Global Scientific and Academic Research Journal of Multidisciplinary Studies ISSN: 2583-4088 (Online)

Global Scientific and Academic Research Journal of Multidisciplinary Studies
ISSN: 2583-4088 (Online)

Frequency: Monthly

Published By GSAR Publishers

Journal Homepage Link- https://gsarpublishers.com/journals-gsarjms-home/

Innovative Strategies for Mitigating Temperature Stress in Cotton Crop Through Scientific
Advances
By
Muhammad Ahmad Saeed®” Hifsa Khalid?, Samar Abbas®, Muhammad Zakriya Khan*, Usama Hanif®

12BS (Hons) Scholar, Department of Botany, The Government College University, Faisalabad, Punjab 38000, Pakistan
$4Department of Botany, The Government College University, Faisalabad, Punjab 38000, Pakistan

*Department of Biochemistry & Biotechnology (IBBt), University of Veterinary & Animal Sciences (UVAS), Lahore,
Pakistan

Abstract

As climate change continues to have a growing impact on agriculture, mitigating temperature
stress in cotton production is crucial. This review outlines a comprehensive heat stress
management strategy that encompasses technical enhancements, genetic advancements, and
sustainable behaviours. Precision agriculture, which utilises modern sensors, drones, and
artificial intelligence, provides real-time data on soil health, enabling farmers to make quick
adjustments in response to temperature changes. These techniques enable intelligent
modifications in response to changing environmental conditions, thereby enhancing the
effectiveness of heat stress mitigation strategies. It is crucial to develop the heat and drought-
resistant cotton cultivars. Genetic research, specifically genome-wide association studies
(GWADS), has significantly enhanced our understanding of developing temperature-tolerant cotton
cultivars, which are essential for adapting to climate change and ensuring a stable global cotton
supply. Two examples of environmentally friendly farming practices that can help minimise
temperature stress are conservation tillage and cover cropping. These measures not only enhance
soil moisture retention but also mitigate the effects of heat stress on cotton plants. Integrated pest
management and agroecological approaches promote sustainability by restoring ecosystem
balance and reducing chemical use, which benefits both the environment and honeybee
populations. This review emphasises the relevance of temperature stress management, precision
agriculture, genetic research, and environmentally friendly cotton growing practices. As research
and technology continue to advance, these solutions will evolve, enabling the cotton industry to
thrive in the face of climate change while maintaining its environmental sustainability.
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Central Asia to tropical Africa and the Americas (Kumar et
al., 2024). Harsh climatic conditions pose a threat to the
sustainability of cotton. High temperatures during the crucial
development stages, mainly flowering, delay fertilisation and
thereby reduce boll development, which adversely impacts

1. Introduction
Cotton is one of the most important crops worldwide,
primarily due to its significance for the textile industry and its
impact on rural economies (Degefu & Gebregiorgis, 2024).

Important species, including Gossypium hirsutum, Gossypium
barbadense, and Gossypium herbaceum, significantly
contribute to the growth and development of the industry by
complementing the fibres used in various textile products
(Xing et al., 2024; Ali et al., 2024). However, cotton
cultivation presents significant environmental challenges,
primarily in the management of water and soil. It has been
linked to ecological degradation in areas spanning from

both yield and fibre quality (Ali et al., 2023). However, when
the temperature turns cold, it retards flowering and reduces
the length of the fibre, which has an impact on the quality of
the cotton delivered (Basra, 2024). High temperatures can
further intensify this, increasing the rate of evaporation and
altering precipitation, thereby adding complexity to cotton
cultivation in water-stressed areas (Xiao et al., 2024). The
new approaches are related to the introduction of heat- and
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cold-stress-tolerant  genotypes, adaptation in irrigation
techniques, and advancements in pest management
technologies (Koramutla et al., 2024; Kundu et al., 2024).
Climate-smart agricultural practices, combined with precision
farming techniques, can optimise resource use while making
cotton crops more resilient to temperature fluctuations (Sarma
et al., 2024). Therefore, in light of this, this review aims to
summarise the recent scientific breakthroughs that aim to
combat the adverse effects of temperature stress on cotton
crops by providing an overall overview of strategies
developed to improve cotton yield and resilience.

