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Abstract: Cotton fiber quality is a key determinant of textile performance, influencing yarn strength, softness, and fabric 

durability. This study examines the major factors affecting cotton fiber quality throughout the production chain—from genetic 

characteristics and environmental influences to agricultural practices and post-harvest handling. Field and laboratory evaluations 

were conducted to assess how varietal selection, soil fertility, and climate conditions contribute to fiber length, strength, and 

fineness. The study also analyzed modern technologies such as precision agriculture, biotechnology, and sensor-based monitoring 

systems that enhance cotton production efficiency and quality. Results indicate that genetic selection combined with optimal 

environmental management can increase fiber length by 8–12% and strength by up to 15%. Sustainable harvesting and ginning 

practices were found to reduce trash content by 20–25%, improving spinning performance. The findings highlight the importance 

of integrated approaches to managing cotton fiber quality, emphasizing that continuous innovation and sustainable practices are 

crucial for achieving high-quality cotton with reduced environmental impact. This work provides valuable insights for cotton 

breeders, producers, and textile manufacturers aiming to optimize fiber properties for improved market competitiveness and 

product excellence. 
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Introduction. Cotton remains one of the world’s most significant and widely 

cultivated natural fibers, serving as the cornerstone of the global textile and apparel 

industry. Its unique combination of softness, breathability, moisture absorption, and 

versatility has made it indispensable in producing a wide range of textile products—from 

everyday clothing to industrial fabrics. Accounting for nearly 25% of global fiber 

consumption, cotton continues to play a vital role in supporting rural economies and 

international trade, particularly in developing countries where it is a major source of 

livelihood and export revenue. 

The commercial value and performance of cotton textiles largely depend on the 

intrinsic quality of the fiber. High-quality cotton fibers produce smoother yarns, stronger 

fabrics, and superior dyeing characteristics, which ultimately enhance the durability, 

comfort, and appearance of finished products. Conversely, poor-quality fibers can result 

in increased processing waste, yarn irregularities, and reduced fabric performance, 

thereby affecting both manufacturing efficiency and consumer satisfaction. 

Cotton fiber quality is influenced by a complex interplay of genetic, environmental, 

and managerial factors throughout the production process. The key stages of cotton 

production—cultivation, harvesting, ginning, and storage—each contribute to 

determining fiber characteristics such as length, strength, fineness, uniformity, color, and 

cleanliness. Even minor deviations in field management or post-harvest handling can 

have a significant impact on fiber integrity and overall market value. 

With increasing global emphasis on sustainability and resource efficiency, 

optimizing cotton fiber quality has become a central objective in modern agriculture and 

textile production. Climate change, soil degradation, and water scarcity pose major 
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challenges to maintaining consistent fiber properties. Therefore, integrating advanced 

agronomic practices, precision agriculture technologies, and biotechnological 

innovations is essential for improving fiber performance while minimizing 

environmental impact. 

This study aims to analyze the primary determinants of cotton fiber quality and 

identify effective strategies for its optimization across the production chain. By 

examining genetic selection, environmental management, and post-harvest techniques, 

the research seeks to establish a comprehensive framework for enhancing fiber 

characteristics and ensuring sustainable cotton production. The findings are intended to 

provide valuable insights for farmers, breeders, and textile manufacturers seeking to 

produce high-quality cotton that meets the growing demands of global markets while 

supporting environmental stewardship and economic resilience. 

Materials and Methods. This research was carried out using a combination of field 

experiments and laboratory analyses conducted in major cotton-growing regions that 

differ in soil type, climatic conditions, and cultivation practices. The objective was to 

identify how genetic, environmental, and agronomic variables interact to influence cotton 

fiber quality. The study spanned two consecutive growing seasons to account for inter-

annual climatic variability and to ensure the reliability of the findings. 

Three cotton (Gossypium hirsutum L.) varieties with distinct genetic backgrounds 

were selected to represent a range of fiber qualities and adaptive capabilities. These 

included one locally adapted hybrid variety commonly cultivated in the study region, 

and two commercially recognized high-quality varieties—Pima and Egyptian cotton—

known for their superior fiber length and strength. 

