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Cotton productivity continues to be disputed, despite rapid advancements and widespread technologies. These uncertainties remain to be critically addressed in a broad spectrum focusing on domains at the global level. Therefore, this systematic review provides an overview of the existing advancements in knowledge, skills, and technologies for sustainable cotton production on small landholdings. Specifically, the areas of the cotton chain examined are threefold: - (1) Explore disguised agronomic practices to be endowed for sustainable cotton production on small landholdings; (2) Explore socioeconomic settings based on their disparities in contributing to sustainable cotton production on small landholdings; and (3) Explore existing and feasible institutional policies to be enforced for sustainable cotton production on small landholdings. This review shows that worldwide cotton production involves conventional and organic systems, at the expense of the traditional system. Heavy uses of nitrogenous fertilizers and pesticides are the common practices in conventional systems, with some adoptions of precision agriculture practices, and genetically modified varieties. Rotation and intercropping with early-maturing food crops are also identified viable options to improve farmers’ attitudes toward adopting cotton-producing technologies. In socioeconomics, farmers’ livelihoods are improved by income generation from sales of cotton and labour in the cotton industry. Gender equity in the cotton industry prioritizes females over males, as females display a group with a higher level of technology adoption. Generally, clear institutional policies governing the cotton industry are globally paucity. Furthermore, efforts to sensitize sustainable cotton production are still highly questionable and challenged by the superseding climate changes.
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1 Introduction

Cotton (Gossypium sp.), one of the world’s oldest cultivated crops, plays a crucial role in the global textile industry (Shahrajabian et al., 2020). The cotton plant is divided into four species in the genus Gossypium, including G. arboreum, G. barbadense, G. herbaceum, and G. hirsutum (Wendel and Cronn, 2003; Wendel and Grover, 2015). About 95% of global cotton production constitutes G. hirsutum cotton (Trapero et al., 2016). It is a warm-season fibre crop that belongs to the Malvaceae family. Cotton is cultivated for its soft, fluffy fibres that are used to manufacture textiles, clothing, and various industrial products. The crop is a significant contributor to the economies of many countries, providing income to farmers and supporting a wide range of industries (Anwar et al., 2009; Yu et al., 2012). With its versatile applications and economic significance, cotton production has evolved over the years, incorporating modern agronomic practices to enhance yield, quality, and sustainability. In this review, we delved into the basics of cotton production and explore the current agronomic practices that contribute to its successful cultivation.

Cotton has woven itself into the fabric of human civilization for thousands of years. Its history is a tapestry of cultivation and trade that spans continents and millennia. The earliest traces of cotton cultivation can be traced back to ancient civilizations, notably the Indus Valley and Egypt, as evidenced by archaeological findings (Yafa, 2005). South America joined this ancient cotton saga, with evidence suggesting cultivation as early as 4500 BCE. The roots of domestication dig deep into the soils of India and Mexico, where wild plants first gave way to cultivation around 4000 BCE (Coppens d'Eeckenbrugge and Lacape, 2014; Suomela et al., 2023). Mehrgarh in Pakistan provides a glimpse into the sixth millennium BCE, where archaeological remains hint at the early use of cotton (Moulherat et al., 2002; Viot, 2019). Moving to Africa, the third millennium BCE reveals the earliest cotton textiles in Nubia, though their precise date and origin remain uncertain (Viot, 2019). In the Classical Antiquity era, the north-eastern part of Africa and the Arabian Peninsula embraced cotton cultivation, as indicated by Bouchaud et al. (2018). Cotton extends its fibres to Central Asia, where cotton textiles from the Later Han period (25–220 CE) in Khotan and the Turfan basin in north-western China paint a vivid picture (Viot, 2019). The cotton plant’s migration continued eastward, reaching west Yunnan and Szechwan in Southern China by the 1st century CE. By the Sung times (5th c. CE), it had established itself in the Chiang-nan region, south of Shanghai (Viot, 2019). This rich history is a testament to cotton’s versatility and adaptability, not only as a textile but also as a cultural and economic force shaping societies across the globe.

The industrial revolution marked a turning point in cotton production, as mechanization and technological advancements led to increased efficiency in processing raw cotton into usable fibres (Huang et al., 2021). Today, cotton remains a vital global commodity (Iqbal et al., 2020). Modern cotton production incorporates a combination of traditional knowledge and advanced techniques to optimize yields while minimizing environmental impacts (AGOA, 2011; Arshad et al., 2022). Some key agronomic practices include variety selection, sowing, soil management, irrigation, fertilization, pest and disease management, weed control, harvesting, post-harvest processing, and sustainability initiatives (Arshad et al., 2022; De Araújo et al., 2022). Therefore, cotton production has evolved significantly over time, incorporating advanced agronomic practices to meet the demands of the textile industry while addressing environmental and social concerns. As the world continues to prioritize sustainability, cotton farmers and researchers work together to develop innovative approaches that ensure a balance between productivity and responsible cultivation (Chen et al., 2022a; Lu et al., 2022).




2 The rationale of the review

The rationale of this review resides in the fact that cotton farmers live and work in developing countries, accounting for about 99% of the world’s cotton farmers (EJF, 2007). Over the past two decades, it has been indicated that almost 66% of cotton farmers reside in India, China, Pakistan, Uzbekistan, Turkmenistan, and Tajikistan with the rest (33%) found in West Africa (i.e., Ghana, Benin, Mali, Burkina Faso, Cote d’Ivoire, Chad, and Togo), Egypt, and/or South America, particularly Brazil (International Cotton Advisory Committee (ICAC), 2005; EJF, 2007). Farmers in these areas are characteristically poor exercising rural settings and cultivating cotton on fields of less than 0.5 hectares, or on small parts of their fields, with the purpose of supplementing income, unlike cotton farmers in the US and Australia (EJF, 2007).

Approximately 2.5% of arable land worldwide, equivalent to 30 million hectares is under cotton production (Johnson et al., 2022; Voora et al., 2023). Literature shows that while 30 million farmers depend on cotton cultivated in rotation with other crops, about 20 million farmers completely depend on cotton production (Hoehn, 2010; Johnson et al., 2022; Riello, 2022; Voora et al., 2022). Whereas cotton has been regarded as an engine of economic growth in rural areas in developing countries, farm inputs related to cotton production have been highly variable with the environments, type of cotton produced, socioeconomic settings of the farmers, and institutional policy (Riello, 2022; Voora et al., 2022). However, the introduction of conventional approaches has exacerbated the haphazard use of tremendous farm inputs, thereby increasing the rate of environmental degradation (Riar et al., 2017; Mandumbu et al., 2021). It is by coincidence that poor institutional policies tailored with the dismantling of cotton boards, plus high fluctuations in fibre prices in international markets have been decreasing areas under cotton in some regions of the globe (Tittonell, 2010; Mandumbu et al., 2021; Bwana et al., 2021).

