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Abstract This study summarizes the progress of cultivation techniques to optimize cotton yield and quality, including the
application of precision agriculture, improved irrigation strategies, and modern agronomic practices adapted to cotton physiological
characteristics. The results show that balanced nutrient management, effective pest control methods, and the application of stress
resistance and high-yielding varieties can improve cotton yield. Advances in mechanized and sustainable agricultural practices also
show great potential for improving productivity while preserving the environment. This study highlights that combining traditional
knowledge with innovative technologies is key to addressing the challenges of climate change and resource constraints, with the aim
of achieving sustainable production of cotton and meeting the growing global demand for cotton fiber.
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1 Introduction

Cotton is a crucial crop globally, with significant economic importance. In regions like the northwest inland of
China, cotton cultivation has seen remarkable success, with yields reaching 1 900 kg/ha, significantly higher than
national and international averages. This success is attributed to advanced cultivation techniques such as
earliness-stimulating cultivation, close planting, and drip irrigation under plastic mulching (Feng et al., 2017).
However, despite these advancements, challenges such as stagnated yields and increased production costs persist,
necessitating further optimization of cultivation strategies.

Achieving high cotton yields consistently is fraught with challenges. Variations in climate, soil conditions, and
cultivation practices can significantly impact yield outcomes. For instance, in the Yangtze River area, the
application of previously reported agronomic practices has been difficult due to these variations (Liu et al., 2020).
Additionally, issues such as poor light transmittance and low exploitation of light resources in regions like
Xinjiang impede further yield growth (Hu et al., 2021). High-density planting systems have shown promise in
increasing yields, but they also present challenges in terms of nutrient uptake and plant management (Hemalatha
et al., 2024).

This study systematically reviewed and analyzed various cotton cultivation techniques to determine the most
effective methods for achieving high yields. By examining different methods such as lightweight and simplified
cultivation systems, optimal number of result nodes, and high-density planting systems, this study aims to provide
comprehensive insights into best practices in cotton cultivation, improve cotton yield and economic efficiency,
and address the difficulties and challenges faced by cotton farmers in different regions.

2 Agronomic Practices for High Cotton Yield

2.1 Optimal planting time strategies

Optimal planting time is crucial for maximizing cotton yield. Early sowing, particularly in marginal
cotton-growing regions, extends the growing season, allowing plants to exploit favorable conditions and avoid
late-season pests and adverse weather. For instance, a study in the Yangtze River Valley, China, demonstrated that
early sowing (May 20) combined with moderate plant density significantly increased seed cotton and lint yield by
29% and 26%, respectively, compared to later sowing dates (Khan et al., 2017). This strategy ensures better
utilization of available resources and enhances reproductive organ biomass, leading to higher yields.
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2.2 Plant density and row spacing management

Plant density and row spacing are critical factors influencing cotton yield. High-density planting systems (HDPS)
with narrow row spacing have been shown to improve yield by optimizing light interception and resource use
efficiency. For example, in Xinjiang, China, a uniform row-spacing configuration (76 cm) combined with optimal
plant densities (13.5~18.0 plants/m?) resulted in higher radiation use efficiency (RUE) and lint yield compared to
traditional wide and narrow row-spacing configurations (Figure 1) (Hu et al., 2021). Similarly, high-density
planting with narrow spacing (e.g., 90 x 15 cm) has been found to increase seed cotton yield and nutrient uptake,
particularly when combined with appropriate fertilization levels (Ajayakumar et al., 2017; Hemalatha et al.,
2024).
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Figure 1 Layout of cotton system with two row-spacing configurations (Adopted from Hu et al., 2021)

2.3 Crop rotation and its role in soil health

Crop rotation is a vital agronomic practice for maintaining soil health and enhancing cotton yield. Continuous
monoculture can lead to soil degradation, pest buildup, and reduced yields. Integrating crop rotation with legumes,
grasses, and brassicas can improve soil fertility, reduce pest and disease incidence, and enhance overall crop
productivity (Vitale et al., 2024). For instance, rotating cotton with cover crops like legumes can fix atmospheric
nitrogen, improving soil nutrient content and structure, which is essential for sustainable cotton production.
Additionally, crop rotation helps in breaking pest and disease cycles, thereby reducing the reliance on chemical
inputs and promoting a healthier agroecosystem.

