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Abstract: The number of cotton plants grown per unit of ground area has gained attention due to
the high prices of inputs and lower production. Cotton yield per unit of area in Henan province has
been stagnant in the last few years. The objectives of this study were to investigate cotton growth,
yield, boll spatial distribution and biomass accumulation using different plant densities at cultivation
and to find out the optimal plant density. A 2-year field experiment was conducted in a randomized
complete block design under six plant densities (D1, 15,000; D2, 33,000; D3, 51,000; D4, 69,000; D5,
87,000 and D6, 105,000 ha−1). Cotton grown at lower plant density produced taller plants and high
number of leaves per plant while greater number of branches, fruiting nodes and high number of bolls
per unit of ground area were produced under high plant density. Boll retention rate decreased as plant
population increased and at nodes 1–8 the rate decreased slowly and then increased dramatically.
The highest seed cotton yield (4546 kg ha−1) and lint yield (1682 kg ha−1) was produced by D5.
The seed cotton and lint yield produced by D5 were 51–55%, 40–37%, 22–26%, 11–15%, 12–15%,
28–30%, 21–24%, 15–20%, 7–13% and 13–17% higher than D1, D2, D3, D4 and D6 during both years of
experimentation, respectively. The increase in seed yield was due to higher biomass accumulation
in reproductive organs under D5 plant density. The highest average (110.4 VA kg ha−1 d−1) and
maximum (126 VM kg ha−1 d−1) rate of reproductive organs biomass was also accumulated by D5 as
compared to other plant densities. The results suggest that D5 is the optimal plant density for high
reproductive biomass accumulation and high yield for the area of Henan province.

Keywords: biomass accumulation; cotton phenology; plant density; yield

1. Introduction

Cotton (Gossypium hirustum L.) is a leading cash crop considered as “white gold” and cultivated
in more than 80 countries throughout the world [1]. It contributes to the economy of cotton-producing
countries. According to statistics, India is the largest producer of cotton with 6.2 million metric tons in
the year 2017–2018, while China, USA, Pakistan and Brazil is included in top five cotton-producing
countries [2]. Approximately 80% of world total cotton production comes from these five countries.
Cotton production is very important not only for its economic benefits but also for the socio-economic
value in the country. The USA is the largest exporter with 3.4 million metric tons of cotton and
Bangladesh is the largest importer of cotton with 1.65 million metric ton [2]. China contributes about
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30% of the world cotton production [3]. Cotton is a unique crop which provides oil and clothes to
humans, chaff for livestock feed, organic matter to soil and many other products to industries [4].
Currently, more than half of clothes worn by all people in the world is made of cotton fiber [5].

Proper spacing between plants is an important agronomic factor which affect optimal use of
resources and increase crop productivity [6]. Plant density is a key factor for optimizing structure and
increasing the photosynthetic capacity of the cotton canopy. Crop geometry and plant density are
agronomic factors which enhance yield and profitability [7]. Plant density affects light interception,
moisture availability and wind movement which further affect plant height, architecture, boll behavior,
crop maturity and yield. An optimal plant density not only enhances the yield and fiber quality
of cotton but also reduces fertilizer application and labor cost as compared to high plant densities
without compromising yield [8]. Fertilizer and irrigation can also be efficiently utilized in optimal plant
density regimes. Globally, high planting density has become common in the cotton production systems.
High plant density has more leaf shedding in late season along with lower weight boll production.
High plant density (>10 plants m−2) and the associated shading may lead to disease infestation, fruit
shedding, reduced boll size, delayed maturity and decreased individual plant development and light
interception [9,10]. Current recommended and practiced plant densities in China is 5.3 × 104–7.5 × 104

plants ha−1 in the Yellow River Valley [11], 3.0 × 104 plants ha−1 in the Yangtze River Valley [9] and
22.7 × 104 plants ha−1 in the Northwest region.

Cotton yield can be separated into different components such as boll number, boll weight and lint
percentage [12]. Boll density is a major contributor to lint yield [13]. Cotton fiber is an extension of
the epidermal cell of the seed, and the most basic element of lint yield can be further dissected into
smaller units such as seeds number per boll [13] and number of fibers per seed [14]. Seed size affects
fiber numbers per unit seed surface area and lint mass [10,15]. High plant density produces more bolls
per unit area and contributes to final yield, however, it also leads to a decrease in individual plant
yield [9,16]. Cotton growth, yield and quality perfection through optimal management practices is the
continuous goal of cotton agronomists.

Plant density and boll retention have a direct and complex relationship which is influenced by many
factors like temperature, nutrition, physiology, genotype, water stress, competition for photosynthates,
insects and/or a combination of these [17–21]. Biomass production is also the prerequisite of cotton
yield and biomass partitioned to reproductive organs contributes to the final yield [22]. Due to its
indeterminate growth, cotton accumulates high vegetative biomass. The biomass accumulation in
cotton increases as cotton crops change from one growth stage to another; however, in the last growth
stages, biomass decreases due to fruit and leaves shedding [8,23]. In early growth phases, more light
intercepts to lower parts of the plant due to a less dense canopy which helps in the establishment of a
good stand and increases the biomass.