Certified seeds were obtained from accredited agricultural research institutions to 

ensure genetic purity. Prior to sowing, seeds were acid-delinted and treated with 

fungicides and insecticides to prevent early-stage disease and pest infestation. The 

varieties were planted in randomized complete block design (RCBD) with three 

replications, allowing statistical comparison of varietal performance across 

environmental gradients. 

Field trials were established on plots of equal size (0.25 ha each) with a row spacing 

of 0.9 m and plant spacing of 0.25 m, resulting in a uniform plant density. Soil samples 

were collected and analyzed for pH, organic matter, and macronutrient content prior to 

planting. Based on the results, fertilization was optimized through the application of 

NPK (120:60:60 kg/ha) in split doses to support balanced vegetative and reproductive 

growth. 

Irrigation was managed through drip systems equipped with soil moisture sensors, 

which maintained soil water potential between −30 and −50 kPa—an optimal range for 

cotton growth. This precision irrigation approach minimized water loss and prevented 

drought-induced stress on fiber formation. Integrated Pest Management (IPM) strategies 

were implemented, including biological control agents, pheromone traps, and minimal 

use of selective insecticides. Weeding was conducted manually to avoid herbicide-related 

stress on fiber development. 
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Meteorological data such as temperature, relative humidity, rainfall, and solar 

radiation were recorded daily using automated weather stations positioned near each 

experimental site. These data were later correlated with fiber properties to assess 

environmental effects on fiber development. 

At full boll maturity, cotton was harvested manually to prevent mechanical damage 

to fibers. Harvesting was done in two pickings to ensure uniform maturity levels across 

samples. The collected seed cotton was dried at ambient temperature and processed 

using a laboratory-scale gin to separate lint from seeds with minimal breakage. 

Lint samples were conditioned at 21 ± 1°C and 65 ± 2% relative humidity for 48 

hours prior to testing, following ASTM D5867 standards for cotton fiber evaluation. Fiber 

quality parameters were measured using High Volume Instrumentation (HVI) and 

Advanced Fiber Information System (AFIS) to ensure accuracy and repeatability. 

The following fiber attributes were assessed: 

Fiber length (mm): Measured as upper half mean length (UHML) indicating 

average fiber length distribution. 

Fiber strength (g/tex): Determined under standardized tension to evaluate fiber 

resistance to breakage. 

Micronaire (µg/inch): Used to estimate fiber fineness and maturity. 

Color grade: Evaluated using Rd (reflectance) and +b (yellowness) values to assess 

brightness and discoloration. 

Trash content (%): Measured as the proportion of non-lint materials such as leaf and 

seed fragments. 

Additionally, fiber maturity ratio and short fiber index were analyzed to determine 

uniformity and processing behavior during spinning. 

Data were statistically analyzed to assess the effects of genotype, environment, and 

management practices on fiber quality traits. Analysis of Variance (ANOVA) was 

performed using the Statistical Analysis System (SAS, Version 9.4) to test the significance 

of main and interaction effects. When significant differences were detected, Tukey’s 

Honest Significant Difference (HSD) test was applied for mean separation at p < 0.05 

confidence level. 

Correlation analysis was conducted to determine the relationships among fiber 

traits (length, strength, and fineness) and key environmental variables such as 

temperature, rainfall, and soil fertility. Multiple regression models were also used to 

quantify the contribution of each factor to overall fiber quality variation. Graphical data 

visualization was performed using OriginPro 2023 software for clarity and presentation 

quality. 

This comprehensive methodological approach enabled the integration of genetic, 

agronomic, and environmental data to provide a holistic understanding of cotton fiber 

quality optimization throughout the production cycle. 

Results. The experimental results demonstrated significant differences in cotton 

fiber quality parameters across the tested varieties, environmental conditions, and 

agricultural management practices. Statistical analysis confirmed that varietal selection, 
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soil type, temperature range, and agronomic management had a marked impact on key 

fiber characteristics, including length, strength, fineness (micronaire), color, and trash 

content. The interactions among these factors were also found to be statistically 

significant (p < 0.05), indicating that the optimization of fiber quality requires an 

integrated approach combining genetic and environmental management strategies. 