3 Irrigation Techniques in Cotton Cultivation

3.1 Drip irrigation and water-use efficiency

Drip irrigation has been shown to significantly improve water-use efficiency (WUE) in cotton cultivation. Studies
indicate that sub-surface drip fertigation (SSDF) can enhance seed cotton yield (SCY) and water productivity
compared to traditional surface flood (SF) methods. For instance, SSDF at 80% crop evapotranspiration (ETc)
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recorded a 26.6% higher SCY and 18.5% higher nitrogen use efficiency (NUE) compared to SF, demonstrating its
potential to save water and increase productivity (Singh et al., 2022). Additionally, mulched drip irrigation has
been found to optimize the distribution of fine roots, enhancing the plant's ability to absorb soil water and thereby
increasing both yield and WUE (Wang et al., 2020; Wang et al., 2021).

3.2 Scheduling and water stress management

Effective irrigation scheduling is crucial for managing water stress and optimizing cotton yield. Research has
shown that frequent irrigation during peak fruiting stages can significantly increase yield and WUE. For example,
daily drip irrigation has been found to outperform conventional irrigation applied at longer intervals, leading to
higher yields and better water-use efficiency. Moreover, irrigation scheduling based on canopy temperature (Tc)
has been effective in maximizing cotton yields without excessive water application, highlighting the importance of
real-time measurements in irrigation management. Deficit irrigation strategies, where water is applied at reduced
levels during certain growth stages, have also been shown to improve WUE without significantly compromising
yield, particularly under subsurface drip irrigation (SDI) systems (Shukr et al., 2021).

3.3 Challenges of irrigation management in cotton-growing regions

Despite the benefits, several challenges persist in irrigation management for cotton cultivation. One major issue is
the variability in water availability and the need for region-specific irrigation strategies. For instance, the FAO-56
crop coefficient values are not suitable for all regions, necessitating the determination of local values for accurate
irrigation scheduling (Koudahe et al., 2021). Additionally, the high cost of installing and maintaining drip
irrigation systems can be a barrier for many farmers. While daily drip irrigation can increase yield and WUE, it
may not be feasible for all due to the expense involved. Furthermore, excessive irrigation, even with efficient
systems like mulched drip irrigation, can lead to reduced yields and WUE, emphasizing the need for precise water
management (Wang et al., 2020; Wang et al., 2021).

4 Nutrient Management and Fertilization Strategies

4.1 Essential macronutrients and micronutrients for cotton growth

Cotton growth and yield are significantly influenced by the availability of essential macronutrients such as
nitrogen (N), phosphorus (P), and potassium (K), as well as micronutrients like zinc (Zn), iron (Fe), manganese
(Mn), boron (B), molybdenum (Mo), and copper (Cu) (Yogesh et al., 2022). The application of these nutrients
through soil and foliar methods has shown to enhance plant height, leaf area index, and dry matter production,
which are critical for achieving high yields (Selvakumar et al., 2022; Yogesh et al., 2022). For instance, the foliar
application of 2% urea combined with 1% Pink Pigmented Facultative Methylotrophic bacteria (PPFM)
significantly improved growth parameters and yield attributes in hybrid cotton (Selvakumar et al., 2022).

4.2 Foliar feeding and fertigation techniques

Foliar feeding and fertigation are effective techniques for delivering nutrients directly to the plant, thereby
improving nutrient uptake efficiency and crop performance. Foliar application of macro and micronutrients,
particularly during critical growth stages such as flowering and boll development, has been shown to enhance
growth and yield attributes in cotton (Selvakumar et al., 2022; Yogesh et al., 2022). For example, the foliar
application of 2% urea + 1% PPFM at flowering and boll development stages resulted in significant increases in
plant height, dry matter production, and seed cotton yield (Selvakumar et al., 2022). Similarly, drip fertigation
with liquid multi-nutrient fertilizers has been found to improve growth parameters, yield, and quality of hybrid
cotton (Divya et al., 2022).