The purpose of this research was to investigate the effect of plant density on cotton growth
parameters, seed cotton yield, lint yield, and yield components, and to find the optimal cotton plant
density for Henan province in China.

2. Materials and Methods

2.1. Experimental Site

The field experiment was conducted in 2017 and 2018 at the research station, Institute of Cotton
Research of the Chinese Academy of Agricultural Sciences in Anyang, Henan, China (36◦06′ N,
114◦21′ E). The field soil was medium loam with total N of 0.65 g kg−1, P of 0.01 g kg−1 and K
of 0.11 g kg−1. The monthly average temperature and relative humidity data of both years of the
cotton-growing season are presented in Figure 1. Average temperature during the cotton-growing
season was 23 ◦C and 24 ◦C in 2017 and 2018, respectively. Annual rainfall was 585 mm in 2017 and
602 mm in 2018. Annual sunshine hours were 1838 h in 2017 and 1996 h in 2018. The average air
temperature at seedling and reproductive stage was cooler as compared to other growth stages. The
average relative humidity in the 2017 cotton growing season was higher than 2018.
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Figure 1. Temperature and relative humidity of cotton growing season.

2.2. Experimental Design

The experiment was conducted in randomized complete block design (RCBD). Six plant densities
(D1, 15,000; D2, 33,000; D3, 51,000; D4, 69,000; D5, 87,000 and D6, 105,000 plants ha−1) were plotted
randomly in three replications on clay loam soil. Each experimental plot area was 64 m−2 with 10-m
length and width. Each plot consisted of 10 rows with 0.8 m row spacing which was constant for
all plant densities. Seeds of cotton mid-maturity cultivar SCRC28 were sown by hand on flat beds
with plastic mulching to conserve soil moisture from evaporation. Plastic mulch was removed after
one month of full emergence. Seedlings were thinned to required plant densities after three weeks
of emergence. During both years, the land was prepared by ploughing and irrigated in early spring
before sowing. Sowing was done on 22 April 2017 and 20 April 2018.

A basal dose of 225 kg N ha−1, 150 kg P2O5 ha−1 and 225 kg K2O ha−1 were applied to field before
sowing. Irrigation was applied by flooding during flowering stage at a total volume of approximately
45 m3. Crop-management practices such as weeding, hoeing, pesticides and irrigation were performed
in a timely manner to enhance crop growth.

2.3. Observations

Data was recorded on cotton phenology, growth parameters, boll retention, yield and biomass
accumulation during 2017 and 2018 at different days after emergence.

2.3.1. Cotton Phenology

Cotton phenology (days to emergence, seedling, squaring, flowering and boll opening) was
assessed by randomly tagging 10 uniform plants at four leaf stage in each plot and number of days for
each growth stage was calculated.

2.3.2. Cotton Plant Growth Parameters

Growth parameters were measured at peak boll stage (72 days after emergence) from 10 randomly
tagged plants. Plant height was measured using a specially designed ruler. Number of leaves, fruiting
branches and nodes in each plot were also counted from the same tagged plants.

2.3.3. Yield and Yield Components

Seed cotton yield (kg/ha) and lint yield (kg/ha) were recorded three times from each treatment
by using the hand harvesting method. The bolls were dried to reduce moisture at less than 11% and
seed cotton of 100 bolls at first harvest were sampled for boll weight. The weight of a single boll was
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calculated by dividing the total seed cotton yield of 100 bolls by the total number of bolls. Lint% was
calculated from lint yield of 100 bolls divided by seed cotton weight of 100 bolls. Boll retention rate (%)
was calculated from the 10 tagged plants at node (1–16) and fruiting position (1–4) and then average of
each point were taken.

2.3.4. Biomass Accumulation

Dry weight of cotton plants was recorded at 42 days after emergence (DAE), 57 DAE, 72 DAE,
87 DAE, 102 DAE, 117 DAE and 132 DAE. Three random plants from each plot of three replications
were uprooted and dissected into underground part (roots), leaves, stem and reproductive structures.
Samples were quickly placed for 30 min in an electric fan assisted oven at 105 ◦C to stop metabolism.
Samples were dried at 80 ◦C for 48 h to attain a constant weight. The following logistic regression
formula was used to describe biomass accumulation.

Y =
A

1 + be−kt
(1)

In Equation (1) y (kg) is the biomass, A (kg) the maximum biomass, t (d) is the number of days
after emergence (DAE) while a and b are constants.

