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Abstract: The application of harvest aids is an important prerequisite for the mechanical harvesting
of cotton that can effectively reduce the impurity content and improve the picking rate and operating
efficiency of machine-picked cotton. However, determining the appropriate spraying time of harvest
aids to achieve the synergistic improvement of cotton boll weight and fiber quality is still unclear. In
this study, the damage of harvest aids to cotton boll weight and fiber quality as well as its quantitative
relationship to cotton boll age were studied through testing different harvest aid compounds and
spraying times. The spraying of harvest aids significantly shortened the boll growth period of cotton
by 3.60–6.45 d, and concentrated boll opening was beneficial to cotton mechanical harvesting. The
boll weight of immature cotton was significantly decreased by 0.63–1.12 g; the fiber strength was
significantly decreased by 2.48–2.77 cN·tex−1, and the micronaire value deteriorated. The negative
effect on the boll weight and fiber quality was aggravated by the decrease in the ratio of boll age
to boll period (Rd/b) during the harvest aid spraying time. When the fiber strength damage was
controlled at 1%, the spraying time Rd/b of the harvest aids was 0.77–0.82, and the boll weight loss
was also controlled at 5%. Therefore, it is recommended that an Rd/b of 0.77–0.82 be used to balance
the contradiction between cotton yield and fiber quality under harvest aid application.

Keywords: Xinjiang cotton; harvest aids; boll weight; fiber quality; maturity

1. Introduction

Cotton has an indeterminate growth habit, and cotton bolls can be opened 14 d after
reaching the maximum dry weight [1]. Temperatures are unstable in the Xinjiang cotton belt,
with minimum temperatures dropping sharply in early autumn [2], making it difficult for
the upper cotton bolls to mature and open. Therefore, defoliants are usually combined with
ethephon to promote rapid leaf shedding and boll opening [3,4]. Defoliation is an important
prerequisite for cotton mechanical harvesting, but the decline in leaf sources caused by
leaf shedding inevitably affects cotton boll development [5–7]. Thidiazuron is the main
effective component of chemical defoliants [8], which is usually used with ethephon in
production to increase endogenous ethylene release, achieve a good defoliation effect, and
promote the concentrated opening of cotton bolls [1,9]. The high efficiency of defoliation
and ripening is closely related to the temperature at that time. If the temperature is low in
the late growth period and the defoliation effect is poor, this will inevitably result in a high
impurity content in seed cotton. Therefore, determining the appropriate spraying time of
harvest aids for achieving good defoliation and ripening effects and for coordinating the
relationship between cotton yield and fiber quality are of great significance.

At present, the spraying time of harvest aids is mainly determined based on the cotton
boll opening rate, the effective accumulated temperature method, the number of main stem
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nodes above the boll opening rate, the knife cutting method, and the micronaire prediction
method [10]. Among these methods, the cotton boll opening rate is commonly used, and
performing defoliation after 60% of cotton bolls are open is generally recommended [11,12].
However, the effects of defoliation and ripening are severely affected by the temperature
drop during the late growth stage of cotton in Xinjiang. Therefore, the best spraying time
for harvest aids is when the boll opening rate reaches 30–40% [13]. Harvest aids destroy
the balance of endogenous hormones, reactive oxygen species, and carbon metabolism
in cotton leaves by sharply reducing the photosynthetic rate and hindering cotton boll
development [7,14,15]. If the harvest aid is applied too early, it seriously affects boll
formation and fiber development [5] and increases the proportion of immature cotton
bolls and fibers [12,16]. Harvest aids significantly decrease the weight of cotton bolls
with a boll age of less than 37 d [17], and they reduce cotton yield and fiber quality [9].
Delaying the spraying time of harvest aids has a positive impact on cotton yield and
quality, but it also increases the possibility of encountering severe weather, such as frost
and low temperatures [18], which lead to withered leaves and increasing the content of leaf
impurities in seed cotton [19,20]. Therefore, a reasonable spraying time for harvest aids
helps balance the contradiction between cotton yield and quality so that the boll weight
and fiber quality can be improved synergistically.

The cotton boll opening rate is a common method for judging the spraying time of
harvest aids, but it does not consider the cotton varieties and cotton boll morphologi-
cal characteristics. Instead, this problem can be effectively avoided by determining the
spraying time of the harvest aids according to the ratio of boll age to boll period (Rd/b) of
cotton bolls when harvest aids are sprayed [18]. As such, it is unclear how we can achieve
the coordinated improvement of cotton boll weight and fiber quality under conditions
of defoliation and ripening. According to the cotton boll characteristics and the damage
amount of the fiber quality, the appropriate spraying time of harvest aids has been deter-
mined [18], but the Rd/b suitable for spraying harvest aids to coordinate the damage of sin-
gle boll weight and fiber quality is still to be determined. Accordingly, this study proposed
an assessment method for the suitable spraying time of harvest aids by analyzing the dif-
ferent influences and quantitative relationships between the spraying time of harvest aids
and cotton single boll weight and fiber quality to provide theoretical and technical support
for the coordinated improvement of the yield and quality of machine-picked cotton.

