], the PAR interception (iPAR), PAR
reflectance (rPAR), and PAR transmittance (tPAR) of each part of the cotton canopy were
obtained (Supplementary Materials Formulas (S1)–(S3)).

According to Zhi’s research [23], under the planting density of 60,000 plants per
hectare, the light reflectivity of the cotton population was only 3–5%, which had little effect
on the growth and development of cotton. Therefore, the effect of reflected light on the
growth and development of cotton was ignored in this experiment, so Supplementary
materials Formula S3 was simplified as follows:

iPAR = 1 − tPAR (1)
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The coordinate system was created in the vertical direction of the test area, and the
positions of the tested points and the points to be measured in the test area were used to
create Grid (i,j) files, where i and j represent the abscissa and ordinate of the cross-sectional
area of the test area, respectively.

The cumulative interception rate and transmittance in the whole canopy was calcu-
lated by Surfer software (Golden Software Inc., Golden, CO, USA) using the extended
Simpson’s 3/8 rule. The formula was as follows [24]:

Ai =
3∆X

8
(Gi,1 + 3Gi,2 + 3Gi,3 + 2Gi,4 + · · ·+ 2Gi,ncol−1 + Gi,ncol) (2)

V ≈ 3∆y
8

(A1 + 3A2 + 3A3 + 2A4 + · · ·+ 2Ancol−1 + Ancol) (3)

Among them, [1, 3, 3, 2, . . . ] is the coefficient vector in Formulas (2) and (3), Gi,j is the
depth of the grid points of row i and row j, and ∆X and ∆y are the column spacing and
row spacing of the grid data file, respectively. Ai is the ith cross-sectional area, and V is the
total amount of light on the specific cross-section measured.

The test area in the canopy of the whole population was longitudinally divided into
three parts, and the average cross-sectional area on both sides was taken as the cross-
sectional area of a single plant and then calculated as the light interception of a single plant
by the extension of Simpson’s 3/8 rule.

To study the relationship between light interception in different regions and the boll
retention rate and shedding rate in corresponding regions, the whole cotton canopy was
vertically divided into the lower region, middle region, and upper region and horizontally
divided into the inner region near the main stem and the peripheral area far from the main
stem (Supplementary Materials Figure S2).

2.3.3. Leaf Area and Biomass

Samples were taken every 15 days from the seeding stage at 30, 45, 59, 73, 88, 99, 115,
128, and 145 DAE in 2019 and at 28, 43, 58, 73, 87, 98, 113, and 128 DAE in 2020, with
three repeats each time. Two representative plants with the same growth were selected in
each plot, and the parts above the cotyledon nodes were separated according to leaves,
stems, and reproductive organs (squares, flowers, bolls, catkins). The leaves were tiled
and photographed by scanners (Phantom 9800xl, MICRTEK, Shanghai, China). Then,
Image-Pro Plus (Media Cybernetics, Rockville, MD, USA) was used to calculate the leaf
area and the leaf area index (leaf area index, LAI) according to the planting density. The
metabolism of the separated fresh samples was stopped at 105 ◦C, and the samples were
put into an oven at 80 ◦C. After drying to a constant weight, the dry matter mass of each
part was measured. The cumulative cotton biomass in the growing season was calculated.
The cumulative biomass growth was based on the logistic growth curve, and the formula
was as follows [25]:

Y =
A

1 + be−kt (4)

In the formula, Y is the cotton plant biomass, A is the theoretical maximum biomass, t
is the days after emergence (DAE), and b and k are constants.

The following formulas (Supplementary Materials Formulas (S4)–(S9)) can be con-
cluded from Formula (4).

2.3.4. Plant Height

The two plants selected during sampling were measured with a ruler, and the position
from the cotyledon node to the growth point was the height of a single plant. The average
height was calculated using data from all measured plants in each treatment.
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2.3.5. Yield

The primary, secondary, and tertiary flowers and green bolls were collected in each ex-
perimental plot; the seed cotton yield and lint yield were calculated; and the lint percentage
(100 bolls) was calculated by dividing the lint yield by the seed cotton yield.