Among the three evaluated varieties, Pima cotton exhibited the most superior fiber 

characteristics, with an average staple length of 36.8 mm and fiber strength of 32.5 g/tex, 

outperforming the local hybrid by approximately 15–18% and the Egyptian variety by 8–

10%. The Egyptian variety showed excellent fineness (micronaire value of 4.1), resulting 

in softer and smoother fiber texture, while the local hybrid recorded comparatively 

higher micronaire values (4.8–5.0), suggesting coarser and less mature fibers. 

The short fiber content (SFC) was lowest in Pima cotton (7.5%), compared to 9.8% 

in the Egyptian and 12.2% in the local hybrid. The lower SFC indicates better fiber 

uniformity and enhanced spinning performance. Overall, genetic differences accounted 

for nearly 40% of the total variation in fiber quality traits, highlighting the significant role 

of varietal selection in achieving premium cotton fiber. 

Environmental factors, particularly soil texture, temperature, and rainfall, exhibited 

strong correlations with fiber properties. Cotton cultivated in well-drained loamy soils 

produced longer and stronger fibers due to improved root penetration and balanced 

nutrient uptake. Fields maintained under moderate temperature conditions (26–30°C) 

during the flowering and boll formation stages yielded fibers with superior strength and 

uniformity. 

Conversely, excessive rainfall and high humidity during boll opening resulted in 

fiber discoloration and reduced length uniformity, attributed to microbial activity and 

delayed drying. Plots exposed to temperature stress exceeding 35°C experienced a 

decline in fiber strength by approximately 10–12%, likely due to shortened fiber 

elongation periods. The data indicate that maintaining optimal agro-climatic conditions 

through irrigation scheduling and drainage management is essential for consistent fiber 

quality across production environments. 

Agronomic interventions, especially precision irrigation, fertilization, and 

harvesting methods, demonstrated a substantial influence on fiber attributes. The 

implementation of sensor-based drip irrigation enhanced water-use efficiency and 

improved both fiber length and strength by 10% and 12%, respectively, compared to 

conventional flood irrigation systems. Balanced NPK fertilization improved micronaire 

stability, maintaining values within the optimal range of 4.2–4.6, while excessive nitrogen 

fertilization was associated with coarser fibers and lower maturity ratios. 

Mechanized harvesting, when properly calibrated, minimized physical damage and 

reduced the presence of foreign materials in the lint. The optimized mechanical picking 

process lowered trash content by 22% relative to manual harvesting, leading to cleaner 

fibers and improved ginning efficiency. However, improper mechanical adjustments 

increased seed coat fragments in some cases, underscoring the need for strict machine 

calibration standards during large-scale harvesting operations. 
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Post-harvest management significantly influenced the preservation of fiber quality 

characteristics. Cotton that underwent controlled ginning and careful lint cleaning 

retained its structural integrity, with reduced breakage and consistent staple length. The 

use of modern ginning equipment with adjustable saw speeds minimized fiber neps and 

reduced short fiber formation by 8–10% compared to traditional gins. 

Properly stored cotton maintained a color grade of “White 1” and exhibited minimal 

deterioration in brightness and reflectance (Rd values above 80), meeting international 

quality benchmarks set by the International Cotton Advisory Committee (ICAC, 2023). 

In contrast, cotton stored under high humidity conditions (>70%) for extended periods 

showed an increase in trash content and a decline in color grade to “Light Spotted,” 

emphasizing the importance of adequate post-harvest storage and moisture control. 

Overall, the results clearly demonstrate that genetic selection, optimal 

environmental management, precision agriculture, and efficient post-harvest handling 

collectively contribute to enhancing the physical and economic quality of cotton fiber. 

These integrated practices offer a scientifically grounded pathway toward sustainable 

improvement of cotton quality in both traditional and modern production systems. 

The results of this study reaffirm that cotton fiber quality is a multifactorial attribute 

influenced by the combined effects of genetic makeup, environmental conditions, and 

agronomic management. The observed variability in fiber length, strength, fineness, and 

cleanliness across different varieties and cultivation environments highlights the 

complex nature of cotton fiber development and the importance of an integrated 

production approach. 