Deregulation in cotton production by smallholder farmers is reported to increase a shift to the production of maize (Zea mays L.) or sorghum (Sorghum bicolor L.) as food crops for subsistence (Tittonell, 2010; Opee, 2018; Voora et al., 2023). The socioeconomic impacts of cotton production by conventional systems have been analyzed through agronomic and experimental shreds of evidence (Voora et al., 2023). On the other hand, there exist concerns about the environment (land and water resources), farmers’ health, reducing factors (i.e., insect pests, weeds, and disease pathogens), and social settings (Johnson et al., 2022). Global cotton demand and supply have been fluctuating over the last five years (Food and Agriculture Organization of the United Nations, 2019; Johnson et al., 2022). Despite the estimated global increase in cotton production by 3% for the 2022/23 period, demand will outstrip supply since the world economy rebounds due to the pandemic (Grain Central, 2020), thereby reducing cotton stocks by approximately 0.5 Mt (Johnson et al., 2022). Nevertheless, it was predicted to be a relatively balanced market for cotton until 2030 (Food and Agriculture Organization of the United Nations, 2021). There are still uncertainties associated with the effects of the Russia–Ukraine war, and risks of a global recession in 2023 (World Bank Group, 2022). These challenges remain to be an important debate to the whole spectrum of cotton production, including policy-making institutions, production agronomists, researchers, extension officials, and economists (Wakhungu and Wafula, 2013). The decline in cotton production due to limited challenges also is reported to coincide with poverty levels for smallholder farmers, where it is designated as a major cash crop (Lisa and Minot, 2014). For instance, some developing countries realized a tremendous drop in exported revenues from cotton at an average of 34% (Sub-Committee on Cotton, 2021). These countries include Mali, Togo, Benin, Burkina Faso, Malawi, Zambia, Chad, Mozambique, Uganda, and Tanzania, resulting in reduced total area under cotton production (Kone et al., 2020; Sub-Committee on Cotton, 2021; Wright, 2022).

Climate change is another threat to global cotton production, since cotton plants require certain temperatures and moisture levels for fibre production (Devi et al., 2019; Hughes, 2021). In contrast, the productivity of cotton is favoured by increased carbon dioxide levels, but the elevated temperature could be detrimental to global cotton production (Hughes, 2021). Extreme weather events such as extreme rainfall or floods and storms, persistent droughts, heat stress, and extreme winds are reported to affect cotton production (Jans et al., 2020; Cunneen and Owain, 2021). An increase in temperature of 2°C is expected by 2045 to 2065, and at least one of these extreme climate hazards will drastically affect about 50% of all areas growing cotton by 2040 (Cunneen and Owain, 2021; Voora et al., 2023). In line with the impact of climate change, is a dilemma observation that an increase in atmospheric concentrations of carbon dioxide may offset climate-related cotton losses, thereby improving cotton yields (Jans et al., 2020). The cotton crop exhibits a noteworthy tolerance to drought conditions, particularly thriving in temperatures ranging from 32.2°C to 35°C (Sharma et al., 2021). However, regional disparities exist in defining temperature thresholds. In the United States and China, cotton is deemed under heat stress at temperatures exceeding 38°C, whereas in Pakistan and India, temperatures up to 46°C are considered optimal (Zahid et al., 2016; Majeed et al., 2021). For cotton seed germination, an optimal temperature range of 28 to 30°C is crucial. Deviations from this range, either higher or lower, negatively impact germination rates. Temperatures below 20°C, for instance, result in notably poor seed germination (Zahid et al., 2016). Conversely, elevated temperatures beyond the optimum, especially exceeding 38°C, have been linked to decreased germination of cotton seeds (Majeed et al., 2021). The impact of temperature extends to seedling growth. Sub-optimal temperatures between 10°C and 25°C considerably impede seedling growth and temporarily inhibit net assimilation (Snider et al., 2022). Maximum seedling emergence with robust growth is observed at 30°C (Virk et al., 2021). Notably, genotypes developed for hot tropical environments, characterized by larger seed weights, display vigorous seedlings even at 40°C compared to genotypes with smaller seed size and weight (Majeed et al., 2021; Çelik, 2023). However, cotton seedlings do not emerge at an extreme temperature of 50°C (Raphael et al., 2017).

Despite various efforts of improving and sustaining cotton production on smallholder farming systems, factors affecting cotton production and multi-options for overcoming them have not been adequately addressed in broad spectra (Voora et al., 2023). Some of these options could be to develop cotton by-product value chains, including diversifying the use of cottonseed oil, and cotton stalks, as biofuel and providing complementary sources of revenue for farmers (Voora et al., 2023). Given that the average cotton lint yield on smallholder land-holdings is only ~ 0.4 t ha-1, improvement in profitability would be achieved even with production at 50% of the yield potential > 1.0 t ha-1 (Wakhungu and Wafula, 2013; Constable and Bange, 2015; Khan et al., 2019). Therefore, the driving themes of this review are threefold: - (1) Explore disguised agronomic practices to be endowed for sustainable cotton production on small landholdings; (2) Explore socioeconomic settings based on their disparities in contributing to sustainable cotton production on small landholdings; and (3) Explore existing and feasible institutional policies to be enforced for sustainable cotton production on small landholdings. The findings from this study are expected to shed light on the unravelled options for improving the productivity of cotton systems and farmers’ livelihoods, without compromising the environment in the context of climate change. This review is guided by the assumptions that: - (1) the varieties of cotton used by the smallholder farmers based on the reviewed literature are the most appropriate. (2) Unfavourable climates and extreme weather events would not come into play as erratic under smallholders’ settings since production is mainly through rainfed, without, or with only a little irrigation, and water for irrigation is available throughout the production season whenever required. (3) The information drawn from reviews is as credibly reliable as the information drawn from articles. A detailed search for additional information was done to verify some reviews where the data/information was held in doubt.

The conceptual framework guiding this study is presented in Figure 1. Whereas only nine areas are shown in the presentation, the six areas are discussed as components of three major, namely agronomic practices, socioeconomic settings, and existing and contribution of policy to the cotton-producing systems. The keywords used in the search for relevant literature for this review were borrowed from the conceptualized framework.




Figure 1 | Interlace dependence of cotton producing systems. Partly borrowed and modified from Hoehn (2010), then own conceptualization with the support of literature synthesis.






3 Literature search

This study adopted the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) approach (Page et al., 2020; Nassary et al., 2022) as presented in Figure 2. The PRISMA enhances transparently reporting the reasons for conducting (it answers “why”)?, the activities done by the authors (it answers “what”)?, and the findings of the review (it answers “what”)? (Moher et al., 2009; Page et al., 2020). Page et al. (2020) modified the PRISMA statement of 2009 by including new guidance for reporting reviews that reflects advances in the identification, selection, evaluation, and synthesizing of studies. Other areas of the PRISMA modified by Page et al. (2020) are the structure of the items and their presentation, the inclusion of a 27-item checklist, and flow diagrams for original and updated reviews.




Figure 2 | Number of studies identified and included in the study. Modified from PRISMA 2020 flow diagram for new systematic reviews of Page et al. (2020).



Page et al. (2020) provide the checklist for a systematic literature review report, covering various sections such as title, abstract, introduction, methods, results, discussion, and other relevant information, following the PRISMA 2020 for checklist. The title should clearly identify the report as a literature review, whereas the abstract needs to provide a structured summary. The introduction should discuss the rationale and objectives of the review. Methods include specifying eligibility criteria, information sources, search strategy, selection process, and risk of bias assessment. Results involve detailing the study selection process, characteristics, risk of bias, and individual study results. The discussion should interpret results, discuss limitations, and address implications. Other information includes registration details, support sources, competing interests, and the availability of data and materials.

The databases deployed in the present study are MEDLINE (to capture health-related issues of using agro-chemicals in cotton production), the Cochrane Library (to gather information on healthcare decision-making related to the use of agro-chemicals in cotton production), Scopus, and Web of Science. Comprehensively, we also captured studies from Google Scholar and other Grey Literature (Haddaway et al., 2015; Adams et al., 2016). The main search terms used include “cotton + production”; “cotton + global”; “cotton + smallholders”; “cotton + agrochemicals”; “cotton + environments”; “cotton + market”; “cotton + price”; “cotton + climate change”; “cotton + health”; “cotton + livelihoods”; “cotton + soil”; “cotton + microbes”; “cotton + nutrients”; “cotton + policy”; and “cotton + agronomics”. Finally, the total number of studies included after the exclusion of duplicates and redundant sources is 173 (Figure 2).