From formula (1), the following equations were calculated:

to =
lnb
k

(to = t) (2)

t1 =
lnb− ln

(
2 +
√

3
)

k
(3)

t2 =
lnb + ln

(
2 +
√

3
)

k
(4)

VM =
Ak
4

(5)

∆t = t2 − t1 (6)

VA =
Y2 −Y1

∆t
(7)

In the above equations VM (kg ha−1 d−1) is the highest rate of biomass accumulation, t (d)
is the maximum biomass fast accumulation period, Y1 and Y2 is the biomass at t1 and t2, VA

indicates the average biomass accumulation from t1 to t2 and ∆t (d) is the total period of average
biomass accumulation.

2.3.5. Data Analysis

Stata 14.0 were used for processing data. SPSS 19.0 and Origin 2016 were used for analysis of data.
Figures were plotted using Origin 2016. Contour maps were drawn by Surfer 16 (Golden Software
Inc, USA). Duncan multiple range test at 5% probability level was used to test differences among
mean values.

3. Results

3.1. Cotton Growth Stages

Cotton growth stages in 2017 and 2018 were positively affected by planting density (Table 1). In 2017
the squaring, flowering, boll opening and total growth period of D5 and D6 took (1, 1, 2–4, 2–3 days
respectively) more as compared to D1, D2, D3 and D4 while in 2018 high plant density (D6) took (1,1,1,4
d) more days in the squaring, flowering, boll opening and total growth period as compared to D4 and D5.
Seedling stages in both years were statistically found to be similar for all planting densities.
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Table 1. Cotton growth stages and periods as affected by different plant densities in 2017 and 2018.

Treatment
Growth Stages m-d/DAE Growing Period/Day

Emergence Seedling Squaring Flowering Boll Opening Seedling Squaring Flowering Boll Opening Total

Year 2017
Plant Density (PD)

D1 5–1/0 5–17/16 5–31/30 6–29/59 8–17/108 16a 14b 29b 49c 117c
D2 5–1/0 5–17/16 5–31/30 6–29/59 8–17/108 16a 14b 29b 49c 117c
D3 5–1/0 5–17/16 5–31/30 6–29/59 8–17/108 16a 14b 29b 49c 117c
D4 5–1/0 5–17/16 5–31/30 6–29/59 8–17/108 16a 14b 29b 49c 117c
D5 5–1/0 5–17/16 5–31/30 6–29/59 8–19/110 16a 14b 29b 51b 119b
D6 5–1/0 5–17/16 6–01/31 7–01/61 8–23/114 16a 15a 30a 53a 122a

Probability – – – – – ns ns ns *** ***
Year 2018

Plant Density (PD)
D1 4–28/0 5–17/19 5–29/29 6–24/55 8–6/98 19a 10c 26c 43c 106d
D2 4–28/0 5–17/19 5–30/30 6–25/56 8–8/100 19a 11b 27b 45b 110c
D3 4–28/0 5–17/19 5–30/30 6–25/56 8–8/100 19a 11b 27b 45b 110c
D4 4–28/0 5–17/19 5–30/30 6–25/56 8–10/102 19a 11b 27b 47a 112b
D5 4–28/0 5–17/19 5–30/30 6–25/56 8–10/102 19a 11b 27b 47a 112b
D6 4–28/0 5–17/19 5–31/31 6–27/58 8–13/104 19a 12a 28a 48a 116a

Probability – – – – – ns ** ** *** ***

Means followed by the different letters within same category in the same columns are different statistically according to Duncan multiple range test. ** Significant at P ≤ 0.01. *** Significant
at P ≤ 0.001. ns = non-significant at P ≥ 0.05. m-d = month-date, DAE = Days after emergence.
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3.2. Cotton Growth Parameters

Data regarding cotton growth parameters are presented in Table 2. Cotton growth parameters
were significantly affected by plant density (PD) in both years. Low PD (D1) produced 2%, 3%, 6%,
10% and 12% taller plants in 2017 while 2%, 4%, 7%, 11% and 12% taller plants in 2018 than D2, D3,
D4, D5 and D6, respectively (Figure 2A). In 2017, plant density D6 produced 412%, 140%, 86%, 45%,
27%, 103%, 72%, 37%, 26% and 10% more fruiting branches and fruiting nodes m−2 as compared to
D1, D2, D3, D4, and D5 respectively, while in 2018, fruiting branches and nodes m−2 produced by D6
were 372%, 145%, 92%, 49%, 31%, 109%, 77%, 38%, 27% and 11% more than D1, D2, D3, D4 and D5,
respectively (Figure 2B,C). Number of leaves produced by D1 in both years were higher as compared
to other PD. The shedding percentage during 2017 and 2018 was 22%, 20%, 15%, 10%, 16%, 24%, 18%,
13%, 7% and 14% higher in D6 as compared to D1, D2, D3, D4 and D5, respectively.
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Figure 2. Growth parameters of cotton plant densities in 2017 and 2018. (A–C) indicate plant height,
fruiting branches and fruiting nodes respectively.