2. Materials and Methods
2.1. Experimental Design

The experiment involving cotton was conducted during 2020 and 2021 at the Wulan-
wusu Agricultural Meteorological Experimental Station (44◦17′ N, 85◦49′ E) of the Xinjiang
Shihezi Meteorological Bureau, where the average altitude was 468.2 m. Eighteen cot-
ton cultivars (materials) with different defoliant sensitivities and boll morphologies were
selected as the test materials, and the boll period was 47 to 66 d.

After the cotton plants blossomed, the white flowers on the first fruit node of the
upper fruit branch (fruit branch 7–9) were labeled. A split-plot design was adopted. The
main plot was treated with harvest aids, i.e., thidiazuron, ethephon, and thidiazuron
combined with ethephon (Thid and Ethe), and the control was sprayed with water (CK).
The subplot was the spraying time, and the spraying time of the harvest aids was set
according to the ratio (Rd/b) of the boll age and boll period when harvest aids were
sprayed, namely, as the boll age to the boll period × Rd/b 0.52, boll period × Rd/b 0.62, boll
period × Rd/b 0.72, and boll period × Rd/b 0.82. The defoliation agent was a suspension
agent containing thidiazuron (Jiangsu Anpon Electrochemical Co., Huaiyin, China), which
included 360 g L−1 of thidiazuron and 180 g L−1 of diuron. The ripening agent used was
ethephon (Jiangsu Anpon Electrochemical Co.), a 40% water agent, and the dosage was
1350 mL hm−2. The daily maximum, minimum, and mean air temperatures, as well as the
daily average relative humidity after harvest aid application, are shown in Figure 1.
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Figure 1. Weather data 14 d after the application of the harvest aids in 2020 and 2021. (A). Daily
average temperature. (B). Maximum daily air temperature. (C). Daily minimum temperature.
(D). Daily relative humidity.

On 20 April 2020, and 17 April 2021, cotton was planted. Manual topping was carried
out on July 9. The plot area was 7.0 m × 6.8 m, and the row spacing configuration was
(66 + 10 + 66 + 10 + 66 + 10 cm) × 10 cm. The plant density was about 2.63 × 105 hm−2,
and the field management measures followed local practices. The specific cotton varieties
(materials), hanging date, and boll period are shown in Table 1.

Table 1. Tested varieties, dates of marking the white flowers, and boll period.

Year Varieties Dates of Marking the White
Flowers (M/D) Boll Period (d)

2020
Su-K 202, Ba 1, Ba 2, Ba 4, Ba 6, Ba 8, Xinluzao 33,
Xinluzao 50, Xinluzao 57, Xinluzao 61, Xinluzao 74,
Xinluzao 80, 65-38, 16566, 2A0620, 80511, 80506, 3413

7/6, 7/11, 7/16 47, 48, 50, 51, 52,
57, 60, 62, 64, 66

2021 Su-K 202, Ba 8, Xinluzao 33, Xinluzao 50, Xinluzao 80,
16566, 2A0620, 80506, 3413 7/11, 7/16, 7/21, 7/25 47, 50, 52, 57, 60,

61, 64, 66, 69

The boll period in the table refers to the number of days from the opening of white flowers to the cracking of
cotton bolls without the spraying of harvest aids (the experimental data are from 2016 and 2017).

2.2. Sample Collection and Measurement Items

When the marked cotton bolls cracked, the date was recorded, and the boll period
was calculated. Before harvesting, 30–50 cotton bolls of the same size were collected for
uniform air drying and ginning, and the fiber weight and seed weight of a single boll were
measured. The ginned lint sample was sent to the Supervision, Inspection and Test Center
of Cotton Quality, Ministry of Agriculture, Anyang, China, to determine fiber quality using
a high-volume instrument (HVI).

The cotton boll period was calculated as the number of days from the date of white
flowers to the date of cotton boll dehiscence (linear or micro dehiscence). Rd/b was the
ratio of cotton boll age (d) and boll period (b) when harvest aids were applied. The amount
of damage was determined as the difference between the control value and the treatment
value with harvest aids. A positive value of the difference indicated that the treatment with
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harvest aids was lower than the control, while a negative value meant that it was higher
than the control.

2.3. Data Statistics and Analysis

The DPS data processing system v19.05 was used for data analysis [21], and multiple
comparisons were made using the least significant difference method. Origin 2021 (Origin
Lab Co., Northampton, MA, USA) was used to plot the figures.