4.3 Integrated nutrient management for sustainable yields

Integrated nutrient management (INM) combines the use of organic and inorganic fertilizers to optimize nutrient
availability and improve soil health, leading to sustainable cotton production. Studies have shown that integrating
organic fertilizers such as farmyard manure (FYM), vermicompost (VC), and crop residues (CR) with inorganic
fertilizers can significantly enhance soil quality and cotton yield (Shi et al., 2022; Lin et al., 2024). For instance,
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the combination of organic liquid fertilizer with reduced chemical fertilizer (OF0.8) improved soil organic matter
content, leaf area, chlorophyll content, and photosynthetic performance, resulting in higher seed cotton yield (Shi
et al., 2022; Shi et al., 2023). Additionally, the use of effective microorganisms (EM) in combination with organic
and inorganic nutrient sources has been found to increase nutrient efficiency and yield, while reducing the reliance
on chemical fertilizers.

5 Pest and Disease Management

5.1 Common pests affecting cotton yield and their control measures

Cotton crops are susceptible to a variety of pests that can significantly impact yield. Major pests include aphids,
jassids, mites, whiteflies, and bollworms. Aphids and jassids primarily affect the vegetative phase, while
bollworms are more problematic during the reproductive and maturity phases (Wang and Zhang, 2024). Control
measures for these pests often involve the use of chemical pesticides, but there is a growing emphasis on
alternative methods due to concerns about pesticide resistance and environmental impact (Deguine et al., 2011).
For instance, the use of pheromone traps and biological control agents like predatory beetles and lacewings has
shown promise in reducing pest populations.

5.2 Disease prevention and management strategies

Disease management in cotton involves both preventive and reactive strategies. Preventive measures include crop
rotation, use of disease-resistant varieties, and proper field sanitation to reduce the incidence of soil-borne
pathogens. Reactive strategies often involve the application of fungicides and bactericides when disease
symptoms are detected. Seed treatment with beneficial microbes like Pseudomonas fluorescence has been
effective in reducing disease incidence (Rajashekhar et al., 2020). Additionally, maintaining optimal plant health
through balanced fertilization and irrigation can help in mitigating disease impact.

5.3 Integrated pest management (IPM) and its benefits

Integrated pest management (IPM) is a holistic approach that combines multiple strategies to manage pest
populations below economic thresholds. IPM practices in cotton include regular field monitoring, use of
biological control agents, and selective application of chemical pesticides (Mounica and Swaroopa, 2017). The
benefits of IPM are manifold: it reduces the reliance on chemical pesticides, thereby lowering production costs
and minimizing environmental impact (Llandres et al., 2018; Rajashekhar et al., 2020). For example, IPM
practices in Bt cotton have led to a significant reduction in pesticide sprays, resulting in higher net returns and
improved yield stability (Mounica and Swaroopa, 2017; Rajashekhar et al., 2020). Moreover, IPM strategies like
plant training for induced defense (Figure 2) and the use of cover crops have shown to enhance the natural defense
mechanisms of cotton plants, further reducing the need for chemical interventions (Llandres et al., 2018; De
Araujo et al., 2024).

(b)

Repulsion
of adult
pests

Attraction
of natural
enemies

e
S ey,

Intact cotton plant Trained cotton plant Trained cotton plant Non-trained neighbor plant
Figure 2 A: Schematic representation of cotton plant training including topping (removal of the terminal bud of the main stem) and
pruning (removal of apical points of vegetative and fruiting branches); B: Effects of cotton training on herbivores and natural
enemies through the activation of plant resistance strategies in trained and non-trained neighboring plants. VOCs, volatile organic
compounds (Adopted from Llandres et al., 2018)
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6 Use of Growth Regulators and Plant Hormones