3.3. Yield and Yield Components

A parabolic correlation was found between plant density and yield. Plant density had significantly
affected yield and yield components of cotton in both years except boll weight and lint percentage in
the second year (Table 3). The D5 (58,000 plants ha−1) PD achieved high seed cotton and lint yield in
both years as compared to other PD. In 2017, plant density D5 produced 44%, 35%, 20%, 13% and 11%
more bolls per m−2 than D1, D2, D3, D4 and D6, while in 2018, D5 produced 47%, 34%, 24%, 11% and
10% more bolls m−2 than D1, D2, D3, D4 and D6, respectively. The seed cotton and lint yield produced
by D5 in 2017 was 51%, 40%, 22%, 11%, 12%, 28%, 21%, 15%, 7% and 13% greater than D1, D2, D3, D4
and D6 while in 2018 D5 seed cotton and lint yield was 55%, 37%, 26%, 15%, 15%, 30%, 24%, 20%, 13%
and 17% more than D1, D2, D3, D4 and D6, respectively. Lint percentage in 2017 of D1 was 2%, 12%,
14%, 19% and 19% higher than D2, D3, D4, D5 and D6 respectively while in 2018 it was found to be
statistically similar.
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Table 2. Growth parameters affected by different plant densities in cotton growing season 2017 and 2018.

Treatment Plant Height (cm) Fruiting Branch/m2 Fruiting Nodes/m2 Leaves/Plant Shedding %

Year 2017
Plant Density (PD)

D1 96.2a 21.5f 120.9d 20.2a 49.8c
D2 94.5ab 45.7e 143.9d 19.2ab 50.5c
D3 93.2ab 59.1d 179.9c 18.8bc 52.7bc
D4 90.9b 75.6c 195.5bc 17.7cd 55.5b
D5 87.3c 86.9b 223.9ab 17.4d 52.4bc
D6 85.6c 110a 245.8a 17.3d 60.8a

Probability *** *** *** *** **
Year 2018

Plant Density (PD)
D1 94.5ab 22.5e 116.8f 19.7a 50.2d
D2 92.4a 43.4d 137.2e 18.3ab 52.9cd
D3 91.2ab 55.4cd 176.8d 18.2abc 55.2bc
D4 88.1bc 71.27bc 191.8c 17bcd 57.9b
D5 85.3cd 81.4b 219.5b 16.3cd 54.3bc
D6 84.4d 106.4a 243.5a 16d 62.2a

Probability *** *** *** ** ***

Means followed by the different letters within same category in the same columns are different statistically according to Duncan multiple range test. ** Significant at P ≤ 0.01. *** Significant
at P ≤ 0.001.
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Table 3. Cotton yield and yield components response to plant density in growing season 2017 and 2018.

Treatment Boll (m2) Boll Weight (g) Seed Cotton Yield (kg ha−1) Lint Yield (kg ha−1) Lint Percentage (%)

Year 2017
Plant Density (PD)

D1 66.6e 6a 3010d 1319.8d 43.9a
D2 71.2d 6a 3240.5d 1390.8cd 43.1a
D3 79.6c 5.9a 3717.6c 1462.8c 39.4ab
D4 84.5b 5.9a 4089.2b 1576.1b 38.5b
D5 95.8a 5.7ab 4545.5a 1682.9a 37.1b
D6 86.5b 5.6b 4054.6b 1493.3bc 36.8b

Probability *** ns *** *** *
Year 2018

Plant Density (PD)
D1 63.3d 5.9a 2730.9d 1185.5c 43.6a
D2 69.5cd 5.8ab 3080.5cd 1249.8bc 41.3a
D3 75.1bc 5.8ab 3369.3bc 1291bc 38.4a
D4 83.9ab 5.8ab 3679.5b 1369.4b 37.3a
D5 93.3a 5.6ab 4232.2a 1545a 36.5a
D6 85.2a 5.3b 3682.2b 1316.8bc 35.8a

Probability *** ns ** ** ns

Means followed by the different letters within same category in the same columns are different statistically according to Duncan multiple range test. * Significant at P ≤ 0.05. ** Significant
at P ≤ 0.01. *** Significant at P ≤ 0.001. ns = non-significant at P ≥ 0.05.
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Boll retention rate varied in different plant densities at different positions (Figures 3 and 4).
Increasing plant density resulted in a decreased boll retention rate. High boll retention rate was
observed above node 8 at fruiting position 3, followed by position 1 and 2. The rate decreased from
node 1–8 at fruiting position 1, 2 and 3 and then increased again after node 8. At fruiting position
3 and fruiting position 1, the rate increased slowly from nodes 1–14 and then decreased during the
growing season 2017 and 2018, respectively (Figure 4). So overall high boll retention at upper nodes
was observed at fruiting position 3 followed by 1 and 2 while less boll retention was observed between
nodes 4–10.
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Figure 4. Boll retention at node 1, 2, 3 of fruiting branches. D1–D6 represent plant densities. (A–C) and
(D–F) indicate 2017 and 2018, respectively.