3. Results
3.1. Effect of Harvest Aids on the Cotton Boll Period

The harvest aids significantly affected the boll period of cotton (p < 0.0001). The boll
period was shortened by 3.60–4.41 d as a result of the treatment with thidiazuron and
ethephon. The boll period was only 49.62 d when thidiazuron was combined with ethephon,
which was 6.45 d shorter than that of the control, and 2.04–2.85 d shorter than that with
ethephon and thidiazuron (Figure 2). The spraying time of the harvest aids significantly
affected the boll period (p < 0.0001). In the interaction of the harvest aids and spraying time,
the boll period was not significantly different (Table 2). When the spraying time was an
Rd/b of 0.72 and 0.62, the boll period was 50.04–53.29 d, which was significantly reduced by
4.30–5.14 d when compared with the control, and the boll period was shortened by about
3.49–6.73 d compared to when spraying occurred at an Rd/b of 0.82 (Figure 2). When the
spraying time was an Rd/b of 0.52, the boll period was only 44.77 d, which was significantly
reduced by 4.37–8.17 d when compared with the control. At different boll ages, the boll
period was shortened by 5.23–8.17 d in the treatment with thidiazuron combined with
ethephon, which was significantly reduced when compared with the control (Figure 2).
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Table 2. Variance analysis of cotton boll periods under different harvest aids.

Harvest Aid Treatments Rd/b Value Boll Period (d)

CK Rd/b 0.82 60.5 ± 4.9 a
Rd/b 0.72 57.6 ± 4.4 b
Rd/b 0.62 55.2 ± 3.8 c
Rd/b 0.52 51.1 ± 3.6 d

Ethephon Rd/b 0.82 57.0 ± 5.4 a
Rd/b 0.72 53.7 ± 4.9 b
Rd/b 0.62 50.6 ± 5.0 c
Rd/b 0.52 45.4 ± 6.1 d

Thidiazuron Rd/b 0.82 58.1 ± 4.3 a
Rd/b 0.72 54.2 ± 3.9 b
Rd/b 0.62 51.0 ± 4.2 c
Rd/b 0.52 46.7 ± 3.6 d

Thid & Ethe Rd/b 0.82 55.3 ± 3.8 a
Rd/b 0.72 52.0 ± 3.8 b
Rd/b 0.62 48.5 ± 4.1 c
Rd/b 0.52 42.7 ± 4.0 d

Harvest aids (HA) <0.0001
Spraying time (Rd/b) <0.0001
HA × Rd/b 0.6086

The values are expressed as means ± SD. Different letters in the same column indicate significant differences
between the harvest aid treatments (p < 0.05). The spraying time of harvest aids in 2020 occurred at the
boll period × Rd/b 0.62, boll period × Rd/b 0.72, and boll period × Rd/b 0.82. In 2021, the spraying time treatment
increased the boll period × Rd/b 0.52.

3.2. Effect of Harvest Aids on Single Boll Components and the Quantitative Relationship with Rd/b
3.2.1. Changes in Fiber Weight and Cottonseed Weight per Boll

The harvest aids significantly affected the fiber weight per boll (p = 0.0003). The
fiber weight per boll was lowest under the treatment with thidiazuron. The average fiber
weight per boll was only 1.51–1.55 g, which was significantly reduced by 24.0–25.9% when
compared with the control. The fiber weight per boll under the ethephon treatment was
significantly decreased by 0.39 g when compared with the control, which was a decrease of
19.39% (Figure 3). The fiber weight per boll showed a significant interaction between the
harvest aid combination and the spraying time. The amount of damage to the fiber weight
per boll increased with the decrease in the Rd/b value of the spraying time (Table 3). When
the spraying time was an Rd/b of 0.82 and 0.72, the fiber weight per boll was 1.80–2.00 g,
and the different spraying treatments decreased by 0.17–0.46 g when compared with the
control (Figure 3). When the spraying time was an Rd/b of 0.62 and 0.52, the fiber weight per
boll was only 0.90–1.61 g, which was 0.36–0.84 g lower than that of the control (Figure 3).

The cottonseed weight per boll was significantly affected by the harvest aid treatment
(p = 0.0004). Thidiazuron and thidiazuron combined with ethephon had the greatest
impact on the cottonseed weight per boll, which was significantly reduced by 0.57–0.59 g
when compared with the control; this constituted a decrease of 19.8–20.5% (Figure 4). The
cottonseed weight per boll was also significantly reduced by 0.24 g (8.6%) under ethephon
treatment (Figure 4). There was a significant interaction between the effects of the harvest
aid combination and spraying time on the cottonseed weight per boll (Table 3). With
the decrease in the Rd/b value of spraying time, the amount of damage to the cottonseed
weight per boll also decreased. When the spraying time was an Rd/b of 0.82 and 0.72, the
cottonseed weight per boll was 2.58–2.71 g, and the different harvest aids decreased by
0.14–0.48 g when compared with the control (Figure 4). When the spraying time was an
Rd/b of 0.62 and 0.52, the cottonseed weight per boll was lowest under the thidiazuron
treatment and the thidiazuron combined with ethephon treatment at only 1.85–2.23 g,
which was 0.51–0.97 g lower than the control, and the ethephon treatment was 0.32 g lower
than the control (Figure 4).
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Figure 3. Effects of harvest aid spraying time on fiber weight per boll. The thick solid line in the figure
indicates the average value. The different letters indicate significant differences between harvest aid
treatments at the same spraying time (p < 0.05). When spraying occurred at Rd/b 0.52, the number of
samples was 9, and the number of other samples was 25.