2.3.6. Data Processing and Analysis

Stata 14.0 (Stata Corporation, College Station, TX, USA) was used to process the
data in batches, and Microsoft Excel 2019 (Microsoft, Bothell, WA, USA) and Origin 2018
(OriginLab Corporation, Northampton, MA, USA) were used to analyze and draw cotton
growth-related parameters (LAI, PAR interception rate, biomass, etc.). Image-Pro Plus 6.0
was used to calculate the LAI, Stata 14.0 and Surfer 17 (Golden Software Inc., Golden, CO,
USA) were used to process and analyze the light interception data, and SPSS 25.0 (SPSS Inc.,
Chicago, IL, USA) statistical software was used to analyze the significance. The English
abbreviations used in this experiment are mentioned in Supplementary Materials Table S1.

3. Results
3.1. iPAR, Leaf Area, Plant Height, and Biomass of Different Densities Change with Time
3.1.1. Light Interception

The results for the light interception of a single plant are shown in Figure 2, and the
results for the light interception of the population are shown in Figure 3.
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Figure 3. Interception rate of PAR at different planting densities in 2019 and 2020.

The changing trends of PAR per plant and the population PAR showed a quadratic
curve with an opening downward. In the early stage of cotton growth, the light interception
at different densities increased with increasing leaf area and peaked at approximately
100 DAE in both years. The maximum light interception per plant was 0.79 in 2019 and 0.73
in 2020, and the maximum light interception of the population was 0.77 in 2019 and 0.70 in
2020. In the later stage of cotton growth, the PAR of cotton decreased. The difference in
light interception based on density was more obvious in 2020 than that in 2019. Comparing
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the PAR changes of cotton under the six different density treatments, the general trends of
individual plants and the population in the two years were as follows: D6 > D5 > D4 > D3
> D2 > D1.

3.1.2. Leaf Area

The results of the two-year sampling showed that the leaf area per plant and LAI
showed a downward-opening parabola with the growth process (Supplementary Materials
Figures S3 and S4).

For the change in leaf area per plant in two years, the D1 treatment showed middle
values from emergence to 87 DAE, maximum values at 100 DAE, and then decreased. The
leaf area per plant under D1 was as high as 8775 cm2 in 2019 and 6779 cm2 in 2020. The
standard maximum error of the leaf area per plant among different density treatments was
89.80 cm2 in 2019 and 142.62 cm2 in 2020.

For the change in the LAI in two years, there are significantly large differences in LAI
among different densities in the peak growth period of cotton. The maximum standard
error of LAI among different density treatments was 0.10 in 2019 and 0.09 in 2020. The
maximum LAI under the high-density planting was 4.70 in 2019 and 3.28 in 2020. The
maximum LAI under the low-density planting was 1.98 in 2019 and 1.29 in 2020. The LAI
increased with increasing density, and the order of the LAI under the different densities
was D6 > D5 > D4 > D3 > D2 > D1.

3.1.3. Plant Height

The two-year plant height showed an upward trend over the whole growth period and
the following order: D6 > D5 > D4 > D3 > D2 > D1 (Supplementary Materials Figure S5).

The D6 treatment plants reached a maximum of 117.50 cm at 115 DAE in 2019 and
106.50 cm at 98 DAE in 2020, and the D1 density plants reached a maximum of 107.83 cm
at 115 DAE in 2019 and 101.67 cm at 98 DAE in 2020. The maximum standard error of the
plant height among different density treatments was 0.81cm in 2019 and 0.45 cm in 2020.

3.1.4. Biomass

Figures 4 and 5 reflect the changing trends in cotton biomass per plant and for the
population under different planting densities from 2019 to 2020, which agree with the
logistic growth model.
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Figure 4. The aboveground biomass of a single cotton plant grown at different planting densities in
2019 and 2020.