3.4. Cotton Plant Biomass (CPB) Accumulation

Cotton plant biomass (CPB) accumulation was positively influenced by plant density and followed
a normal logistic model by DAE (Figure 5A,D). Cotton plant biomass increased as the density
increased, whereas differences were found between different plant densities. The D6 PD had more
CPB accumulation as compared to D1, D2, D3, D4 and D5 during both growing seasons. The CPB
increased up to 117 DAE and then decreased gradually until 132 DAE.

Data regarding vegetative organ biomass (VOB) during 2017 and 2018 are presented in Figure 5B,E.
Vegetative organ biomass of cotton was positively affected by PD. Vegetative organ biomass of
each density increased up to maturity of vegetative structures. After achieving maturity, the VOB
accumulation became lower as compared to before maturity. The VOB accumulation increased up
to 117 DAE and then followed a decreasing trend. The highest PD, D6 produced maximum VOB as
compared to other plant densities, while individual plant VOB decreased as density increased due to
resource competition among plants.

The appearance of the first square is the start of reproductive growth of cotton. The reproductive
organ biomass (ROB) accumulation was lower up to the first bloom and then onwards, the growth of
ROB increased gradually. Reproductive organ biomass curve remain narrowed up to 60 DAE after that
it became widened. During both years, the D5 PD produced more ROB followed by D6, D4, D3, D2
and D1 (Figure 5C,F).

3.5. Simulation of Biomass Accumulation

Simulation of biomass accumulation based on formula (1) followed the logistic function and all
the biomass accumulations were significant (Table 4). Calculation from Equations (2)–(7) based on
Table 4 shows the day of starting and ending of cotton biomass fast accumulation period (FAP) during
2017 and 2018. The averaged highest speed for CPB in all treatments were 56 and 98 DAE in 2017
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(Table 5) and 55 and 102 in 2018 growing season with highest average (VA = 131 and 115 kg ha−1 d−1)
and maximum rate (VM = 149 and 131 kg ha−1 d−1) (Table 6).
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Table 4. Simulation of plant biomass accumulation affected by plant density in cotton-growing season
2017 and 2018.

Items. Treatment Regression Equation R2

Cotton plant Biomass (2017) D1 Y = 6489.58539/(1 + 258.80173e−0.06442t) 0.9936 ***
D2 Y = 8384.97677/(1 + 150.02704e−0.06353t) 0.9886 ***
D3 Y = 9513.24778/(1 + 103.58321e−0.06163t) 0.9857 ***
D4 Y = 10,702.15904/(1 + 83.38416e−0.05897t) 0.9918 ***
D5 Y = 11,449.4722/(1 + 95.96235e−0.06213t) 0.9936 ***
D6 Y = 11,654.22062/(1 + 74.52064e−0.05987t) 0.9938 ***

Vegetative organ biomass D1 Y = 2688.34078/(1 + 327.97186e−0.08594t) 0.9911 ***
D2 Y = 4044.963/(1 + 299.20571e−0.0908t) 0.9883 ***
D3 Y = 4600.03731/(1 + 292.16952e−0.0975t) 0.9855 ***
D4 Y = 5059.78581/(1 + 101.2047e−0.08053t) 0.9898 ***
D5 Y = 5349.42745/(1 + 88.38862e−0.07954t) 0.9911 ***
D6 Y = 5863.81961/(1 + 97.73689e−0.08321t) 0.9889 ***

Reproductive organ biomass D1 Y = 3540.71667/(1 + 8858.027e−0.09421t) 0.9938 ***
D2 Y = 4156.21378/(1 + 2397.25191e−0.08411t) 0.9861 ***
D3 Y = 4733.72286/(1 + 1661.90033e−0.08182t) 0.9825 ***
D4 Y = 5390.69518/(1 + 1186.04395e−0.07956t) 0.9877 ***
D5 Y = 5829.68693/(1 + 1712.22879e−0.08643t) 0.9870 ***
D6 Y = 5481.00173/(1 + 1929.64913e−0.08696t) 0.9867 ***

Cotton plant Biomass (2018) D1 Y = 6091.05095/(1 + 170.71673e−0.05978t) 0.9852 ***
D2 Y = 7845.41809/(1 + 147.36714e−0.0629t) 0.9932 ***
D3 Y = 9360.03681/(1 + 68.7009e−0.05305t) 0.9916 ***
D4 Y = 10,258.05161/(1 + 78.27322e−0.05585t) 0.9910 ***
D5 Y = 11,305.05257/(1 + 59.00724e−0.05377t) 0.9888 ***
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Table 4. Cont.