Table 3. Variance analysis of single boll components under different harvest aids.

Harvest Aid
Treatments Rd/b Value Fiber Weight

(g/per Boll)
Seed Weight
(g/per Boll)

CK Rd/b 0.82 2.24 ± 0.25 a 3.01 ± 0.38 a
Rd/b 0.72 2.21 ± 0.21 a 2.94 ± 0.27 ab
Rd/b 0.62 1.97 ± 0.31 b 2.73 ± 0.44 c
Rd/b 0.52 1.75 ± 0.21 c 2.80 ± 0.37 bc

Ethephon Rd/b 0.82 2.06 ± 0.27 a 2.81 ± 0.28 a
Rd/b 0.72 1.86 ± 0.27 b 2.80 ± 0.25 a
Rd/b 0.62 1.61 ± 0.29 c 2.53 ± 0.31 b
Rd/b 0.52 1.07 ± 0.25 d 2.36 ± 0.36 b

Thidiazuron Rd/b 0.82 1.98 ± 0.30 a 2.67 ± 0.31 a
Rd/b 0.72 1.78 ± 0.30 b 2.48 ± 0.32 a
Rd/b 0.62 1.45 ± 0.29 c 2.23 ± 0.39 b
Rd/b 0.52 1.00 ± 0.23 d 1.83 ± 0.37 c

Thid & Ethe Rd/b 0.82 1.96 ± 0.33 a 2.64 ± 0.27 a
Rd/b 0.72 1.76 ± 0.33 b 2.46 ± 0.26 a
Rd/b 0.62 1.42 ± 0.25 c 2.18 ± 0.27 b
Rd/b 0.52 0.91 ± 0.26 d 1.82 ± 0.43 c

Harvest aids (HA) 0.0003 0.0004
Spraying time (Rd/b) <0.0001 0.0007
HA × Rd/b <0.0001 <0.0001

The values are expressed as means ± SD. Different letters in the same column indicate significant differences
between the harvest aid treatments (p < 0.05). The spraying time of harvest aids in 2020 occurred at the
boll period × Rd/b 0.62, boll period × Rd/b 0.72, and boll period × Rd/b 0.82. In 2021, the spraying time treatment
increased the boll period × Rd/b 0.52.
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3.2.2. Quantitative Relationship between the Amount of Damage to a Single Boll
Component and the Rd/b Value

The amount of damage to the single boll fiber weight and single boll cottonseed weight
was negatively correlated with the Rd/b value (Table 4 and Figure 5). According to the
fitting between the damage amount and the Rd/b value, the coefficients of determination
between the damage amount of fiber weight per boll and cottonseed weight per boll and
the value of Rd/b were 0.3033–0.4775 and 0.0934–0.3534, respectively (Figure 5). When the
damage to the fiber weight and cottonseed weight per boll was 0%, the Rd/b value was
0.83–0.86 and 0.84–0.88. If the amount of damage was controlled at 5%, the Rd/b value was
between 0.77 and 0.82, and the Rd/b value was at its lowest when ethephon was sprayed
(Table 4).

Table 4. Correlation analysis and appropriate Rd/b value of a single boll component damage under
different harvest aids.

Single Boll Component Ethephon Thidiazuron Thid & Ethe

Fiber weight <0.0001 <0.0001 <0.0001
Seed weight 0.0047 <0.0001 <0.0001
Fiber weight Rd/b value when the damage

amount is controlled at 0%
>0.83 >0.86 >0.84

Seed weight >0.84 >0.87 >0.88
Fiber weight Rd/b value when the damage

amount is controlled at 5%
>0.77 >0.81 >0.80

Seed weight >0.71 >0.81 >0.82

The Rd/b value in the table indicates the ratio of the cotton boll age (d) when the harvest aids were sprayed in the
control boll period (b).
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is the boll period that was not sprayed with harvest aids.

3.3. Quantitative Relationship between the Fiber Quality and Rd/b Value under Different
Harvest Aids
3.3.1. Change in Fiber Quality

The fiber length was significantly affected by the harvest aids (p = 0.0260) and de-
creased by 0.61–0.86 mm when compared with the control, while the control fiber length
was 28.82 mm (Figure 6). The effect of harvest aid spraying time on fiber length was not
significant (Table 5). When the spraying time was an Rd/b of 0.82 and 0.72, the fiber length
between different harvest aid treatments was 28.18–28.73 mm, with no significant difference
(Figure 6). When spraying occurred at an Rd/b of 0.62 and 0.52, the fiber length between
different harvest aids significantly decreased by 0.77–1.49 mm when compared with the
control, and the largest reduction was 1.52–2.00 mm when spraying occurred at an Rd/b of
0.52 (Figure 6).