4 Findings and discussion

The results of the present review are presented in three major categories, which include agronomic practices endowment, socioeconomic settings, and institutional policy enforcement as the elements for sustainable cotton production on small land-holdings.



4.1 Agronomic practices endowment for sustainable cotton production

Important aspects obtained under agronomic practices are summarized in Table 1. Integrated nutrient management practices should be encouraged to promote sustainability in cotton production. These practices include the appropriate use of organic or slow-release fertilizers, precision agriculture techniques to reduce fertilizer use while maintaining or increasing crop productivity, crop rotation, and cover cropping. It is crucial to optimize nutrient uptake by cotton plants and minimize losses to the environment. The details of these agronomic practices are provided in this section.


Table 1 | Summarized impacts of different agronomic practices on cotton production.



Fertilization is a key aspect of cotton cultivation that involves providing essential nutrients to the crop for healthy growth, improved yields, and fibre quality. Sustainable fertilization practices aim to optimize nutrient use efficiency while minimizing environmental impacts. A more detailed exploration is provided as the key factors and considerations involved in fertilization for cotton production, with an emphasis on sustainability, depending on soil nutrient management and soil testing; nutrient types such as nitrogen, phosphorus, and potassium (Gascho and Parker, 2001; Savoy and Joines, 2009; Raper et al., 2014; Gabion, 2020). As a first rule of thumb, the cotton plant consumes nitrogen at double the quantity compared to phosphorus and potassium (Duncan and Raper, 2019). Micronutrients such as zinc, iron, and boron are also essential for cotton in small quantities. Other factors important under fertilization include timing of fertilizer application, fertilizer formulation, precision fertilization, sustainable nutrient sources, nutrient efficiency, integrated nutrient management, fertilizer placement, avoiding nutrient overuse, and nutrient cycling (Savoy and Joines, 2009). The different growth stages of cotton plants require nutrients in different amounts. For instance, the highest cotton requirement for nitrogen is during boll filling, with detrimental carry-over into the harvest (Savoy and Joines, 2009). In addition to nitrogen, phosphorus, potassium, sulphur, and boron are nutrients that must be managed appropriately for optimum fibre quality and lint yield of cotton (Yin, 2016; Duncan and Raper, 2019). The highest requirement for potassium and boron occurs during boll filling (Savoy and Joines, 2009). Whereas phosphorus, potassium, calcium, and magnesium are not easily moved in the soil system unless disturbance occurs, nitrogen, boron, and sulphur are reported to be highly vulnerable to losses from the root zone before being taken up by the plant (Savoy and Joines, 2009; Yin, 2016). Given the high demand for nitrogen, phosphorus, and potassium in cotton, the recommendation is to apply these nutrients in splits of N-P-K 20-10-10 at 200 kg ha-1 during sowing and another 200 kg ha-1, during flowering (Savoy and Joines, 2009; Duncan and Raper, 2019). However, regular soil analysis is important before sowing and harvesting, thereby signalling the actual amount of nutrients to be applied (See Table 2).


Table 2 | Nitrogen, phosphorus, potassium, sulphur, and boron recommendations for cotton production.



Other important micronutrients required for cotton production include iron, manganese, zinc, copper, molybdenum, and chlorine (Dordas, 2009; Alejandro et al., 2020). In alkaline and calcareous soils, iron and zinc availability to cotton plants may be reduced due to increased soil pH, leading to deficiencies in plants. Conversely, in acidic soils, iron toxicity can be a concern (Alejandro et al., 2020). In soils with high organic matter content, copper availability may be reduced (Wang et al., 2022). While cotton is not a nitrogen-fixing crop, molybdenum still plays a role in nitrogen metabolism and overall plant health (Rana et al., 2020; Wang et al., 2022). Although required in small amounts, chlorine is involved in water movement within plants and serves as an essential component of photosynthesis (Chen et al., 2010). Besides, not soil test alone or plant tissue analysis alone will provide information on the potential factors that contribute to nutrient deficiency. So, both analyses, plus management history, are needed to better understand the cause of nutrient deficiencies in cotton fields (Savoy and Joines, 2009). Sufficient ranges used for interpreting tissue tests of nutrient concentrations in cotton are adequate for potential yields (Campbell and Plank, 2013; Gabion, 2020). According to Savoy and Joines (2009), these ranges serve as indicators, and values close but outside to this range may not affect cotton performance (See Table 3).


Table 3 | Nutrient sufficiency ranges for cotton leaf blade at early and late bloom growth stages.



Intensification of agricultural systems is meaningfully productive if it is operated in the context of sustainability, without or with little effect on the environment and biodiversity. However, it becomes pertinent to consider the environmental conservation aspect due to the heavy and inappropriate use of agrochemicals in cotton production by smallholder farmers (EJF, 2007). In contrast to what many think, environmental health is not great for conventional cotton production. Whereas cotton fibres will eventually decompose into the soil and release essential nutrients, the process by which fibres decompose does not make it environmentally inconsequential (EJF, 2007). Given intensification, soil degradation, nutrient runoff, and water pollution are the common environmental issues of excessive and improper use of fertilizers in cotton production (Delate et al., 2021).

The world’s uses of insecticides and pesticides in cotton production are reported to revolve around 25% and 10%, respectively, while the same crop consumes 4% of the world’s synthetic nitrogenous and phosphate fertilizers (Shepherd, 2020). In the US, for example, cotton is reported to be the third crop with the highest pesticide consumption (EJF, 2007; Shepherd, 2020). Delate et al. (2021) reported that diuron, glyphosate, and tribufos out of the top ten highly consumed pesticides in cotton in 2017 were the most carcinogenic to humans. Parvez et al. (2018) reported that the use of glyphosate in cotton production was associated with genetic disruption and congenital disabilities in farmers living in cotton areas. There is limited awareness of the environmental responses associated with pristine white cotton among many people. Fashioning in the textile industry, which involves the use of pesticides, toxic dyes, and bleaching chlorine contributes to about 20% of industrial water pollution (Parvez et al., 2018). The sinks of these pollutants are oceans, underground aquifers, lakes, rivers, and wetlands (EJF, 2007; Parvez et al., 2018; Shepherd, 2020). As a response to these pollutants, environments, wildlife, and humans are directly affected by polluted systems resulting from industries responsible for the processing of fibres and clothes.

Cotton plants serve as a sink for carbon dioxide sequestration through its use as a raw material during photosynthesis. However, fertilizer production and heavy applications in cotton can result in the release of greenhouse gases (GHG), such as nitrous oxide (N2O) and carbon dioxide (CO2). The N2O, in particular, is a potent greenhouse gas, contributing to climate change and global warming (Butterbach-Bahl et al., 2013; Richards et al., 2016; Tian et al., 2019). The impact of 0.5 kg of N2O on warming the atmosphere is ~ 300 times that of 0.5 kg of CO2, and 40% of total world N2O emissions come from human and microbial activities (Parker and Behringer, 2009; Xu et al., 2020; Aryal et al., 2022; Huang et al., 2024). Butterbach-Bahl et al. (2013) indicated that microbial decomposition and production processes are the potential sources of N2O, in water bodies, soils, and sediments. Syakila and Kroeze (2011) reported that the use of nitrogenous fertilizers and farm management with manures in agriculture contribute to 4–6 Tg N2O–N yr−1 while emissions from in situ soils contribute to 6–7 Tg N2O–N yr−1, which accounts for the 60–70% of total global N2O sources.