6.1 Role of growth regulators in enhancing cotton yield

Growth regulators play a crucial role in enhancing cotton yield by influencing various physiological and
biochemical processes. For instance, the application of Miantaijin, a plant growth regulator, has been shown to
significantly increase cotton yield by optimizing the uptake of essential nutrients such as nitrogen, phosphorus,
and potassium (Hu et al., 2023). Similarly, the use of gibberellic acid (GA3) and N6-benzyladenine (6-BA) has
been found to increase seed cotton yield by enhancing photosynthesis rates and carbohydrate accumulation in
floral buds, which leads to higher boll retention and reduced abscission rates (Fang et al., 2019). Additionally,
growth regulators like hydrogen peroxide (H202) can protect cotton plants from heat-induced stress, thereby
maintaining physiological processes and improving lint yield (Sarwar et al., 2018).

6.2 Application methods and timing for plant hormones

The effectiveness of plant hormones in cotton cultivation is highly dependent on the application methods and
timing. For example, Miantaijin is most effective when applied at specific growth stages: seedling, peak squaring,
peak flowering, and peak bolling stages (Hu et al., 2023). Foliar spraying and seed soaking are common methods
for applying GA3 and 6-BA, with foliar spraying at the squaring stage showing significant improvements in yield
components (Fang et al., 2019). Variable-rate application of growth regulators based on zonal analysis can also
optimize yield by reducing spatial variability and ensuring appropriate plant height for harvest operations (Vaz et
al., 2023). The timing of application is critical, as demonstrated by the use of mepiquat chloride (MC) and
Miantaijin during the squaring and flowering periods, which significantly increased lint yield and potassium
uptake (Yang et al., 2014).

6.3 Case studies of successful growth regulator applications

Several case studies highlight the successful application of growth regulators in cotton cultivation. In the Yangtze
River Basin, the application of Miantaijin at a dose of 1 170 mL-ha™! in combination with medium to high planting
densities resulted in the highest cotton yields and nutrient uptakes (Hu et al., 2023). Another study demonstrated
that foliar application of GA3 and 6-BA increased seed cotton yield by up to 13.3% compared to control
treatments, primarily due to enhanced floral bud development and carbohydrate accumulation (Fang et al., 2019).
In regions experiencing high temperatures, the application of hydrogen peroxide significantly improved boll
weight and fiber quality by mitigating heat stress effects (Sarwar et al., 2018). Additionally, a variable-rate
application approach based on plant height measurements and zonal analysis reduced yield spatial variability and
increased overall yield in a highly variable cotton field (Vaz et al., 2023).

7 Genetic Improvement and Hybrid Varieties

7.1 Development of high-yielding cotton varieties

The development of high-yielding cotton varieties has been a focal point of cotton breeding programs. Traditional
breeding methods have significantly contributed to the release of high-yielding cultivars with superior fiber
quality. For instance, empirical cotton breeding has focused on selecting the best high-yielding progeny from
segregating populations, which has led to the development of cultivars resilient to various climatic conditions
(Mubarik et al., 2020). Additionally, the integration of conventional breeding, hybrid, and genetically modified
organism (GMO) technologies has resulted in hybrid cotton varieties like CCRI63, which account for a substantial
portion of cotton production in regions such as the Yangtze River Basin (Li, 2020). These varieties combine high
yield, good quality, and biotic stress tolerance, showcasing the effectiveness of integrated breeding approaches.

7.2 Role of genetic engineering in improving yield traits
Genetic engineering has played a pivotal role in enhancing yield traits in cotton. Emerging genome engineering
technologies, such as the CRISPR/Cas9 system, have the potential to edit genes related to disease susceptibility
and yield regulation, thereby improving cotton yield and resilience (Figure 3) (Mubarik et al., 2020). Genetic
engineering has also been employed to enhance cottonseed traits, including protein and oil content, through RNA
interference and the insertion of additional genes from other sources (Wu et al., 2022). These advancements have
not only improved yield but also expanded the industrial applications of cottonseed, making it a valuable source of
edible oil and protein.
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Figure 3 Proposed revamped cotton breeding program (Adopted from Mubarik et al., 2020)