The fiber strength was significantly affected by the harvest aids, which was signifi-
cantly reduced by 2.48–2.77 cN·tex−1 when compared with the control (Figure 7). Of the
harvest aids, thidiazuron combined with ethephon had the greatest reduction, reaching
3.32 cN·tex−1, while the fiber strength of the control was about 30.04 cN·tex−1 (Figure 7).
The effect of harvest aid spraying time on fiber strength was not significant (Table 5). When
spraying occurred at an Rd/b of 0.82 and 0.72, the fiber strength of the different harvest
aid treatments was 28.43–28.74 cN·tex−1, and there was no significant difference between
the treatments (Figure 7). When spraying occurred at an Rd/b of 0.62 and 0.52, the fiber
strength among the different harvest aids significantly decreased by 2.78–6.07 cN·tex−1

when compared with the control, and the largest reduction was at an Rd/b of 0.52, where it
reached 5.38–6.77 cN·tex−1 (Figure 7).



Agronomy 2023, 13, 664 9 of 15

Agronomy 2023, 13, x FOR PEER REVIEW 9 of 16 
 

 

Table 5. Variance analysis of the fiber length, fiber strength, and micronaire value under different 
harvest aids. 

Harvest Aid 
Treatments Rd/b Value 

Fiber Length 
(mm) 

Fiber Strength 
(cN·tex−1) Micronaire Value 

CK Rd/b 0.82 28.46 ± 2.00 a 29.08 ± 2.18 c 4.33 ± 0.50 a 
 Rd/b 0.72 28.98 ± 1.55 a 29.97 ± 1.94 b 4.09 ± 0.52 ab 
 Rd/b 0.62 28.70 ± 1.54 a 29.96 ± 2.57 b 3.82 ± 0.57 b 
 Rd/b 0.52 29.13 ± 1.19 a 31.15 ± 1.77 a 3.35 ± 0.48 c 
Ethephon Rd/b 0.82 28.10 ± 1.69 a 28.24 ± 2.09 ab 3.80 ± 0.69 a 
 Rd/b 0.72 28.54 ± 1.50 a 28.60 ± 2.07 a 3.42 ± 0.67 b 
 Rd/b 0.62 27.87 ± 1.37 a 27.54 ± 2.30 b 3.03 ± 0.47 c 
 Rd/b 0.52 28.20 ± 1.42 a 25.77 ± 0.99 c 2.34 ± 0.17 d 
Thidiazuron Rd/b 0.82 28.13 ± 1.54 ab 28.39 ± 2.09 a 3.72 ± 0.72 a 
 Rd/b 0.72 28.75 ± 1.40 a 28.38 ± 1.96 a 3.21 ± 0.63 b 
 Rd/b 0.62 28.11 ± 1.12 ab 27.39 ± 2.18 b 2.82 ± 0.47 c 
 Rd/b 0.52 27.61 ± 1.16 b 25.10 ± 1.96 c 2.27 ± 0.06 d 
Thid & Ethe Rd/b 0.82 28.01 ± 1.64 ab 28.01 ± 1.95 a 3.67 ± 0.70 a 
 Rd/b 0.72 28.64 ± 1.15 a 28.01 ± 1.82 a 3.22 ± 0.64 b 
 Rd/b 0.62 27.82 ± 1.09 bc 26.62 ± 2.13 b 2.77 ± 0.36 c 
 Rd/b 0.52 27.13 ± 0.56 c 24.38 ± 1.04 c 2.21 ± 0.03 d 
Harvest aids (HA) 0.0260 0.0139 <0.0001 
Spraying time (Rd/b) 0.0703 0.1138 <0.0001 
HA × Rd/b 0.0014 <0.0001 0.0407 
The values are expressed as means ± SD. Different letters in the same column indicate significant 
differences between the harvest aid treatments (p < 0.05). The spraying time of harvest aids in 2020 
occurred during the boll period × Rd/b 0.62, boll period × Rd/b 0.72, and boll period × Rd/b 0.82. In 2021, 
the spraying time treatment increased the boll period × Rd/b 0.52. 

 
Figure 6. Effects of harvest aid spraying time on fiber length. The thick solid line in the figure indi-
cates the average value. The different letters indicate significant differences between harvest aid 
treatments at the same spraying time (p < 0.05). When spraying occurred at Rd/b 0.52, the number of 
samples was 9, and the number of other samples was 25. 
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Table 5. Variance analysis of the fiber length, fiber strength, and micronaire value under different
harvest aids.

Harvest Aid
Treatments Rd/b Value Fiber Length

(mm)
Fiber Strength
(cN·tex−1) Micronaire Value

CK Rd/b 0.82 28.46 ± 2.00 a 29.08 ± 2.18 c 4.33 ± 0.50 a
Rd/b 0.72 28.98 ± 1.55 a 29.97 ± 1.94 b 4.09 ± 0.52 ab
Rd/b 0.62 28.70 ± 1.54 a 29.96 ± 2.57 b 3.82 ± 0.57 b
Rd/b 0.52 29.13 ± 1.19 a 31.15 ± 1.77 a 3.35 ± 0.48 c