The use of nitrogenous fertilizers in crop production is contributing to a ~ 20% increase in the concentration of N2O in the atmosphere (Xu et al., 2020). Xu et al. (2020) examined the spatial variability of N2O emissions from cropland during 1961–2014 by portioning the world into 11 regions namely Africa, America (North and South), Asia (i.e., Central, East, North, South, Southeast, and West), Europe, and Oceania. By deploying a process-based dynamic land ecosystem model (DLEM) Xu et al. (2020) found that cropland increased global N2O emissions by 180% (i.e., from 1.1 ± 0.2 to 3.3 ± 0.1 Tg N year−1; mean ±1 standard deviation) during 1961–2014. Tian et al. (2019) examined the combined effects of nitrogenous fertilizers and organic N application in agriculture, deposition of atmospheric N, climate change, changes in land cover, and elevated CO2 concentration in the atmosphere on global soil N2O emissions for the period 1861-2016. Tian et al. (2019) found that global soil N2O emissions increased from 6.3 ± 1.1 Tg N2O-N yr-1 in the pre-industrial period (i.e., the 1860s) to 10.0 ± 2.0 Tg N2O-N yr-1 recently (i.e., 2007-2016), with the cropland accounting for ~ 80% of the total increase. Furthermore, Tian et al. (2019) observed that countries like China and those in South Asia and Southeast Asia had undergone rapid N2O emissions increase in cropland since the 1970s, with the US N2O emissions from cropland being relatively uniform since 1980 while N2O emissions in cropland for the EU decreased by 14% during the same period. The evidence of an increase in the atmospheric N2O concentrations as a result of human activities, and temporal and spatial differences in the existing data sets of nitrogenous fertilizer increase uncertainties. Furthermore, the continuous concentration of N2O emissions to the atmosphere as a result of the combined effects of environmental changes and the use of nitrogenous fertilizer in agriculture remains highly questionable.

Smallholder farmers often face challenges in using synthetic fertilizers for cotton production due to several reasons. First, cost can be a significant barrier. Synthetic fertilizers are often expensive, and smallholder farmers may struggle to afford them (Altenbuchner et al., 2016). Additionally, the initial investment in equipment for applying these fertilizers, such as sprayers, can be a financial burden. Moreover, the knowledge and technical know-how required to properly use synthetic fertilizers might be lacking in some smallholder farming communities. Precision in application is crucial to prevent overuse or misuse, which can lead to environmental degradation and decreased soil fertility over time (Chen et al., 2022b). Access to markets and credit is another issue. Smallholder farmers may find it difficult to access markets that provide quality synthetic fertilizers, and they may lack the financial resources to secure credit for purchasing inputs. Environmental concerns also come into play, as improper use of synthetic fertilizers can contribute to soil and water pollution (Wang et al., 2018). Smallholder farmers, often relying on sustainable and traditional farming practices, may be hesitant to adopt synthetic fertilizers due to environmental awareness or concerns about the long-term impact on soil health (Chen et al., 2022b).

Sowing dates depend on the onset of rainy seasons in rainfed systems or beginning of the cropping season for the irrigated systems, and are important factors affecting overall cotton production, including planting density, boll formation, and lint quality (Tak et al., 2021; Adombilla et al., 2023). Unreliable weather forecast technology and the inability of smallholder farmers to predict the onset of rains in rainfed are a great challenge in deciding when is the appropriate date for sowing cotton (Adombilla et al., 2023). The impact of sowing dates on cotton production needs need to be discussed depending on the production systems as there is no reliance on the onset of rains under irrigated systems. In Pakistan, for example, smallholder farmers depend heavily on the Indus River’s irrigation system, which contributes 97% of the water essential for cotton cultivation, a vital sector that positions the country as the fourth-largest cotton producer globally, following China, India, and the United States (Watto and Mugera, 2015). The reliance on irrigation is necessitated by the brief and unpredictable nature of the rainy season, with precipitation ranging from 155 to 755 mm (Shuli et al., 2018). This circumstance, as highlighted by researchers such as Watto and Mugera (2015) and Shuli et al. (2018), creates a challenge for farmers who are unable to capitalize on water resource for sowing their cotton. The juxtaposition of impressive global cotton demand with the constraints faced by smallholder farmers underscores the complex interplay between agricultural practices, water resources, and climate conditions.

Sowing of cotton too early or too late relative to the usual dates is critical to cotton performance (Tak et al., 2021). For instance, there is more vegetative growth than yield for the early sown cotton (Iqbal et al., 2012). On the other hand, late-sown cotton may be subjected to the opening of bolls during maturity resulting from moisture stress and damage by insect pests (Ali et al., 2009). The selection of appropriate varieties and timing of the sowing dates optimize cotton production, although the overall performance of each variety may vary with agroecologies (Adombilla et al., 2023). Therefore, while the supply of other inputs is optimized, it is important to understand the interactions of those inputs with varieties and sowing dates for optimum cotton production in terms of yield and lint quality. Adombilla et al. (2023) evaluated the interactions of four sowing dates (i.e., mid to late June, early to mid-July, mid to late July, and early August) and three cotton varieties (i.e., FK37, SARCOT1, and SARCOT5). According to Adombilla et al. (2023), sowing mid to late June was superior to other sowing dates, and cotton variety SARCOT5 produced the highest seed cotton yield. Given that sowing dates and cotton variety interactions remain to be clearly evaluated, it is also imperative that these interactions are evaluated along with management options for the specific physiographic locations and the context of climate change.

In addition to the varieties released by research institutions, there are widely genetically modified (GM-GMO) cotton varieties for some qualities including tolerance to herbicides (i.e., glyphosate-based) and resistance to insects (i.e., bollworm) (Rocha-Munive et al., 2018). Whereas GMO cotton is widely accepted worldwide, about 90% is grown in China, the United States, Australia, Argentina, India, Mexico, Pakistan, Paraguay, and South Africa (Terán-Vargas et al., 2005; Rocha-Munive et al., 2018). Mexico, for example, introduced GM cotton because it was difficult to grow conventional cotton varieties (Martínez-Carrillo, 2005; James, 2016). In other observations, Terán-Vargas et al. (2005) emphasized that commercialization and cultivation of GM cotton are escalated by the severe pest pressure on conventional cotton varieties. Rocha-Munive et al. (2018) reported that GM cotton has been commercialized in the United States, Australia, Argentina, Brazil, Burma, Burkina Faso, China, Colombia, Costa Rica, India, Mexico, Pakistan, Paraguay, South Africa, and Sudan). The benefits of GM cotton are yet to be trapped by other countries, which are vulnerable to insect pests and high weed infestation. Furthermore, the environmental pitfalls associated with GM cotton have rarely been addressed in countries where commercialization and cultivation are already in practice (Rocha-Munive et al., 2018).

Precision agriculture technologies, such as remote sensing and GPS-guided equipment, can help farmers apply fertilizers and other inputs more efficiently (Lambert et al., 2015). Lambert et al. (2015) analyzed the adoption patterns of precision agriculture technologies by deployment of a Multiple Indicator Multiple Causation regression model among cotton farmers through remote sensing, yield monitors, soil testing, and soil electrical conductivity and found that the propensity to adopt technology was dependent on the information acquisition and its sources about precision farming. The important identified practices include the rotation of cotton with other crops, the adoption of irrigation systems for cotton, and the availability of programs for environmental conservation (Lambert et al., 2015). Precision technology bundles have been reported to assist farmers in the adoption of appropriate farming practices (Lambert et al., 2015). The widely reported precision bundles are Geographical Positioning System (GPS) and Computerized Cotton Management System (COTMAN), which are decision support software (Bange et al., 2004; Mooney et al., 2010; Pandit et al., 2011; Lambert et al., 2015).