Figure 4 shows that the biomass per plant of cotton under different densities showed
an upward trend with the advancement of the growth process, the difference among
densities was significant, and the D1 treatment had significantly higher biomass than
the other density treatments. The maximum standard error of biomass per plant among
different density treatments was 10.58 g in 2019 and 4.32 g in 2020.
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The biomass per plant under D1 reached 433.95 g at 145 DAE in 2019, 318.63 g at
128 DAE in 2020, and the biomass per plant under D6 reached 142.87 g at 145 DAE in 2019,
and 106.78 g at 128 DAE in 2020.
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Figure 5. The aboveground biomass of cotton grown at different planting densities in 2019 and 2020.

With the advancement of the growth process, the population biomass of cotton un-
der different densities showed an upward trend (Figure 5), and there were significant
differences among different densities with the following order: D6 > D5 > D4 > D3 > D2
> D1. The maximum standard error of the population biomass among different density
treatments was 268.58 g in 2019 and 168.94 g in 2020. The highest biomass under D6 was
13,340.55 g at 145 DAE in 2019 and 11,209.47 g at 128 DAE in 2020. The highest biomass
under D1 was 7884.86 g at 145 DAE in 2019 and 5340.10 g in 2020.

The dry matter accumulation under the different densities conformed to the logistic
curve in two years. The fitting equation (Supplementary Materials Table S3) was based
on Formula (4) and derived from Formula (4). The average growth rate and maximum
growth rate under the different densities was calculated, as shown in Table 3. The start time,
end time, and occurrence time of the fastest growth period are shown in Supplementary
Materials Table S2.

Table 3. Characteristic values of biomass accumulation in the cotton growing season in 2019 and 2020.

Treatment VA (kg·ha−1·d−1) VM (kg·ha−1·d−1)

Year 2019

D1 114.2 130.2

D2 161.8 184.5

D3 163.0 186.0

D4 170.0 193.6

D5 189.1 215.6

D6 197.9 225.9

Average 166.0 189.3

Year 2020

D1 101.1 115.2

D2 135.7 155.0

D3 146.8 167.6

D4 171.0 196.6

D5 180.2 205.8

D6 195.8 223.3

Average 155.1 177.2
Note: VA represents the average and VM represents the maximum rate of biomass accumulation.
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The average and maximum rate of biomass accumulation increased with increasing den-
sity in two years (Table 3). The average rate of biomass accumulation was 166.0 kg·ha−1·d−1

in 2019 and 155.1 kg·ha−1·d−1 in 2020. The maximum rate of biomass accumulation was
189.3 kg·ha−1·d−1 in 2019 and 177.2 kg·ha−1·d−1 in 2020. The Supplementary Materials
Table 2 shows that the maximum dry matter accumulation under D6 was 13,469.5 kg·ha−1

in 2019 and 11,629.9 kg·ha−1 in 2020.

3.1.5. Yield

Table 4 shows that except for lint percentage, planting density had a significant effect
on seed cotton yield, lint yield, boll number, and boll weight during the two-year period.
The D5 treatment resulted in a high seed cotton yield, high lint yield, and high boll number
per square meter in two years, followed by the D6 treatment. The other densities showed
decreasing values with decreasing density, while the boll weight decreased with increasing
density. The highest seed cotton yields were 4267.0 and 3689.3 kg·ha−1 in two years, which
were 3.1, 4.4, 5.9, 10.4, and 26.1% higher than those of D6, D4, D3, D2, and D1 in 2019,
and 6.7, 10.7, 14.7, 25.5, and 39.5% higher than those of D6, D4, D3, D2, and D1 in 2020,
respectively. The highest lint yields were 1673.5 and 1375.4 kg·ha−1 in two years, which
were 3.2, 4.3, 5.6, 9.7, and 24.7% higher than those of D6, D4, D3, D2, and D1 in 2019,
and 6.8, 10.6, 13.5, 21.5, and 34.4% higher than those of D6, D4, D3, D2, and D1 in 2020,
respectively. The highest number of bolls per square meter was 68.4 and 60.7 in two years,
which was 2.4, 5.1, 7.7, 15.2, and 30.8% higher than that of D6, D4, D3, D2, and D1 in 2019
and 4.5, 10.6, 15.2, 28.9, and 45.2% higher than that of D6, D4, D3, D2, and D1 in 2020,
respectively. In two years, the boll weight and lint percentage under D1 were the highest,
and the rest decreased with increasing density.