Items. Treatment Regression Equation R2

D6 Y = 11,491.06419/(1 + 47.71984e−0.05211t) 0.9893 ***
Vegetative organ biomass D1 Y = 2479.89431/(1 + 113.23746e−0.07191t) 0.9790 ***

D2 Y = 3709.78204/(1 + 95.81778e−0.0718t) 0.9811 ***
D3 Y = 4307.53685/(1 + 40.98259e−0.06163t) 0.9721 ***
D4 Y = 4673.23384/(1 + 51.90518e−0.06702t) 0.9785 ***
D5 Y = 5054.68733/(1 + 34.5008e−0.06467t) 0.9704 ***
D6 Y = 5489.17354/(1 + 46.69089e−0.0721t) 0.9683 ***

Reproductive organ biomass D1 Y = 3258.29804/(1 + 9103.86586e−0.09606t) 0.9830 ***
D2 Y = 3867.94729/(1 + 4789.94074e−0.09413t) 0.9924 ***
D3 Y = 4566.99271/(1 + 1635.38226e−0.08157t) 0.9902 ***
D4 Y = 5126.04201/(1 + 1923.88057e−0.0846t) 0.9919 ***
D5 Y = 5676.07015/(1 + 1900.81286e−0.08647t) 0.9871 ***
D6 Y = 5384.55282/(1 + 1960.2252e−0.08599t) 0.9874 ***

*** Significant at P ≤ 0.001.

Table 5. Eigen values of biomass accumulation affected by plant density in cotton-growing season 2017.

Items Treatment
Fast Accumulation Period Fastest Accumulation Point

t1(DAE) t2(DAE) ∆t(d) VA (kg ha−1 d−1) VM (kg ha−1 d−1) At DAE

Cotton plant
Biomass D1 65.8 106.7 40.9 91.6 104.5 86.2

D2 58.1 99.6 41.5 116.8 133.2 78.9
D3 53.9 96.7 42.7 128.5 146.6 75.3
D4 52.7 97.3 44.7 138.3 157.8 75.0
D5 52.3 94.7 42.4 155.9 177.8 73.5
D6 50.0 94.0 44.0 152.9 174.4 72.0

Average 55.5 98.2 42.7 130.7 149.1 76.8
Vegetative

organ
biomass

D1 52.1 82.7 30.6 50.6 57.8 67.4

D2 48.3 77.3 29.0 80.5 91.8 62.8
D3 44.7 71.7 27.0 98.3 112.1 58.2
D4 41.0 73.7 32.7 89.3 101.9 57.3
D5 39.8 72.9 33.1 93.3 106.4 56.3
D6 39.2 70.9 31.7 107.0 122.0 55.1

Average 44.2 74.9 30.7 86.5 98.7 59.5
Reproductive

organ
biomass

D1 82.5 110.5 28.0 73.1 83.4 96.5

D2 76.9 108.2 31.3 76.6 87.4 92.5
D3 74.5 106.7 32.2 84.9 96.8 90.6
D4 72.4 105.5 33.1 94.0 107.2 89.0
D5 70.9 101.4 30.5 110.4 126.0 86.1
D6 71.9 102.1 30.3 104.5 119.2 87.0

Average 74.8 105.7 30.9 90.6 103.3 90.3

DAE represents days after emergence, t1 is the starting and t2 is the ending point of fast accumulation period (FAP).
∆t is the total duration of FAP. VA is the average and VM is the maximum rate of biomass accumulation during FAP.

Progress of CPB accumulation varied among different plant densities. In 2017, the fast accumulation
period of D5 started at 52 DAE and completed at 95 DAE which lasted for 42 DAE with the highest
average (156 VA kg ha−1 d−1) and maximum rate (177 VM kg ha−1 d−1) at 72 DAE. The longest fast
accumulation period for CPB was observed in D4 which lasted for 45 DAE with an average rate of
138 VA kg ha−1 d−1 (Table 5).

In 2018, FAP of CPB for D6 began earlier at 49 DAE and D1 FAP ended finally at 108 DAE. The
highest average (133 VA kg ha−1 d−1) and maximum rate (152 VM kg ha−1 d−1) was observed in D5
followed by D6, D4, D3, D2 and D1 (Table 6).
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Data regarding VOB showed that accumulation responded positively to plant density. The earliest
and highest FAP of VOB in both years was observed at D6 with the average rate of 107 and 89 VA kg
ha−1 d−1 which lasts for 32 and 37 DAE, while maximum rate (122 and 99 VM kg ha−1 d−1) lasted for
55 and 53 DAE in 2017 and 2018, respectively. The average and maximum VOB accumulation rate of
D6 was 8%, 13%, 16%, 25%, 53% higher than D3, D5, D4, D2, D1 and 17%, 21%, 33%, 33%, 55% higher
than D5, D4, D2, D3, D1 in 2017 and 2018, respectively (Tables 5 and 6).

Table 6. Eigen values of biomass accumulation affected by plant density in cotton-growing season 2018.