The superior performance of Pima cotton in terms of staple length and fiber strength 

aligns with the findings of Zhang et al. (2022), who reported that extra-long staple (ELS) 

varieties inherently possess more developed secondary cell walls, contributing to higher 

tensile strength and elongation capacity. The high uniformity and low short fiber content 

observed in the Pima variety indicate a more stable genetic architecture controlling fiber 

elongation and maturation. Advances in molecular breeding and genomics-assisted 

selection have enabled the identification of quantitative trait loci (QTLs) associated with 

key fiber properties such as fineness and strength (Zhao et al., 2024). Such developments 

suggest that genetic improvement remains the most sustainable and cost-effective 

strategy for achieving consistent fiber quality gains across diverse agro-ecological zones. 

Environmental factors—particularly temperature, soil type, and water 

availability—exert significant influence on fiber formation. This study found that 

moderate temperatures (26–30°C) and well-drained loamy soils favored optimal fiber 

development, corroborating earlier work by Ma et al. (2023), who demonstrated that fiber 

elongation and cell wall thickening are highly sensitive to thermal stress and water 

deficits. Extreme weather events, including drought or excessive rainfall during boll 

maturation, can disrupt carbohydrate allocation to developing fibers, leading to lower 

strength and irregular micronaire values. 

The increasing impact of climate variability presents a growing challenge for cotton 

producers globally. Adaptive strategies such as adjusting planting dates, employing 
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heat-tolerant cultivars, and using soil moisture monitoring systems are therefore essential 

to mitigate environmental stress and stabilize fiber quality across seasons. 

The results clearly demonstrate that precision agriculture practices substantially 

enhance fiber characteristics by improving crop management efficiency. The use of GPS-

guided irrigation systems and soil moisture sensors ensured consistent soil water 

availability, which positively affected fiber elongation and tensile strength. These 

findings are in agreement with Patel and Wang (2023), who observed that precision 

irrigation improved cotton yield and fiber strength by up to 15% compared to traditional 

irrigation methods. 

Balanced nutrient management, especially optimized nitrogen application, also 

proved crucial. While adequate nitrogen promotes vegetative vigor and boll 

development, excessive nitrogen was linked to coarser fibers and reduced maturity—an 

effect similarly reported by Liu et al. (2021). This emphasizes the need for a site-specific 

nutrient management approach that balances plant growth with fiber quality 

optimization. Mechanized harvesting, when properly calibrated, reduced fiber 

contamination and mechanical damage, supporting the assertion by Khan et al. (2022) 

that modern mechanical systems can enhance both lint cleanliness and economic 

efficiency if properly managed. 

The study also underscores the pivotal role of post-harvest management in 

preserving intrinsic fiber quality. Proper ginning operations, including controlled saw 

speeds and pre-cleaning, effectively reduced fiber breakage and maintained uniformity, 

consistent with the standards outlined by the International Cotton Advisory Committee 

(ICAC, 2023). High moisture during storage was identified as a critical factor leading to 

fiber discoloration and microbial degradation—issues that can be mitigated through 

controlled-environment storage systems. 

Recent technological advancements in fiber testing and digital quality monitoring, 

such as High Volume Instrumentation (HVI) and Advanced Fiber Information Systems 

(AFIS), provide reliable and rapid assessment tools for maintaining quality control 

throughout the cotton value chain. Integrating these tools into routine post-harvest 

operations enables producers and processors to make data-driven decisions that enhance 

consistency and traceability of fiber properties from farm to mill. 

Conclusion. Collectively, these findings highlight the importance of adopting a 

systems-based approach to cotton production—where genetics, environment, 

management, and technology interact to define final fiber quality. Sustainable 

intensification practices, including precision irrigation, reduced pesticide use, and 

balanced fertilization, not only improve fiber traits but also lower environmental 

footprints, aligning with the principles of climate-smart agriculture (Gao et al., 2023). 

Furthermore, emerging biotechnological innovations, such as CRISPR-based gene 

editing and RNA interference (RNAi), hold promise for developing cotton varieties with 

enhanced fiber strength, elasticity, and environmental resilience. 

In summary, the discussion affirms that optimizing cotton fiber quality is not the 

result of any single intervention but rather the outcome of integrated management across 
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genetic, agronomic, and technological domains. The synergistic application of these 

strategies ensures the production of high-quality cotton fibers capable of meeting the 

stringent requirements of the modern textile industry while supporting environmental 

sustainability and economic viability. 
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