Table 4. Cotton yield and yield components during the cotton growing season in 2019 and 2020.

Treatment Boll Number (m2) Boll Weight (g) Seed Cotton Yield
(kg·ha−1)

Lint Yield
(kg·ha−1)

Lint Percentage
(%)

Year 2019

D1 52.3 c 6.5 a 3383.1 b 1342.1 b 39.6 a

D2 59.4 b 6.5 a 3866.6 a 1525.0 a 39.4 a

D3 63.5 ab 6.4 ab 4030.8 a 1584.7 a 39.3 a

D4 65.1 ab 6.3 b 4088.0 a 1603.9 a 39.2 a

D5 68.4 a 6.2 b 4267.0 a 1673.5 a 39.2 a

D6 66.8 a 6.2 b 4139.0 a 1620.9 a 39.2 a

Year 2020

D1 41.8 d 6.3 a 2645.1 d 1023.7 d 38.7 a

D2 47.1 cd 6.2 ab 2939.7 cd 1132.1 cd 38.6 a

D3 52.7 bc 6.1 ab 3215.9 bc 1212.2 bc 37.7 a

D4 54.9 ab 6.1 ab 3332.6 abc 1244.1 abc 37.3 a

D5 60.7 a 6.1 ab 3689.3 a 1375.4 a 38.3 a

D6 58.1 ab 6.0 b 3458.7 ab 1288.1 ab 37.2 a

Variance Analysis

Year(Y) ** ** ** ** **

Treatment(T) ** ** ** ** *

Y*T NS NS NS NS NS

Note: According to Duncan’s multiple range test, different lowercase letters in the superscript of the number indicate significant differences
(p < 0.05). * and ** indicate significant differences at the 0.05 and 0.01 levels, respectively. NS means the difference is not significant
(p > 0.05).
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3.2. The Relationships and Fitted Models

After fitting, it was found that there was a logarithmic relationship between iPAR per
plant and leaf area per plant in two years (Supplementary Materials Figure S6), with an
R2 value of 0.86. There was a significant linear relationship between cumulative iPAR per
plant and aboveground biomass per plant (Figure 6), with an R2 value of 0.64.
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Figure 6. Relationships and fitted models between iPAR per plant and aboveground biomass per
plant in 2019 and 2020. iPAR*days means iPAR’s integral of the number of growth days.

There was a logarithmic relationship between the population cumulative iPAR and
LAI (Supplementary Materials Figure S7), and the R2 value was 0.91. There was a sig-
nificant linear relationship between the population cumulative iPAR and plant height
(Supplementary Materials Figure S7), with an R2 value of 0.88. There was a significant
linear relationship between the population cumulative iPAR and the population biomass
(Figure 7), with an R2 value of 0.93. The population cumulative iPAR and boll number
showed a significant linear relationship in two years (Figure 7), with R2 values of 0.92
and 0.76, respectively. There was a significant linear relationship between the population
cumulative iPAR and boll weight in two years (Figure 7), with R2 values of 0.53 and
0.90, respectively.

Agronomy 2021, 11, x FOR PEER REVIEW 11 of 19 
 

 

relationship between the population cumulative iPAR and the population biomass (Fig-
ure 7), with an R2 value of 0.93. The population cumulative iPAR and boll number showed 
a significant linear relationship in two years (Figure 7), with R2 values of 0.92 and 0.76, 
respectively. There was a significant linear relationship between the population cumula-
tive iPAR and boll weight in two years (Figure 7), with R2 values of 0.53 and 0.90, respec-
tively. 

   
Figure 7. Relationships and fitted models between the population iPAR and aboveground biomass, boll number, and boll 
weight in 2019 and 2020. iPAR*days means iPAR's integral of the number of growth days. 