Literature shows that cotton-producing farmers used handheld GPS and COTMAN to map and record growth variables in cotton plants (Bange et al., 2004; Pandit et al., 2011; Zhou et al., 2017). These digitally supported technologies are reported in the USA and Australia, where twelve states in the U.S. out of 1,800 of the studied cotton farmers, the adoption varied within precision farming (Pandit et al., 2011). Based on the study conducted in the twelve U.S. states namely Alabama, Arkansas, Florida, Georgia, Louisiana, Missouri, Mississippi, North and South Carolina, Tennessee, Texas, and Virginia farmers’ constraints to adoption of precision agriculture practices were the cost of inputs, time constraint, and satisfaction with the practice (Paudel et al., 2021). According to Paudel et al. (2021), farmers are more likely to adopt precision farming practices with large cultivated fields, high returns from the total cultivated field, and use computers by the farmers. In Australia, Bange et al. (2004) reported that EntomoLOGIC, part of the CottonLOGIC software has been used to predict future pest infestation in the context of weather data, which provides insight into when pest infestation on cotton is defined in economic thresholds. These bundling technologies remain to be distributed to smallholder farmers in other areas, including those residing in developing countries. Literature has also indicated the significance of precision farming technologies as they accommodate a series of spatial-related information meant to improve farming systems’ profitability through increasing yields while reducing costs incurred from inputs (Larson et al., 2016; Zhou et al., 2017). According to Bongiovanni and Lowenber-Deboer (2004), precision farming technologies provide information about soil and input requirements by the crop within-field and specific to the site. Precision agriculture practices provide farmers with the right amount of agro-input to be applied in the right place and at the right time (Roberts et al., 2004; Larson et al., 2016).

The adoption of technologies in agriculture is highly variable, as it is dependent on the geographical location, the mindset of farmers’ higher expectations from the deployment of the technologies, the social settings of the farming community, and partly the existing policy. Pokhrel et al. (2018) reported a higher adoption rate of water-efficient irrigation technologies, including trickle and sub-surface drip irrigation technologies by farmers after realizing a higher yield from irrigation through the data of a 2013 survey in fourteen states of the United States. According to Pokhrel et al. (2018), whereas higher cotton yields realized from irrigation are one of the reasons for technology adoption, other factors driving technology adoption are the total size of land holding, level of education and literacy in computer use, and the social settings where the farmer is originating. These findings suggest that spatial displacement of the farmer and awareness of technologies in precision cotton production, plus land tenure and its use for cotton production are critical factors in sustainability of the crop. Therefore, creating awareness of farmers to technologies and sensitization on skills impartment is inevitable towards the prosperity of the cotton industry.

Over-reliance on synthetic fertilizers can lead to a decline in soil health and biodiversity. Beneficial soil organisms and microbial communities may be negatively affected, which could reduce soil fertility and overall ecosystem resilience (Bwana et al., 2020). Cotton grown organically does not use chemical pesticides and fertilizers; instead, it uses natural pest management methods, and builds biologically diverse agriculture (Textile Exchange, 2018; Mandumbu et al., 2021). Microbes-root interactions play a crucial role in cotton production by influencing plant growth, nutrient uptake, disease resistance, and overall plant health. Some key aspects of microbes-root interactions in cotton are summarized in Table 4. Plant Growth-Promoting Rhizobacteria (PGPR) are the bacteria that colonize the root zone and stimulate plant growth through various mechanisms (Backer et al., 2018; Verma et al., 2018; Lyu et al., 2023). PGPR can produce plant hormones, solubilize nutrients, enhance nutrient availability, and improve water uptake efficiency. Furthermore, these PGPR can improve the tolerance of crops to environmental stresses (e.g., salinity, heavy metal contamination, heat, and drought), which are partly likely to be exacerbated by the impact of climate change (Bhattacharyya and Jha, 2012; Vocciante et al., 2022; Lyu et al., 2023).


Table 4 | Existing microbes-roots interactions in cotton plants.



Cotton plants can form symbiotic relationships with nitrogen-fixing bacteria such as Bradyrhizobium and Rhizobium species. These bacteria convert atmospheric nitrogen into a form that cotton plants can use, reducing the need for nitrogen fertilizers. Symbiotic relationships with cotton roots are widely reported including Arbuscular mycorrhizal (AM) fungi that enhance nutrient uptake, especially phosphorus, by extending their hyphae into the soil and increasing the root’s surface area for nutrient absorption (Pereg and McMillan, 2015). Nitrogen-fixing bacteria like rhizobia establish a symbiotic relationship with leguminous cover crops that are often intercropped with cotton (Saghafi et al., 2020; Sharath et al., 2021). These bacteria convert atmospheric nitrogen into a form that the plants can utilize, promoting soil fertility and reducing the need for synthetic fertilizers. Inoculation with N-fixing, P-solubilising, and indole-3- acetic acid (IAA)-producing bacteria such as Acetobacter, Azotobacter, Azospirillum, and Pseudomonas has been reported to increase the number and weight of boll in cotton (Narula et al., 2005; Gomathy et al., 2008). The agronomic performance of cotton has been improved by inoculation with Azospirillum sp., and significant enhancement was on shoot, root, and fibre quality (Nalayini et al., 2010; Dhale et al., 2011). Treatment of cottonseeds with rhizobia isolated from cotton is reported to improve the yield of cotton in Pakistan under low inputs of synthetic fertilizers (Yasmin et al., 2013).

Beneficial microbes, such as certain bacteria and fungi, can act as biocontrol agents against soil-borne pathogens. Pereg and McMillan (2015) compiled the biocontrol agents often used to control common cotton pathogens including Trichoderma virens, Pseudomonas fluoroscens, Streptomyces lydicus, Burkholderia cepacia, Trichoderma harzianum, Cladorrhium foecundissimum, and Bacillus subtilis. Existing evidence of these bicontrol agents in cotton is widely documented in the USA, India, Israel, and Argentina (Howell, 2002; Mansoori et al., 2013). Biocontrol agents compete with pathogens for resources, produce antimicrobial compounds, and stimulate the plant’s defense mechanisms, helping to suppress disease (Pereg and McMillan, 2015). Furthermore, some beneficial microbes can trigger a response in the plant that enhances its resistance to diseases and pests. This phenomenon, known as induced systemic resistance (ISR), involves the activation of the plant’s defense mechanisms by specific microbial signals (Mansoori et al., 2013).

Soil organic matter decomposition presents another important component of microbes-root interactions in cotton plants. Microbes in the root zone play a crucial role in breaking down organic matter, releasing nutrients that become available to plants. This decomposition process contributes to improvement in soil fertility, thereby ensuring a vital contribution to the productivity of the system (Ma et al., 2021a; Ma et al., 2021b; Mooshammer et al., 2022; Zong et al., 2022). Along with these contributions are microbial inoculants. Some farmers use microbial inoculants containing beneficial microorganisms to improve soil health and crop performance. Inoculants can be applied directly to seeds or the soil to establish a beneficial microbial community around the roots (Pereg and McMillan, 2015). Understanding and harnessing these interactions can lead to improved cotton yield, quality, and sustainability. Research into specific microbial strains, their effects on cotton growth, and their interactions with different environmental conditions continues to provide valuable insights for optimizing cotton production (Yang et al., 2022). The information on microbes-roots interactions in cotton plants is presented in a simplified format in Plate 1. It is important to note that this illustration provides a simplified overview of the interactions since the interactions between microbes and roots are complex and can involve various mechanisms and species.

Plate 1: Microbes-roots interactions in cotton plants. These are our own designed typical illustrations for which ChatGPT support is highly acknowledged.