Ethephon Rd/b 0.82 28.10 ± 1.69 a 28.24 ± 2.09 ab 3.80 ± 0.69 a
Rd/b 0.72 28.54 ± 1.50 a 28.60 ± 2.07 a 3.42 ± 0.67 b
Rd/b 0.62 27.87 ± 1.37 a 27.54 ± 2.30 b 3.03 ± 0.47 c
Rd/b 0.52 28.20 ± 1.42 a 25.77 ± 0.99 c 2.34 ± 0.17 d

Thidiazuron Rd/b 0.82 28.13 ± 1.54 ab 28.39 ± 2.09 a 3.72 ± 0.72 a
Rd/b 0.72 28.75 ± 1.40 a 28.38 ± 1.96 a 3.21 ± 0.63 b
Rd/b 0.62 28.11 ± 1.12 ab 27.39 ± 2.18 b 2.82 ± 0.47 c
Rd/b 0.52 27.61 ± 1.16 b 25.10 ± 1.96 c 2.27 ± 0.06 d

Thid & Ethe Rd/b 0.82 28.01 ± 1.64 ab 28.01 ± 1.95 a 3.67 ± 0.70 a
Rd/b 0.72 28.64 ± 1.15 a 28.01 ± 1.82 a 3.22 ± 0.64 b
Rd/b 0.62 27.82 ± 1.09 bc 26.62 ± 2.13 b 2.77 ± 0.36 c
Rd/b 0.52 27.13 ± 0.56 c 24.38 ± 1.04 c 2.21 ± 0.03 d

Harvest aids (HA) 0.0260 0.0139 <0.0001
Spraying time (Rd/b) 0.0703 0.1138 <0.0001
HA × Rd/b 0.0014 <0.0001 0.0407

The values are expressed as means ± SD. Different letters in the same column indicate significant differences
between the harvest aid treatments (p < 0.05). The spraying time of harvest aids in 2020 occurred during the boll
period × Rd/b 0.62, boll period × Rd/b 0.72, and boll period × Rd/b 0.82. In 2021, the spraying time treatment
increased the boll period × Rd/b 0.52.



Agronomy 2023, 13, 664 10 of 15

Agronomy 2023, 13, x FOR PEER REVIEW 10 of 16 
 

 

The fiber strength was significantly affected by the harvest aids, which was signifi-
cantly reduced by 2.48–2.77 cN·tex−1 when compared with the control (Figure 7). Of the 
harvest aids, thidiazuron combined with ethephon had the greatest reduction, reaching 
3.32 cN·tex−1, while the fiber strength of the control was about 30.04 cN·tex−1 (Figure 7). 
The effect of harvest aid spraying time on fiber strength was not significant (Table 5). 
When spraying occurred at an Rd/b of 0.82 and 0.72, the fiber strength of the different har-
vest aid treatments was 28.43–28.74 cN·tex−1, and there was no significant difference be-
tween the treatments (Figure 7). When spraying occurred at an Rd/b of 0.62 and 0.52, the 
fiber strength among the different harvest aids significantly decreased by 2.78–6.07 
cN·tex−1 when compared with the control, and the largest reduction was at an Rd/b of 0.52, 
where it reached 5.38–6.77 cN·tex−1 (Figure 7). 

 
Figure 7. Effects of harvest aid and spraying time on fiber strength. The thick solid line in the figure 
indicates the average value. The different letters indicate significant differences between harvest aid 
treatments at the same spraying time (p < 0.05). When spraying occurred at Rd/b 0.52, the number of 
samples was 9, and the number of other samples was 25. 

The micronaire value was significantly affected by the harvest aids (Table 5). The 
micronaire value was 3.90 under the control and was significantly reduced by 0.74 under 
the ethephon treatment and by 0.93–0.97 under the thidiazuron and thidiazuron com-
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samples was 9, and the number of other samples was 25.

The micronaire value was significantly affected by the harvest aids (Table 5). The
micronaire value was 3.90 under the control and was significantly reduced by 0.74 under
the ethephon treatment and by 0.93–0.97 under the thidiazuron and thidiazuron combined
with ethephon treatment (Figure 8). The spraying time of the harvest aids had a significant
effect on the micronaire value (p < 0.0001). When the spraying time was an Rd/b of 0.82,
the micronaire value under the different harvest aid treatments was 3.67–4.33, mostly in
the A-level range (Figure 8). When spraying occurred at an Rd/b of 0.72, 0.62, and 0.52,
the micronaire value decreased significantly by 0.80–1.08 when compared with the control
under the different harvest aids, of which an Rd/b of 0.52 decreased the most, and the
micronaire value was only 2.77 (Figure 8).
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3.3.2. Quantitative Relationship between Fiber Quality Damage and the Rd/b Value

The damage to fiber length was not significantly affected by the Rd/b value of the
spraying time of the harvest aids (p > 0.05). The amount of damage to the fiber strength
was significantly and negatively correlated with the Rd/b (p < 0.006) under the treatment
with different harvest aids (Table 6). By fitting the damage amount and the Rd/b, the
correlation coefficient between the damage amount of fiber strength and the value of the
Rd/b was 0.1982–0.2549 (Figure 9). When the fiber strength damage was 0.0 cN·tex−1, the
Rd/b was 0.79–0.84. When the damage amount was controlled at 0.3 cN·tex−1, the Rd/b
was 0.77–0.84 (Table 6). There was a significant positive correlation between the micronaire
value and the Rd/b value. By fitting the micronaire and the Rd/b values, the correlation
coefficient between the micronaire and the Rd/b values was 0.2309–0.3731 (Figure 9). When
the micronaire value was in the A-level range, the Rd/b was 0.77–0.91 (Table 6).