3.3. Relationships between the Competition for Light under Different Densities and the Distribu-
tion of Yield 
3.3.1. Spatial Distribution Map of Boll Retention and Shedding Rate 

Taking the number of large bolls, small bolls, boll opening, and shedding in the last 
plant diagram, Surfer was used to map the spatial distribution of the boll retention and 
shedding rate. The results are shown in Figures 8 and 9. 

From the horizontal fruit nodes, the boll retention rate under the different densities 
decreased from the inside to the outside in two years (Figure 8). For the longitudinal fruit-
ing branches, the boll retention rate under different densities decreased from the bottom 
to the top in two years. The highest fruiting branch position was D1 > D3 > D2 > D6 > D5 
> D4 in two years. The distribution of cotton bolls was mainly concentrated in the inner 
fruit nodes, mostly in fruit nodes 1–4. Additionally, in the horizontal position, with in-
creasing density, the cotton boll distribution was more concentrated in the interior. 

 
Figure 8. Spatial distribution of the boll retention rate of cotton yield at different densities in 2019 
and 2020. 

y = 285.25x – 730.17
R² = 0.9282

0

2,000

4,000

6,000

8,000

10,000

12,000

14,000

0 10 20 30 40 50

A
bo

ve
gr

ou
nd

 b
io

m
as

s 
(g

)

Cumulative PAR interception (iPAR*days)

y = 1.0998x + 25.804
R² = 0.9179

y = 3.4547x – 81.788
R² = 0.7601

40

45

50

55

60

65

70

20 25 30 35 40 45

Bo
ll 

nu
m

be
r (

m
2 )

Cumulative PAR interception (iPAR*days)

2019

2020

y = – 0.0195x + 7.0036
R² = 0.533

y = – 0.0552x + 8.2804
R² = 0.9029

5.9

6

6.1

6.2

6.3

6.4

6.5

6.6

20 25 30 35 40 45

Bo
ll 

w
ei

gh
t (

g)

Cumulative PAR interception (iPAR*days)

2019

2020

Figure 7. Relationships and fitted models between the population iPAR and aboveground biomass, boll number, and boll
weight in 2019 and 2020. iPAR*days means iPAR’s integral of the number of growth days.
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3.3. Relationships between the Competition for Light under Different Densities and the
Distribution of Yield
3.3.1. Spatial Distribution Map of Boll Retention and Shedding Rate

Taking the number of large bolls, small bolls, boll opening, and shedding in the last
plant diagram, Surfer was used to map the spatial distribution of the boll retention and
shedding rate. The results are shown in Figures 8 and 9.
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Figure 8. Spatial distribution of the boll retention rate of cotton yield at different densities in 2019
and 2020.
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From the horizontal fruit nodes, the boll retention rate under the different densities
decreased from the inside to the outside in two years (Figure 8). For the longitudinal
fruiting branches, the boll retention rate under different densities decreased from the
bottom to the top in two years. The highest fruiting branch position was D1 > D3 > D2 >
D6 > D5 > D4 in two years. The distribution of cotton bolls was mainly concentrated in the
inner fruit nodes, mostly in fruit nodes 1–4. Additionally, in the horizontal position, with
increasing density, the cotton boll distribution was more concentrated in the interior.

The shedding rate under the different densities decreased from the inside to the
outside in terms of the horizontal fruit nodes, and from the bottom to the top in terms
of the longitudinal fruiting branches in two years (Figure 9). The highest fruiting branch
position was D1 > D2 > D3 > D4 > D5 > D6. The shedding of bolls was mainly concentrated
in the outer fruit nodes, and in the horizontal position, while with the increase in the cotton
population density, the shedding appeared closer to the main stem.

3.3.2. Comparison of the Boll Retention and Shedding Rate in Different Sections under
Different Densities

According to the different positions of bolls on cotton plants, cotton bolls were longi-
tudinally divided into three sections: lower (1–5 fruiting branches), middle (6–10 fruiting
branches), and upper (more than 10 fruiting branches). Horizontally, cotton bolls were
divided into two sections: inner (one to two fruit nodes) and outer (outside two fruit nodes).
The boll retention rate of each section is shown in Table 5, and the shedding rate of each
section is shown in Table 6.