Items Treatment
Fast Accumulation Period Fastest Accumulation Point

t1(DAE) t2(DAE) ∆t(d) VA (kg ha−1 d−1) VM (kg ha−1 d−1) At DAE

Cotton plant
Biomass D1 64.0 108.0 44.1 79.8 91.0 86.0

D2 58.4 100.3 41.9 108.2 123.4 79.4
D3 54.9 104.6 49.6 108.8 124.1 79.7
D4 54.5 101.7 47.2 125.6 143.2 78.1
D5 51.3 100.3 49.0 133.2 152.0 75.8
D6 48.9 99.4 50.5 131.3 149.7 74.2

Average 55.3 102.4 47.0 114.5 130.6 78.9
Vegetative

organ
biomass

D1 47.5 84.1 36.6 39.1 44.6 65.8

D2 45.2 81.9 36.7 58.4 66.6 63.5
D3 38.9 81.6 42.7 58.2 66.4 60.2
D4 39.3 78.6 39.3 68.7 78.3 58.9
D5 34.4 75.1 40.7 71.7 81.7 54.8
D6 35.0 71.6 36.5 86.8 98.9 53.3

Average 40.0 78.8 38.8 63.8 72.8 59.4
Reproductive

organ
biomass

D1 81.2 108.6 27.4 68.6 78.2 94.9

D2 76.0 104.0 28.0 79.8 91.0 90.0
D3 74.6 106.9 32.3 81.7 93.1 90.7
D4 73.8 105.0 31.1 95.1 108.4 89.4
D5 72.1 102.5 30.5 107.6 122.7 87.3
D6 72.8 103.5 30.6 101.5 115.8 88.2

Average 75.1 105.1 30.0 89.0 101.5 90.1

DAE represents days after emergence, t1 is the starting and t2 is the ending point of fast accumulation period (FAP).
∆t is the total duration of FAP. VA is the average and VM is the maximum rate of biomass accumulation during FAP.

The highest average rate (110 VA kg ha−1 d−1) of ROB was observed in D5 which began at 71 DAE
and terminated at 102 DAE which lasted for 31 DAE and maximum rate (126 VM kg ha−1 d−1) at 86
DAE in 2017 (Table 5). The average and maximum ROB accumulation rate of D5 was 5%, 15%, 23%,
31% and 34% higher than D6, D4, D3, D2 and D1, respectively. The earliest FAP also started in D5 at 71
DAE while the last terminated FAP was observed in D1 which ended at 111 DAE. In 2018, the earliest
FAP of ROB was started in D5 which lasted for 31 DAE and terminated at 103 DAE with the highest
average rate (108 VA kg ha−1 d−1) and maximum rate (123 VM kg ha−1 d−1) at 87 DAE trailed by D6,
D4, D3, D2 and D1 (Table 6).

4. Discussion

The present two-year study was conducted to investigate the effects of different PD on cotton
growth, yield, boll retention and biomass accumulation. High PD is practiced for higher production in
terms of number of bolls per unit area, however, it has been observed that yield increases up to a certain
moderate plant density while too high a PD negatively affects the yield resulting in lower production.

An optimal cotton PD is influenced by various conditions, including soil, microclimate, planting
pattern, irrigation type, fertilizer application method, cultivar and farmer’s field management. Three
major regions of China’s cotton belt have huge differences in their PD. An optimal higher PD is
advantageous for producing high yield. Xinjiang region has the highest PD of 21.0 × 104–24.0 × 104
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plants ha−1 [24], followed by Yellow River Valley, with a PPD of 3.0 × 104, 4.5 × 104 and 6.0 × 104

plants ha−1 for hybrid Bt cotton, indigenous Bt cotton, and Bt cotton, respectively [25,26], whereas,
for late sowing PD it is 7.5 × 104 ha−1 [27]. Similarly, Yangtze River Valley in which hybrid seeds are
commonly used, has the PD of 3.0 × 104 plants ha−1 [28]. Similar results are also presented in this
paper that cotton yield increases with increasing PD up to certain limit (87,000 plants ha−1) in Yellow
River Valley while yield reduction occurred with very high or very low PD [29].

Growth and development of cotton is highly affected by PD. As PD increases, squaring, flowering,
boll setting, and maturity is delayed. Late maturity is related to low temperature and light interception.
An increase in PD decreases the amount of light interception to the lower parts of the plant and
increases resource competition among plants which affect cotton phenological development [30].

Increasing plant density reduced plant height, main-stem nodes per plant, number of bolls per
plant, and individual boll weight [31,32]. Decreasing PD increased bolls at the 1st, 2nd and 3rd
positions of the plant with less yield and unnecessary vegetative growth that led to undesirable fruit
shedding and boll rotting [33]. In the present study, it was observed that plant height, number of
bolls and fruiting nodes per plant decreased, while shedding percentage increased with increasing PD.
Similar results were also reported in previous investigations [16,34].