Table 6. Variance analysis of the fiber quality damage and Rd/b value under different harvest aid
treatments and the appropriate Rd/b value.

Fiber Quality Index Ethephon Thidiazuron Thid & Ethe

Fiber length 0.4628 0.7544 0.0553
Fiber strength 0.0002 0.0060 <0.0001
Micronaire <0.0001 <0.0001 <0.0001
Rd/b value when the damage amount of fiber
strength is controlled at [0.3, 0.0] cN·tex−1 [0.80, 0.83] [0.77, 0.79] [0.82, 0.84]

Rd/b value when Micronaire value is [3.7, 4.2] [0.77, 0.90] [0.78, 0.89] [0.80, 0.91]
The Rd/b value in the table indicates the ratio of the cotton boll age (d) when the harvest aids were sprayed in
the control boll period (b). The fiber strength was about 30.0 cN·tex−1 under the control. When the amount of
damage was controlled to be less than 1%, the fiber strength damage amount was [0.3, 0.0] cN·tex−1. Micronaire
[3.7, 4.2] refers to the micronaire value in the A-level range after the harvest aids were sprayed.
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4. Discussion
4.1. Effect of Harvest Aids on the Formation of Boll Weight and Fiber Quality for Spraying at
an Appropriate Time

Thidiazuron combined with ethephon is usually sprayed in cotton production to
achieve good defoliation and ripening effects [3,14], while the minimum daily average
temperatures required for thidiazuron and ethephon to function are 18 ◦C and 16 ◦C,
respectively [22]. After spraying, warm weather with little or no rain is conducive to the
shedding of cotton leaves. In particular, the highest temperature within 7 d after spraying
and a daily effective accumulated temperature ≥ 12 ◦C are considered key factors affecting
defoliation [23]. Figure 1 shows that the average temperature and minimum temperature
within 7 d of harvest aid application were higher than 18 ◦C and 12 ◦C, respectively. Most
varieties experienced warm weather after the application of the harvest aids, which was
more suitable for defoliation and ripening. Therefore, all varieties had favorable defoliation
and ripening weather conditions after the application of the harvest aids. This study
showed that the boll period of cotton was significantly shortened by 3.60–6.45 d by the
spraying of the harvest aids, and the reduction of the cotton boll period significantly
increased with an earlier spraying time. When the Rd/b was 0.52, the boll period was
significantly shortened by 4.86–11.24 d by the spraying of the harvest aids (Figure 2). It has
been shown that, when the boll age of cotton is less than 35 d, defoliant spraying can reduce
cotton yield and fiber quality [24]. Harvest aids cause cotton bolls to crack quickly, which
is conducive to the mechanical harvesting of cotton. However, the significant shortening
of the boll period caused by early spraying may lead to a reduction in boll weight and
a deterioration of fiber quality.

Defoliation and ripening are important prerequisites for the mechanical harvesting
of cotton. The spraying of harvest aids significantly reduces the photosynthetic rate of
leaves [5,7,25], affects the transport of photosynthetic products from leaves to cotton
bolls [5], and promotes the early cracking and ripening of cotton bolls [1]. However, the
heat resources in the Xinjiang cotton region are limited, and defoliation and accelerated
ripening when the cotton bolls of the plant top are not fully mature need to occur in some
cotton fields, which hinders the development of immature cotton bolls and damages the
boll weight and fiber quality [4,17]. This study showed that the single boll weight decreased
significantly by 0.63–1.12 g after the spraying of the harvest aids (Figures 3 and 4). The
cotton boll is the carrier of cotton yield and fiber quality. Oil, protein, and cellulose are
the main components of cottonseed and fiber, which accumulate rapidly 25–45 d after
anthesis [26,27], and the dry weight of cottonseed and fiber can reach 84.5% and 100%,
respectively, 45 d after anthesis. At this time, the spraying of ethephon had no significant
impact on the single boll weight and fiber quality [28]. This study showed that, when the
spraying time Rd/b was 0.82 and 0.72, the fiber weight per boll and cottonseed weight per
boll decreased by 0.17–0.46 g and 0.14–0.48 g, respectively. When the spraying time was
an Rd/b of 0.62 and 0.52, the damage amount of the fiber weight per boll and cottonseed
weight per boll was more significant, i.e., 0.36–0.84 g and 0.32–0.97 g lower, respectively,
than that of the control. The fiber weight per boll was only 0.90–1.61 g (Figures 3 and 4).
Defoliation and ripening caused different degrees of damage to immature cotton bolls, and
the damage was aggravated with the decrease in Rd/b. An earlier spraying time causes
premature interruption of the nutrient supply for cotton boll development, which leads to
the blocked formation of various cotton boll components and the reduction of boll weight.