Table 5. The boll retention rate of different sections with different densities in 2019 and 2020.

Treatment Lower Middle Upper Inner Outer

Year 2019

D1 0.421 a 0.355 a 0.224 a 0.549 b 0.451 a

D2 0.449 a 0.363 a 0.188 a 0.695 a 0.305 b

D3 0461 a 0.357 a 0.182 a 0.742 a 0.258 b

D4 0.501 a 0.383 a 0.116 a 0.780 a 0.220 b

D5 0.509 a 0.365 a 0.126 a 0.781 a 0.219 b

D6 0.461 a 0.370 a 0.169 a 0.800 a 0.200 b

Year 2020

D1 0.447 a 0.385 a 0.167 a 0.578 c 0.422 a

D2 0.498 a 0.372 a 0.129 ab 0.713 bc 0.287 ab

D3 0.567 a 0.354 a 0.079 ab 0.801 ab 0.199 bc

D4 0.527 a 0.399 a 0.073 ab 0.804 ab 0.196 bc

D5 0.572 a 0.381 a 0.046 b 0.915 a 0.085 c

D6 0.564 a 0.355 a 0.081 ab 0.855 ab 0.145 bc

Note: According to Duncan’s multiple range test, different lowercase letters in the superscript of the number
indicate significant differences (p < 0.05).

The boll retention rate of lower fruiting branches and inner fruit nodes of cotton
plants were higher (Table 5). The lower fruit branch of cotton plants under D5 reached
0.509 in 2019 and 0.572 in 2020, and the inner fruit node of D6 reached 0.800 and 0.915,
respectively. Different densities had significant effects on the boll distribution of cotton.
Longitudinally, there was no significant difference among the lower, middle, and upper
fruiting branches in 2019. There was no significant difference in the boll retention rate of
lower and middle fruit branches among different densities in 2020, while the retention
rate of the upper section under D1 was the highest, and that under D5 was the lowest.
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Horizontally, the surrounding bolls increased with increasing density in 2019, and the
peripheral bolls decreased with increasing density. In 2020, the circumference of D5 was
the highest, and those of the rest increased with increasing density, while the periphery of
D5 was the lowest, and those of the rest decreased with increasing density.

Table 6. The shedding rate of different sections with different densities in 2019 and 2020.

Treatment Lower Middle Upper Inner Outer

Year 2019

D1 0.349 a 0.344 c 0.307 a 0.378 a 0.622 a

D2 0.357 a 0.381 bc 0.262 ab 0.389 a 0.611 a

D3 0.356 a 0.411 ab 0.234 ab 0.527 a 0.473 a

D4 0.411 a 0.411 ab 0.179 ab 0.562 a 0.438 a

D5 0.380 a 0.454 a 0.166 ab 0.592 a 0.408 a

D6 0.430 a 0.443 a 0.126 b 0.585 a 0.416 a

Year 2020

D1 0.333 c 0.332 c 0.335 a 0.275 e 0.725 a

D2 0.338 c 0.356 c 0.306 a 0.364 de 0.636 ab

D3 0.368 bc 0.391 b 0.241 b 0.408 cd 0.592 bc

D4 0.397 ab 0.395 b 0.208 b 0.477 bc 0.523 cd

D5 0.392 ab 0.404 b 0.203 b 0.508 ab 0.492 de

D6 0.415 a 0.439 a 0.146 c 0.582 a 0.418 e

Note: According to Duncan’s multiple range test, different lowercase letters in the superscript of the number
indicate significant differences (p < 0.05).