In this study, the plant density D5 produced the highest yield and yield contributors except boll
weight and lint percentage in the year 2018. Cotton yield and yield contributors of the different plant
densities decreased in the following trend, D5 > D4 > D6 > D3 > D2 > D1, with the highest and lowest
yield in D5 and D1, respectively. During both years, the increase in yield might be due to higher
number of bolls and fruiting nodes m−2. Individual plant yield and bolls m−2 of D5 was lower as
compared to D1, D2, D3, D4 but was higher per unit area. Our results are in agreement with Mao et al.
(2015), who reported an increased number of bolls m−2 and a lower weight of single boll in higher
PD [35]. Exceptionally high plant densities reduced boll weight and light penetration to lower parts of
the plant which increased ethylene/sugar ratio and resulted in greater shedding with low yield [16].
Our results are also in agreement with Dong et al. (2010) that high PD produce more bolls but decrease
boll weight [36]. High PD resulted in fruit shedding, poor boll filling, delay maturity and disease
infestation which resulted in reduced cotton yield [9,10,23]. Our results showed that too high (D6) and
too low (D1) plant population led to a decline in cotton yield. An optimal plant density (D5) not only
increases yield but also utilize less inputs without yield reduction as compared to high PD [8].

Boll retention was affected by plant density and an inverse relationship was found between
fruiting position and plant density. Bednarz et al. (2000) reported that plant population affected boll
numbers per plant in cotton [17]. In this study, the rate of boll retention at both fruiting position
and node decreased as plant population increased. This might be due to high resource competition
as density increases [8]. Our result are in agreement with the findings of Siebert and Stewart (2006)
that decrease of plant population increased bolls at the 1st, 2nd and 3rd positions of the plant [33].
Higher boll numbers were retained above node 8 while less retention rate was observed at node 4–10.
Increasing plant density decreased the bolls at the 1st position on nodes 6–10 [31]. Different studies
conducted on boll retention rate reported that more bolls were retained at nodes 7–13 [37] or at nodes
13–22 [38]. Shade during the first bloom, peak bloom and boll development increased fruit shedding
which consequently reduced boll retention rate [39]. Pettigrew et al. (2004) reported that higher plant
nodes produced more bolls in irrigated cotton [40], while Guo-zheng et al. (2010) linked high boll
retention with increased boll rot, low open boll rate and concluded that dense population create shade,
increase canopy humidity, making the canopy environment suitable for pest injury, spread of disease
and remaining safe from insecticides or pesticide sprays due to dense leaves [34]. The lower boll
retention rate might also be due to less light interception in the canopy. Xue et al. (2015) concluded
that light interception decreases with an increase in plant height because of a sealed canopy [41]. Light
interception increases speedily after planting and starts decreasing after canopy sealing whereas less
of a difference in light interception was observed in different plant densities at early growth stages [41].
Therefore, it might be possible that due to more light interception in the early growth stages, the first
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nodes had more boll retention and canopy sealed slowly affecting light interception and boll retention.
After tip removal, the plants stopped branching and the upper branches received more light up to the
end of season which probably resulted an increase in boll retention in the nodes above 8.

Biomass accumulation in cotton changes with different treatments and follows a parabolic curve.
High plant density increased plant total biomass in terms of kg ha−1 but the individual biomass of a
cotton plant decreased [42]. Plant density D5 produced maximum biomass and had maximum biomass
accumulation. As the canopy becomes dense, the light interception in the canopy decreases and
resource competition increases which affect the growth of the crop [41,43]. Vegetative organ biomass
accumulation increases as density increases but reproductive organ biomass accumulation decreases at
too high a density. Biomass above ground is directly related with PD and increasing plant density
increases light-use efficiency at the reproductive stage [44]. The increase in total and vegetative biomass
may also be due to higher number of plants per unit area with high vegetative growth. Reproductive
organ biomass accumulation decreases with too high and too low plant densities[9]. Our results
recommended that high ROB can be obtained by adjusting plant density accordingly.

5. Conclusions

The results from the present study indicated that plant density influenced growth, seed cotton
and lint yield, boll retention and biomass accumulation of cotton crop. Specifically, cotton plants
from cv. SCRC28 had more reproductive organ biomass accumulation in D5 (87,000 cotton plants per
hectare) as compared to other densities used into this experiment. The greater biomass accumulation
in reproductive organs and more bolls per unit of area had a consequence an increase in yield at
D5 crop density. Low densities produced more boll weight but did not contribute to final yield
due to a lower number of bolls per unit of area. Increasing density from D1 (15,000) to D5 (87,000),
resulted in higher fruit shedding and lower bolls per unit area and gave low biomass accumulation in
reproductive structures due to less light penetration into the lower canopy. Hence, it is concluded that
87,000 plants ha−1 could be the optimal plant density for the mid-maturing cultivar SCRC28, which
had achieved high cotton production in Henan province of China. Further research is needed to check
the recommended density for other varieties, hybrids or Bt cotton cultivars.
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