Whether the spraying of cotton harvest aids is reasonable directly affects defoliation
and the quality of raw cotton. If cotton bolls are not fully developed to maturity, harvest aids
can damage fiber quality to varying degrees [11,29]. Studies have shown that the spraying
of harvest aids has no significant effect on fiber length, but there is a significant effect on fiber
strength [4]. This study showed that, when spraying occurred at an Rd/b of 0.82 and 0.72, the
cotton fiber length was not significantly different from that of the control, but the fiber strength
was significantly reduced by 0.70–1.96 cN·tex−1 (Figures 6 and 7). The boll age of cotton
is 25–45 d, which is the key period for the formation of fiber strength and the micronaire
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value [27,30], while the fiber length is basically fixed at 30 d after flowering [31,32]. This
study showed that when spraying occurred at an Rd/b of 0.62 and 0.52, the fiber length and
strength decreased significantly by 0.44–1.42 mm and 2.69–5.05 cN·tex−1, respectively, and
the micronaire value also decreased significantly to 2.21–3.03 (Figures 6–8). The source–sink
relationship of the cotton boll–leaf system changes as the leaves fall off after the spraying of
harvest aids [6], which damage the boll weight and fiber quality [4,17]. The higher the Rd/b,
the more mature the cotton boll development [4]. To ensure that the bolls of the cotton
plant top can open normally and that the boll weight and fiber quality do not decrease, it is
recommended that harvest aids be sprayed at an Rd/b between 0.79–0.88 (Tables 4 and 6).

4.2. Spraying Harvest Aids at the Appropriate Time according to the Development of Cotton Bolls
Can Balance the Contradiction between Cotton Yield and Fiber Quality

Crop maturity is determined by yield, quality, and net income. Cotton maturity
consists of three stages: agronomic maturity, physiological maturity, and harvest matu-
rity [33,34]. The time for applying harvest aids is defined as the agronomic maturity period.
The physiological maturity of the whole plant refers to the maturity of the topmost har-
vested cotton bolls, primarily depending on the maturity of the fiber and cottonseed [34].
Spraying harvest aids at an inopportune time can cause cotton bolls to open early; therefore,
it cannot be guaranteed that the fiber and seed of cotton bolls are fully mature [11,12]. The
early spraying of harvest aids can achieve a good defoliation effect [23], but premature
leaf abscission destroys the source–sink balance of the boll–leaf system, inhibits the devel-
opment of cotton bolls, and leads to the reduction of boll weight and fiber quality [11,12].
The spraying of harvest aids destroys the balance of endogenous hormones, active oxygen,
and carbon metabolism in cotton leaves [7,14,15], increases the cellulase activity in the
petiole abscission layer formation area, reduces the petiole breaking strength, causing it to
gradually shed under external force [35], and decreases the transport of photosynthates to
cotton bolls [14]. This study showed that, if the boll weight loss was controlled to within
5%, harvest aids should be sprayed at least when the Rd/b is 0.71–0.77 (Table 4). If the loss
of fiber strength was controlled to within 1%, the spraying time Rd/b should be at least
0.77–0.82 (Table 6). Cotton fiber is attached to the seed epidermis, and its development is
strictly controlled by the seed. Promoting seed development can effectively increase fiber
weight and improve fiber quality [36]. The proper spraying time of harvest aids can not
only achieve a good defoliation effect, but can also ensure that the upper bolls of the cotton
plant have a longer development time to improve cotton yield and fiber quality [19,29].
This study shows that, when the boll weight and fiber strength damage were controlled
at 5% and 1%, respectively, the boll weight was maintained at about 4.66 g, and the fiber
strength was 29.7 cN·tex−1. When the fiber strength damage was controlled to below
1%, the boll weight loss was also controlled to below 5%. Therefore, it is recommended
that harvest aids be sprayed when the Rd/b is 0.77–0.82 (Tables 4 and 6), which will help
stabilize cotton fiber quality and further improve boll weight.

5. Conclusions

In this study, it was found that the spraying of harvest aids significantly shortened
the boll growth period by 3.60–6.45 d and promoted concentrated boll opening in cotton,
which was conducive to mechanical harvesting. The spraying of harvest aids significantly
reduced the single boll weight of immature cotton by 0.63–1.12 g, which had adverse effects
on fiber development. The fiber strength was reduced considerably by 2.48–2.77 cN·tex−1,
and the micronaire value deteriorated due to the spraying of harvest aids. When the fiber
strength damage was controlled at 1%, the ratio of boll age to boll period (Rd/b) of the
harvest aids spraying time was 0.77–0.82, and the boll weight loss was also controlled at
5%. Therefore, to coordinate the damage of boll weight and fiber quality under harvest aids
and to achieve the coordinated improvement of cotton yield and quality, it is recommended
that harvest aids be sprayed when the Rd/b is 0.77–0.82.
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