Intercropping, a practice of growing more than one crop simultaneously on the same piece of land is widely practiced by smallholder farmers to diversify food basis, and income and avoid risks of complete failure of one crop before attaining maturity (Reddy and Shaik, 2009; Biswas et al., 2018; Salama et al., 2022). Also, intercropping saves land resources by increasing its productivity, often measured by the land equivalent ratio and relative yield or net returns (Koraddi et al., 1991; Singh and Ahlawat, 2011; Vaghasia and Dobariya, 2019). Intercropping ensures complementarity and sharing of growth resources (i.e., light, nutrients, and moisture), and it optimizes resources use efficiency (Lv et al., 2023). According to Lv et al. (2023), intercropping that involves the adoption of alternate rows between the component crops can increase yield and net return by ~ 20%, and the land equivalent ratio by ~ 30% compared with traditional crop mixtures or rotations.

Cotton is a long-duration and widely spaced crop, occupying large land areas hence its sustainability on small land-holdings can be easily up-scaled through intercropping using compatible and early maturing crop species (Surendran et al., 2016; Kumar et al., 2017; Biswas et al., 2018; Lv et al., 2023). Surendran et al. (2016) reported that the suitable intercrops with cotton plants could be those of grain legumes, including Phaseolus beans, cowpea (Vigna unguiculata (L.) Walp.), green gram (Vigna radiata L. Wildzek), black gram (Vigna mungo (L.) Hepper), soybean (Glycine max), and groundnut (Arachis hypogaea L.), and sesame (Sesamum indicum L.). Metwally et al. (2012) reported the benefits of intercropping cotton with maize (Zea mays L.) in Egypt. According to Sankaranarayanan et al. (2012), additional benefits can be derived from intercrops of cotton with radish (Raphanus sativus L.), coriander (Coriandrum sativum L.), cluster bean (Cyamopsis tetragonoloba L.), beet root (Beta vulgaris subsp. vulgaris), and dolichos (Lablab purpureus (L.) Sweet [Fabaceae]). Intercropped cotton can yield 8% to 31% yields lower than those of sole cultivated cotton, but the total systems’ productivity and net income of intercropping is higher than its counterpart (Reddy and Shaik, 2009; Tariq et al., 2018; Lv et al., 2023). Other studies have shown that the income generated from different intercropping systems of cotton increases by 30% to 40% (Ali et al., 2011; Tariq et al., 2018; Lv et al., 2023).

There exists evidence of benefits derived from cotton intercropped with crops differing in their maturity cycles. Surendran et al. (2016) studied the benefits of intercropping cotton with cowpea, black gram, and green gram and found significant total productivity of the systems to yield the equivalent of cotton relative to the sole cotton system. Vaghasia and Dobariya (2019) assessed the optimum nutrient requirement for the intercrops between Bt cotton and groundnut aiming at higher productivity and profitability. According to the findings obtained by Vaghasia and Dobariya (2019), plant growth and yield attributes were increased in both crops under intercropping. Biswas et al. (2018) examined the benefits of intercropping cotton with black gram and found that optimum uptake of the nutrients N, P, and K was recorded in the intercropping system relative to the sole systems of the two crops. Also, Biswas et al. (2018) indicated that only 75% of the recommended rates of N, P, and K nutrients can optimize nutrient uptake by crops, cotton equivalent yield, seed-cotton yield, and net production value in cotton-black gram intercrops. Apart from the advantages of reducing costs of purchasing full doses of fertilizers containing these nutrients, additional benefits are the provision of food and income generation from black gram and reduced environmental pitfalls resulting from higher doses of N. On the other view, literature shows that most cotton intercrops with other crops are not necessarily meant to alter cotton production but to reduce inputs related to fertilizers, herbicides, insecticides, and fungicides, and maximize land utilization (Miller and Greene, 2018). For example, Sankaranarayanan et al. (2012) reported that fibre maturity, length, ginning percentage, and fineness were not altered by the intercrops with coriander, radish, beet root, cluster bean, vegetable cowpea, and dolichos, whose growth variables were altered by the intercropping systems. There are still many unanswered questions pertaining to crop selection for compatibility with cotton-based intercrops in resource facilitation, complementarity, and sharing for efficient use between companion crops. Furthermore, additional economic and biodiversity benefits to be derived between intercrops of cotton with various food crops under diverse agro-ecologies remain to be critically examined.

Crop rotation is widely known for its agronomic and economic benefits. Crop rotations play a role in soil conservation, improvement of soil nutrients, management of crop-reducing factors (i.e., diseases, insects, and weeds), and enhancement of soil biodiversity (Arnold Bruns, 2017; Arnold Bruns et al., 2018; Xi et al., 2021). Given the nature of the cotton crop, occupying a large land area and taking a relatively longer period in the field, rotational cropping is not common in smallholder settings. However, there is literature finding showing the benefits derived from rotational systems which involve cotton crops. For instance, a common disease of cotton Verticillium wilt caused by Verticillium dahlia is reported to be controlled through cotton-maize rotation in China (Xi et al., 2019; Xi et al., 2021). The fixation of atmospheric N for improvement of the soil nitrogen budget is another widely report benefit of legumes inclusion in rotation with cotton plants (Pettigrew et al., 2016; Arnold Bruns et al., 2018). Bordovsky et al. (1994) examined the productivity of cotton and wheat (Triticum aestivum L.) rotation and found increased lint yields by ~ 13%, relative to sole cotton. Sehgal et al. (2023) evaluated the yield and profitability effects of 17-year rotations of cotton, maize, and soybean and found that lint yields and cotton seed were highest in the maize-cotton-cotton system followed by the maize-cotton system. Khaitov and Allanov (2014) using rotational cropping of cotton–wheat-maize and cotton–wheat–soybean found that the latter combination was superior to sole cotton in soil quality management. A series of examples involving cotton rotation with various crops exist. However, the benefits to be derived by integrating precision agriculture technologies into the system remain to be an important area for further investigation. Furthermore, the interactions between cotton rotational systems with the impact of climate change and extreme weather events are rarely documented. Harnessing precision agriculture technologies in cotton rotational systems may not be practically profitable if the challenges of climate change on systems productivity are not critically addressed. For example, there are concerns that farmers in Uzbekistan often practice the rotation of cotton with wheat (Khaitov and Allanov, 2014), which is not an appropriate choice due to escalated soil degradation. The inclusion of a legume crop that fixes atmospheric N in the systems would be important for sustainable soil conservation.




4.2 Socioeconomic settings for sustainable cotton production

The socioeconomic implications of cotton production are significant and can have wide-ranging effects on various aspects of society, the economy, and the environment. Employment and livelihoods are some of the key socioeconomic implications of cotton production. Cotton production is a labour-intensive industry that provides employment opportunities for millions of people, especially in developing countries (Ahmad et al., 2021). Many smallholder farmers rely on cotton cultivation as a primary source of income. Cotton farming creates both on-farm jobs (i.e., planting, cultivation, and harvesting) and off-farm jobs (i.e., processing, transportation, and marketing), thereby contributing to rural economies (Bachmann, 2012). While cotton production can provide income to farmers and workers, income disparities can exist within the cotton value chain. Farmers’ incomes may fluctuate due to market prices, weather conditions, and input costs, leading to economic instability for some. Additionally, issues like unfair trade practices and exploitative labour conditions can exacerbate income disparities (Bachmann, 2012; Altenbuchner et al., 2016).

All activities related to the cotton chain are important sources of employment and income in many countries, including West and Central Africa, India, and Pakistan (Fei et al., 2022). Many smallholder farmers in cotton-producing areas live below the poverty line and are dependent on the middlemen or ginners who buy their cotton, often at prices below the cost of production (Tarazi et al., 2019; Ahmad et al., 2021). According to Fei et al. (2022), there is a strongly positive linkage between cotton export and economic growth, and its impact on human capital. Worldwide, cotton is the leading produced and commercialized natural fibre (Ahmad, 2014). Over 150 countries are involved in the industrialization of the cotton sector while providing income to more than 100 million households (Tarazi et al., 2019; Meyer, 2020). Fei et al. (2022) indicated that output from cotton production in 2019 was worth ~ USD 46 billion and worth ~ USD 15 billion in global trade. The use of global cotton mills reached 26.7 million tons for the period of 10 yrs compared to 2007/08 and 2018/19 (Fei et al., 2022).