Image caption: Fine-tune the already present traits and add new traits to cultivated cotton varieties through plant breeding, genetic
engineering, and genome editing tools. Pyramiding of useful traits by crossing between genetically altered and elite cultivars to
develop climate resilient cotton cultivars (Adopted from Mubarik et al., 2020)

7.3 Benefits and challenges of hybrid cotton cultivation

Hybrid cotton cultivation offers several benefits, including higher yields and improved fiber quality. Studies have
shown that hybrids generally outperform inbred lines in terms of yield and fiber quality traits, demonstrating more
stable performance across diverse environments. For example, hybrids like SJ48-1 x Z98-15 and L28-2 x A2-10
have exhibited both superior performance and stability in yield and fiber quality traits (Shahzad et al., 2019b).
However, hybrid cotton cultivation also presents challenges. The development of superior hybrids requires a
thorough understanding of the genetic control of yield and fiber quality traits, as well as the interaction between
genetic and environmental factors (Shahzad et al., 2019a). Additionally, the process of hybridization can be
labor-intensive and time-consuming, necessitating the use of advanced breeding techniques and genetic analysis to
optimize outcomes (Shahzad et al., 2019a; Zafar et al., 2021).

8 Sustainable and Precision Agriculture Techniques

8.1 Precision planting and variable-rate technology

Precision planting and variable-rate technology (VRT) are pivotal in optimizing cotton yields while minimizing
resource use. Precision planting ensures that seeds are sown at optimal depths and spacing, which enhances
germination rates and plant health. VRT allows for the application of water, fertilizers, and pesticides at variable
rates tailored to the specific needs of different field zones. This approach has been shown to significantly improve
water use efficiency (WUE) and nitrogen efficiency, leading to higher yields and reduced environmental impact.
For instance, variable deficit irrigation (VDI) combined with precision agriculture techniques can increase cotton
yield by up to 28.664% and water savings by 24.941% (Filintas et al., 2022). Additionally, precision agriculture
coupled with crop simulation models and geographic information systems (GIS) can optimize yields while
minimizing water and nitrogen inputs.

8.2 Sustainable soil and water conservation practices

Sustainable soil and water conservation practices are essential for maintaining soil health and ensuring long-term
agricultural productivity. Techniques such as drip irrigation under plastic mulching have been widely adopted to
conserve water and improve yields. This method has been particularly effective in the northwest inland
cotton-growing region of China, where it has contributed to significantly higher yields compared to national and
global averages (Feng et al., 2017). Moreover, integrating organic and inorganic fertilizers can enhance soil
quality and boost cotton yield. A study found that combining organic fertilizer with reduced inorganic fertilizer
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usage significantly improves soil quality and increases agricultural productivity (Lin et al., 2024). Cover crops and
crop rotations with legumes and brassicas also play a crucial role in reducing resource depletion and increasing
sustainability (Vitale et al., 2024).

8.3 Technological innovations for data-driven decision-making

Technological innovations are transforming cotton cultivation by enabling data-driven decision-making. Advanced
technologies such as remote sensing, soil moisture sensors, and geostatistical models provide real-time data that
can be used to optimize irrigation and fertilization schedules. For example, the use of remote-sensing NDVI
(Normalized Difference Vegetation Index) from Sentinel-2 satellite sensors has been shown to accurately compute
crop evapotranspiration, which is crucial for effective water management (Filintas et al., 2022). Additionally, the
integration of precision agriculture technologies has been instrumental in enhancing efficiency and reducing input
costs in U.S. cotton production (Bayramova et al., 2024). These technologies not only improve yield and resource
use efficiency but also contribute to the overall sustainability of cotton farming.

9 Case Study: Successful Implementation of High-Yield Techniques in Cotton

9.1 Background and objectives of the case study

The northwest inland region of China has emerged as a leading cotton-growing area, with a significant increase in
cotton yield due to the adoption of advanced cultivation techniques. This case study aims to explore the methods
and techniques employed in this region to achieve high cotton yields, analyze the results, and discuss the
challenges and implications for broader application. The primary objective is to understand how these techniques
can be optimized and applied in other regions to enhance cotton production.