The shedding rate of the middle fruiting branches and peripheral fruit nodes of cotton
plants was relatively high (Table 6). The middle fruiting branches of D5 reached 0.454 in
2019, those of D6 reached 0.439 in 2020, and the peripheral fruit nodes of D1 reached 0.622
in 2019 and 0.725 in 2020. Different densities had a significant effect on the shedding rate
of cotton. Longitudinally, there was no significant difference in the shedding rate of the
lower fruiting branch in 2019. The middle fruiting branch of D5 had the highest rate, and
the shedding rate of the other density increased with the increase of the density, while
that of the upper fruiting branch decreased with increasing density. In 2020, the shedding
rate of lower fruiting branches was D6 > D4 > D5 > D3 > D2 > D1, the middle fruiting
branches showed an increased rate with increasing density, and the upper section showed
a decreasing rate with increasing density. Horizontally, there was no significant difference
in the shedding rate between the inner circumference and the periphery in 2019. In 2020,
the shedding rate of peripheral fruit nodes increased with increasing density, while that of
the periphery decreased with increasing density.

3.3.3. Relationships between iPAR and the Boll Retention Rate in the Lower, Middle,
Upper, Inner, and Outer Sections of Cotton Plants

The correlation between the boll retention rate of different sections and the corre-
sponding light interception rate was established (Figure 10).

The results of Figure 10 show that there was a negative linear correlation between
the cumulative light interception rate of each section and the boll retention rate of the
corresponding region, which means the higher the cumulative light interception rate
was, the smaller the boll retention rate. In the vertical direction, the correlation between
the lower light interception and the boll retention rate was the highest (0.91), followed
by the middle (0.17) and the upper (0.12). In the horizontal direction, the correlation
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values between inner and outer light interception and the boll retention rate were 0.52 and
0.76, respectively.
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Figure 10. Relationships between cumulative light interception and the boll retention rate in the
corresponding section. (a) Lower; (b) Middle; (c) Upper; (d) Inner; (e) Outer. iPAR*days means
iPAR’s integral of the number of growth days.

3.3.4. Relationships between iPAR and the Boll Shedding Rate of Lower, Middle, and
Upper Sections of Cotton Plants

As seen from Figure 11, the cumulative light interception in different sections and the
boll shedding rate of the corresponding region showed a quadratic upward curve, which
means, with the increase in cumulative light interception, the shedding rate decreased first
and then increased. In the vertical direction, the correlation value between the cumulative
light interception in the lower section and the boll shedding rate in the corresponding



Agronomy 2021, 11, 2346 15 of 19

region was 0.96, that in the middle was 0.92, and that in the lower section was 0.24, and the
order was lower > middle > upper section. In the horizontal direction, the shedding rate
was related to light interception of the inner perimeter, with an R2 value of 0.44, and that of
the outer periphery was 0.50, and the order was outer > inner periphery.
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Figure 11. Relationships between cumulative light interception and the boll shedding rate in the
corresponding section. (a) Lower; (b) Middle; (c) Upper; (d) Inner; (e) Outer. iPAR*days means
iPAR’s integral of the number of growth days.

4. Discussion

Due to the different spaces occupied by individual plants, cotton plants with different
densities compete for light, heat, water, and fertilizer, and different planting densities result
in different intensities of competition and light energy utilization efficiencies [26]. Zhang
pointed out that the light interception of cotton increased with increasing density [27]. This
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is consistent with the change of the light interception in this study. The variation in the
leaf area index was similar to that of the population photosynthetic rate, as the LAI of high
density reached a peak at the full boll stage [28], and the plant height increased first and
then remained steady and reached a maximum at the flowering and boll development
stage [29]. The result was consistent with the change law of the leaf area index and plant
height in this paper.

The source of cotton growth is carbohydrates produced by photosynthesis, and dif-
ferent populations have different light distributions and solar radiation energy utiliza-
tion [23,24]. There are differences in the characteristic values of dry matter accumulation
among different planting densities [25]. Because the individual space per plant was suffi-
cient for development, the competition was low, and the light interception was high. The
dry matter accumulation per plant under the low-density treatment was much higher than
that under the high-density treatment, the dry matter accumulation under the low-density
treatment was lower than that under the high-density treatment, and the dry matter ac-
cumulation of single plants and the population treated with medium density tended to
be reasonable. This was consistent with the research results of Han and Weiner [30,31].
In two years, the seed cotton yield, lint yield, and boll number per square meter of the
D5 treatment were the highest, followed by those of D6, D4, D3, D2, and D1, and the boll
weight decreased with increasing density. This conclusion was consistent with the results
of Mao, who showed that the high yield of D5 may have been due to the high number of
bolls per unit area [32].