Sex, age, education level, income of farmers, distance from households to fields, and extension services affect farmers’ decision, ability, and capacity to engage in and execute cotton production. Tzouvelekas et al. (2001) conducted an empirical analysis to compare the economics of allocating technologies to conventional and organic cotton-producing systems in Greece and found that the allocation was efficiently similar between the two systems. According to Tzouvelekas et al. (2001), the age and education level of farmers and farm size well explain the discrepancies in resource allocation between contrasting cotton-producing systems. Sodjinou et al. (2015) assessed farmers’ decisions to adopt cotton production practices as affected by socioeconomic and institutional factors through a probit model in Benin. Sodjinou et al. (2015) found that socioeconomic factors, distance from households to fields, and extension services affect farmers’ decision to adopt cotton production technologies. Gender sensitization is another important social factor determining cotton production in smallholder farming settings. For example, Sodjinou et al. (2015) reported that females are more attracted to cotton farming compared with males, thereby increasing their economic independence. Cotton producers are characterized by old age, low levels of education, and low income (Sodjinou et al., 2015). Besides, explorative and situational analysis studies on cotton production should be conducted by considering options of strengthening farmers’ livelihoods, while preserving the environmental resources. In Tanzania, as in other countries dominated by smallholder farmers, cotton production is reported to be an important source of generating income but is accompanied by costs incurred in high pesticide consumption and intensive land cultivation (Altenbuchner et al., 2016). Focusing on smallholder farmers in the rural Meatu district of Tanzania, Altenbuchner et al. (2016) explored farmers’ attitude change to adopt conventional practices of cotton production practices and found that training and extension services are the important factors. According to Altenbuchner et al. (2016), the poverty level displaces the priorities of the farmers from environmental conservation. Altenbuchner et al. (2016) also identified that females display a positive contribution to cotton production, but polygamy and gender disparities are the common cultural preconditions challenging cotton farmers. Other important social problems facing cotton smallholder farmers reported by Altenbuchner et al. (2016) are high birth rates and poor levels of education.

Despite its advantages of generating income for smallholder farmers through labour, cotton-producing systems are reported to involve children in field operations, including cultivating, spraying of pesticides, harvesting of cotton, ginning fibres and manufacturing of clothes (Herring and Grodzins Gold, 2005; WHO, 2005; EJF, 2007). Literature shows that the cotton industry drives child labour and forced labour in at least 18 countries (Human Rights Watch, 2010; United States Department of Labour, 2011; World Vision Australia, 2012). Globally, the countries with high child labour record in the cotton industry include Kazakhstan, China, USA, Uzbekistan, Azerbaijan, Turkey, Turkmenistan, Tajikistan, Egypt, Kyrgyzstan, Pakistan, India, Mali, Burkina Faso, Benin, Brazil, Paraguay, Zambia, and Argentina (World Vision Australia, 2012; Kazianga and Makamu, 2016). Apart from low pays, children are also vulnerable to poisonings occurring during cotton production. According to EJF (2007), children in Uzbekistan and India are involved directly in spraying of pesticide. In other countries such as Egypt, India, Pakistan, Tajikistan, Turkmenistan, and Uzbekistan children often work during, or immediately after, the spraying season thereby coinciding with high levels of pesticide residues (EJF, 2007). Besides these scenarios there is limited evidence of ill-health documented among children involved in spraying pesticides in cotton fields, and this increase a need for detailed studies to establish grounds of reliable evidence.

Nevertheless, global trading schemes and climate-environmental factors such as water scarcity, floods, high temperatures, and drought are not likely to be offset by the adoption of cotton production technologies by smallholder farmers. Altenbuchner et al. (2018) evaluated intensively cultivated cotton by smallholder farmers in India and identified that training for capacity building and institutional policy were the important areas impacting the system’s productivity for the crop. According to Altenbuchner et al. (2018), strengthening cotton production is gaining acceptance by females more than males, although environmental factors are increasingly challenging. However, Salihu and Singh (2020) studied 120 cotton farmers through a multistage sampling technique in four villages in India and found that gender, farm size owned and cultivated and education levels of the farmers were not the only factors driving higher cotton output. According to Salihu and Singh (2020), profitable cotton production is a combination of cross-cutting factors ranging from agronomic to policy through social settings. The interactions among agronomic factors, socioeconomics, and policy aspects remain to be critically evaluated among cotton small landholdings in diverse areas of the world, with much focus on developing countries.

Fair trade and market prices for cotton improve livelihoods for smallholder farmers through higher total returns, with low costs incurred in inputs and little risks (Bachmann, 2012). However, there is a limited study comparing the profitability of various cotton-producing systems among developing countries and/or against developed countries. Bachmann (2012) examined socioeconomic and environmental factors affecting cotton production in Central Asia and found that cotton yields were 20% higher relative to lower costs of inputs. Availability and access to credits, appropriate seed, extension services, and diversified uses of processed cotton produce improve farmers’ attitudes toward the adoption of technologies of cotton production (Bachmann, 2012). It is also challenging that cotton production is labour-intensive depending on the system of production, including traditional, conventional, and/or organic (Bachmann, 2012; Altenbuchner et al., 2016; Altenbuchner et al., 2018). Therefore, factors of production such as those involved in inputs, field operations, and processing altogether remain to be studied through a multi-factor model that describes their main and interaction effects on cotton production. For example, Bachmann (2012) reported that organic cotton production is characterized by a higher workload, which is counteracted by the improvement in the livelihoods of smallholder farmers. Altenbuchner et al. (2018) also reported that the profitability of cotton-producing technologies to smallholder farmers was associated with lower costs incurred in production, reduced dependency on credit lenders, improved soil conditions, and little exposure to toxic agrochemicals.

The socioeconomic implications of cotton production are closely tied to environmental concerns (Ahmad et al., 2021). Conventional cotton farming often involves the use of pesticides, herbicides, and synthetic fertilizers, which can lead to environmental degradation, soil degradation, and water pollution. Transitioning to more sustainable and organic farming practices can mitigate these negative effects. Pesticide use in conventional cotton farming can have adverse health effects on farmers, farm workers, and nearby communities. Exposure to these chemicals can lead to health issues and even chronic diseases (EJF, 2007). Addressing these health concerns is essential for ensuring the well-being of individuals involved in cotton production. Cotton is a globally traded commodity, and its production can significantly impact the economies of both producing and consuming countries (Bachmann, 2012). Fluctuations in cotton prices can influence the income of farmers and the profitability of cotton-related industries. Changes in global trade dynamics, including tariffs and subsidies, can affect the competitiveness of cotton-producing nations.

The cotton industry’s socioeconomic implications extend to social welfare issues such as child labour, forced labour, and poor working conditions (Mi et al., 2020). In some regions, unethical labour practices have been reported in cotton farming and textile industries (EJF, 2007). Addressing these issues is crucial for ensuring ethical and sustainable cotton production. Cotton is a major raw material for the textile and apparel industry, which is a significant contributor to economies worldwide. The success of cotton production directly impacts the textile industry’s supply chain, affecting jobs and economic growth in this sector. Advancements in agricultural technology can impact cotton production’s socioeconomic implications (Khor and Feike, 2017). The adoption of genetically modified cotton varieties, for example, can affect yields, pest resistance, and overall productivity. However, the adoption of such technologies also raises debates about environmental and health impacts, as well as concerns over seed patents and control.