9.2 Methods and techniques employed for achieving high yield

Several innovative techniques have been implemented in the northwest inland region to boost cotton yield.
Earliness-stimulating cultivation maximizes the use of accumulated heat, allowing for earlier planting and
harvesting, which leads to higher yields. Close planting and short plant Height ensure adequate use of light energy,
promoting better growth and higher productivity. Drip irrigation under plastic mulching improves yield by
ensuring efficient water use and reducing evaporation (Feng et al., 2017). Mechanization and precision seeding
reduce labor inputs and enhance planting accuracy, leading to better crop establishment and higher yields (Dai et
al.,, 2017; Feng et al., 2017). Implementing high-density planting systems has shown to increase yields
significantly by optimizing plant spacing and nutrient uptake (Hemalatha et al., 2024). Combining irrigation with
fertilization ensures that nutrients are delivered efficiently to the plants, promoting better growth and higher yields
(Dai et al., 2017; Feng et al., 2017).

9.3 Results, challenges, and implications for wider application

The implementation of these techniques in the northwest inland region has led to remarkable results. The region
has achieved a unit yield of 1 900 kg/ha, which is significantly higher than the national and global averages (Feng
et al., 2017). The integration of agronomic techniques with mechanization has not only enhanced yields but also
reduced production costs, making cotton farming more profitable (Dai et al., 2017; Feng et al., 2017). Techniques
like single-seed precision sowing and high-density planting have optimized plant growth and resource use, leading
to higher productivity (Dai et al., 2017; Hemalatha et al., 2024). However, several challenges need to be addressed
for wider application. The use of plastic mulching has led to significant pollution issues, which need to be
managed through better waste disposal and recycling practices. Continuous use of certain techniques has resulted
in a decline in fiber quality, necessitating the development of new methods to maintain high standards. The
increasing costs of cotton production require continuous optimization of cultivation strategies to ensure economic
sustainability (Feng et al., 2017).

10 Conclusion

This systematic review of cotton cultivation techniques for high yield has highlighted several key strategies and

insights. The northwest inland region of China has achieved remarkable cotton yields through techniques such as

earliness-stimulating cultivation, close planting, short plant height, and drip irrigation under plastic mulching.

Light and simplified cultivation (LSC) methods, which integrate modern agricultural equipment and technology,
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have also proven effective in reducing labor intensity and improving yield. The construction of an optimum
number of fruiting nodes (FNN) has been identified as a critical factor for high yield, promoting photosynthetic
capacity and dry matter accumulation in reproductive organs. Additionally, uniform row-spacing with optimal
plant density has been shown to enhance radiation use efficiency (RUE) and lint yield in Xinjiang. High-density
planting systems, appropriate plant spacings, and tailored fertilizer levels further contribute to increased
productivity and profitability.

Future research should focus on optimizing cotton cultivation strategies to address current challenges such as
stagnated yields, plastic film pollution, and fiber quality degradation. Investigating the ecophysiology of LSC and
developing new materials and equipment will be crucial for further reforming and optimizing planting systems.
Additionally, exploring the potential of heat and water resources, as well as integrating agronomic techniques with
mechanization, can enhance yields and economic benefits. Research on the effects of different plant spacings and
fertilizer levels in high-density planting systems should continue to refine these practices for maximum yield and
efficiency. Finally, comprehensive steps to improve the cultivation system at all stages of production are necessary
to enhance cotton fiber quality.

Achieving sustainable high yield in cotton cultivation requires a multifaceted approach that integrates advanced
agronomic techniques, modern agricultural equipment, and tailored cultivation practices. The success of regions
like the northwest inland of China demonstrates the potential of combining earliness-stimulating cultivation, close
planting, and efficient irrigation methods. Light and simplified cultivation systems offer a sustainable model that
reduces labor intensity and enhances yield. By focusing on optimizing plant density, row-spacing, and nutrient
management, cotton growers can achieve higher productivity and profitability. Continued innovation and research
are essential to address ongoing challenges and ensure the long-term sustainability of high-yield cotton
cultivation.
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