The LAI is an important index to reflect the light interception ability of crops and to
construct a reasonable canopy structure [33]. Robinson found that the leaf elongation rate
and the number of leaf cells determine the leaf size, thus affecting iPAR [34]. Houx found
that biomass accumulation was closely related to iPAR [35]. Plants will produce shade
avoidance responses when they perceive a shaded environment, which leads to an increase
of the plant height [36]. In the higher density population, plants had a canopy architecture
with low K-values and light penetrated deeper into the canopy [37]. There was a significant
positive correlation between yield and iPAR among different rice varieties [38]. When the
population density was high, the utilization efficiency of available resources was low [10].
The photosynthate transport efficiency under a wide row spacing was higher than that
under a narrow row spacing, and the boll weight under a wide row spacing was higher
than that under a narrow row spacing [17]. The results of this study showed a significant
linear relationship between iPAR and LAI, plant height, biomass, boll number, and boll
weight, which was consistent with previous studies.

The light interception of the crop canopy had a direct impact on crop production [39],
and there were differences in the boll retention and shedding distribution among different
densities. In this experiment, the high planting density resulted in a higher fruiting
branch number and fruit node number than the low planting density because the planting
density was negatively correlated with the number of fruiting branches per plant [40]. The
distribution of cotton bolls was mainly concentrated in the lower fruiting branches and the
inner fruit nodes, and the boll retention rate of D5 was higher, which was consistent with
the boll retention distribution with the plant type cultivation method studied by Zhu [41].
The shedding of boll was mainly concentrated in the outer fruit nodes of the middle and
lower fruiting branches, and the boll shedding rate increased with increasing density.
Because the high-density canopy was relatively closed, especially in the middle and lower
sections, the light transmission is less [42], and then the temperature decreases and the
relative humidity increases [43], resulting in an increase in boll shedding. Li thought that
the closer squares and bolls are to the main stem, the fewer fall off, and the greater bolls
formed [44]. In contrast, the further the squares and bolls are away from the main stem,
the greater number that fall off and the fewer bolls formed. Our conclusion was consistent
with these findings.

The analysis of the dynamics of light energy utilization and yield distribution of
cotton is helpful to understand the factors affecting the growth, development, and yield



Agronomy 2021, 11, 2346 17 of 19

of cotton, and put forward the technical measures to achieve high quality and high yield
according to the actual production problems [45]. The growth and development of repro-
ductive organs is highly correlated with the photosynthates formed by light interception
of adjacent leaves [46], which is consistent with the correlation between the boll retention
rate and shedding rate in different sections and light interception in their corresponding
sections. The correlation between the boll retention rate and shedding rate of the lower
and peripheral areas and light interception was the highest, so improving the distribution
of light in the middle and inner periphery can significantly increase cotton yield.

5. Conclusions

The results showed that different density planting patterns affected the light inter-
ception of the cotton canopy, and thus the yield and boll distribution. The D5 treatment
(87,000 plants·ha−1) could make better use of light energy and obtained the highest yields
in both years. The boll retention rate and shedding rate in the lower part of cotton plants
are most closely related to light interception. The light distribution in the middle and
inner part of cotton plants need to be improved. The results provide a significant basis
for improving light interception by optimizing planting density and canopy structure to
achieve higher cotton yield.
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plant height at different planting densities in 2019 and 2020; Figure S6: Relationships and fitted
models between iPAR per plant and leaf area per plant in 2019 and 2020; Figure S7: Relationships
and fitted models between the population iPAR and LAI, plant height in 2019 and 2020. Table S1:
English abbreviation table; Table S2: Characteristic value of biomass accumulation in cotton growing
season in 2019 and 2020; Table S3: Fitting equation of dry matter accumulation process in different
density population from 2019 to 2020.
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