4.3 Institutional policy enforcement for sustainable cotton production

Herein, we capture the key policies from relevant authorities that align with sustainable agriculture, and have a direct or indirect impact on cotton production. This section seeks to explore existing opportunities emanating from collaboration between players of cotton industry including governments, non-government agencies, and private sectors. Policies associated with cotton production are summarized in Table 5. These policies include initiatives that have also been critically mapped in the present study including land and/or soil management, inputs usage, water and/or moisture management, and return from labour practices, etc.


Table 5 | Outline of policy implications in cotton production on small-land holdings.



Policy implications in cotton production have far-reaching impacts on both the agricultural sector and the socioeconomic fabric of societies (Baffes, 2007). Here is an exploration of some key policy considerations and their effects on cotton production and socioeconomic aspects. Government subsidies provided to cotton farmers can influence production decisions, input use, and market prices. These subsidies can incentivize cotton cultivation, affecting the supply-demand dynamics and global cotton markets. However, overreliance on subsidies may distort market signals and impact trade relations. Policies promoting sustainable practices such as organic farming, reduced chemical use, and soil conservation have the potential to enhance long-term productivity while minimizing environmental impacts (Fei et al., 2022). These policies on sustainable practices can improve soil health, reduce water pollution, and contribute to ecosystem conservation. However, transition to these practices may require education, training, and financial support for farmers. Investment in agricultural research and development can lead to the development of high-yield, disease-resistant cotton varieties and innovative farming techniques (Najib et al., 2022). Research-driven advancements can boost productivity, improve fibre quality, and enhance pest and disease management. However, access to these technologies should be equitable to prevent inequalities among farmers. Water-use policies, including regulations on irrigation practices and water pricing, can influence water management in cotton cultivation (Djanibekov et al., 2013; Khor and Feike, 2017; Fan et al., 2022). Efficient water management ensures sustainable use and prevents over-extraction, particularly in water-scarce regions. Well-managed policies can balance agricultural needs with broader water resource conservation. Integrated Pest Management (IPM) policies that promote the judicious use of pesticides and encourage biological control methods can minimize chemical inputs (Najib et al., 2022). IPM can reduce environmental pollution, safeguard human health, and prevent pest resistance. Implementation requires farmer education and support for adopting IPM strategies.

Policies on trade and export agreements and tariffs can influence cotton exports and imports, impacting market access and price stability. Favourable trade policies can enhance market opportunities for cotton producers, contributing to economic growth (Partzsch and Kemper, 2019; Meyer, 2020). However, fluctuating trade conditions can pose challenges to stability. These policies are also linked to the policies supporting fair pricing, market access, and value chain development can ensure a stable income for cotton farmers (Amao et al., 2021). Policies on fair pricing mechanisms help safeguard farmers’ livelihoods and support rural economies (Partzsch et al., 2019). However, market fluctuations and global competition can still pose challenges. Policies focusing on rural development, infrastructure improvement, and skill enhancement in cotton-growing regions can strengthen local economies (Ahmad and Afzal, 2020; Kothari et al., 2021). Such policies can reduce rural-urban migration, create employment opportunities, and enhance overall living conditions in cotton-producing communities. Programs targeting cotton farmers, such as insurance schemes, credit availability, and social safety nets, can mitigate risks and improve farmers’ resilience (Sabesh and Prakash, 2018). These programs provide support during adverse conditions, enhancing farmers’ ability to cope with uncertainties and promoting social equity. Similarly, this is picked by policies promoting gender equality and labour rights in cotton farming and ensuring fair labour practices and that can improve working conditions and empower marginalized groups (Singh and Dusanj-Lenz, 2019; Wang et al., 2021). The impact of such policies is to contribute to social development, reduce exploitation, and enhance the overall well-being of cotton farming communities (Wang et al., 2021).

Policy set-up on cotton worldwide is diversely presented given the need for adoption of conventional farming. A study conducted by Hoehn (2010) indicated that the global cotton production is conventionally exercised by 80%. However, earlier than 2010, Kooistra et al. (2006) reported that the majority of conventional cotton production was from China (24%), USA (19%) and India (16%). Emphasis on the same policy was reported by Marquardt (2011) insisting global position of convention cotton production by ~0.8%. So far reported as developing countries in parts of West Africa, Pakistan, India, Uzbekistan, and China have quite an independent policy on cotton production, with cultivation practised on intensively small and mixed cropped farms by 2009. Leaning more on cultivation of cotton in these farms remains the policy because of its high value, with other crops integrated throughout the year (Conrad et al., 2016). According to Hoehn (2010), regulations on the use of agro-chemicals in developing countries are quietly displaced, thereby increasing health risks and environmental jeopardy. In contrast, developed countries such as Europe, United States, Turkey, and Australia are characterized by large farms usually over 20 hectares, with cotton produced as sole crop (Hoehn, 2010). Government’s policy is profit maximization through cotton, with heavy investment in mechanization and chemical defoliants (Kooistra et al., 2006). Pantzios et al. (2006) examined efficient resource use by 172 cotton-growing farms under the EU policy regime and found that cotton farms are not efficient attributed to the policy governing cotton sector throughout EU.





5 Conclusions

Farming systems significantly influence cotton production, encompassing various impacts on yield, resource efficiency, soil health, pest management, environmental sustainability, economic viability, social and ethical considerations, climate resilience, and market access. By adopting sustainable, efficient, and climate-smart practices, the cotton industry can foster long-term success and contribute to a more sustainable global agricultural landscape. Policymakers, stakeholders, and cotton growers should collaborate to promote farming systems that balance productivity, profitability, and environmental stewardship. Appropriate fertilizer use in cotton production can significantly impact sustainability. Balancing the need for increased crop yields with environmental conservation is essential to ensure the long-term viability of cotton farming. Sustainable practices, precision agriculture, and ongoing research are vital for minimizing the negative environmental effects of fertilizer use while maintaining productivity and promoting the sustainable growth of the cotton industry. It is important to note that nutrient distribution in soils can be highly influenced by the specific context, geographical location, and agricultural practices employed in cotton production. By implementing precision techniques, utilizing organic inputs, and focusing on nutrient use efficiency, farmers can promote both productivity and sustainability in their cotton fields while minimizing negative impacts on ecosystems and water resources.

The socioeconomic implications of cotton production are complex and multifaceted, involving various stakeholders from farmers and workers to policymakers, consumers, and environmentalists. Balancing economic growth, environmental sustainability, and social equity within the cotton industry requires collaborative efforts and a holistic approach to address the challenges and opportunities it presents.

Policy implications in cotton production extend beyond agricultural considerations to socio-economic dimensions. Well-designed policies that balance environmental sustainability, economic growth, social equity, and market stability are essential for fostering a resilient and thriving cotton sector that benefits both farmers and society as a whole. It is also important to beware that the cotton industry is dynamic and can be influenced by various factors, including technological advancements, economic shifts, and policy changes. To get the most accurate and up-to-date information about cotton production, this study recommends continuously consulting recent and advancing agricultural research papers, industry reports, and news from reputable sources in the field of agriculture and textiles. Therefore, systematic reviews that compile and analyze multiple studies on this topic can provide valuable insights into the variations and trends in cotton production.

This systematic review provides valuable insights but also highlights several limitations and areas for future research. The limitations include issues of expanded coverage of the review, lack of specific trial data on some methods and economic considerations, high economic disparity among farmers in regions where data was acquired, and a focus on certain regions and farmer perspectives.

Based on the findings of his review, the suggested research directions encompass a range of topics, from precision agriculture and soil-specific recommendations to exploring the role of microbial interactions and the socio-economic impact of genetically modified cotton. Future studies could also delve into educational interventions, policy implications, and market access for smallholder farmers, ultimately aiming for a more comprehensive and globally applicable understanding of sustainable cotton production.
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