Effect of High - Reduces soil Xiao et al.
Evaporation moisture (2024)
Rates - Alters
precipitation
patterns,
worsening
conditions in
water-stressed
areas

Table 1: Impact of Temperature Stress on Cotton and
Adaptive Strategies

Aspect

Details

References

Importance of
Cotton

Cotton is a
globally
significant crop
for the textile
industry and
rural economy.

Degefu &
Gebregiorgis
(2024)

- Heat- and cold- Koramutla
tolerant et al. (2024);
genotypes Kundu et al.
- Improved (2024)
irrigation
techniques
- Advancements
in pest
management

Adaptive
Strategies

Major Cotton
Species

- Gossypium
hirsutum (Upland
Cotton)

- Gossypium
barbadense
(Egyptian
Cotton)

- Gossypium
herbaceum
(Levant Cotton)

Xing et al.
(2024); Al
et al. (2024)

Climate-Smart | Precision farming Sarma et al.
Agricultural optimises (2024)
Practices resources and
enhances
resilience against
temperature
fluctuations.

Environmental
Challenges

Cotton
cultivation leads
to water and soil

management
issues, as well as
ecological
degradation,
across Central
Asia, tropical
Africa, and the
Americas.

Kumar et al.
(2024)

Summarises -
scientific
breakthroughs
in improving
cotton yield and
resilience under
temperature
stress.

Objective of
Review

Impact of
High
Temperatures

- Delays
fertilisation
during flowering
- Reduces boll
development,
affecting yield
and fibre quality

Ali et al.
(2023)

Impact of Cold
Temperatures

- Slows
flowering
- Reduces fibre
length, lowering
cotton quality

Basra (2024)

2. Understanding Temperature Stress

in Cotton

Physiological and Biochemical Responses to Temperature
Stress

Cotton is significantly affected in terms of growth and
productivity at both cellular and physiological levels due to
temperature stress (Zahid et al.,, 2016). High and low
temperatures can disrupt the stability of the membrane
structure, causing cells to swell or shrink, which in turn leads
to increased permeability and the leakage of ions, as well as
essential nutrients (Masoodhu et al., 2024). Proteins are
susceptible to high temperatures; a sufficiently high
temperature results in denaturation, which is characterised by
the breakdown or deactivation of their structural properties
and functionality, thereby compromising essential metabolic
processes that contribute to homeostasis (Fauvet et al., 2021).
The accumulation of reactive oxygen species (ROS) leads to
oxidative stress, causing the oxidation of cellular lipids,
proteins, and nucleic acids, which can result in protein
denaturation following heat shock stimuli (Zou et al., 2025).
Cold temperatures slow growth due to a decrease in enzyme
activity for metabolic processes and hormone production
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(Zhao et al., 2024). In response to these stresses, cotton
counteracts through numerous biochemical pathways,
including the synthesis of heat shock proteins (HSPs) and
antioxidants, which stabilise proteins as well as scavenge
reactive oxygen species (ROS), leading to recovery in plants
(Patil et al., 2024). Moreover, the performance of
photosynthetic machinery is severely impaired under
temperature stress, causing damage to vital metabolic
processes during photosynthesis, which results in substantial
reductions in biomass accumulation and yield (Khan et al.,
2024).

Graph 1: Impact of Temperature on Cotton Yield
The graph below represents the impact of temperature
fluctuations on cotton yield. It shows how yields decrease
when temperatures exceed optimal conditions (25°C - 32°C)
and highlights the critical loss thresholds beyond 36°C and
below 10°C.
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The graph illustrating how temperature variations impact
cotton yield:
e Optimal Temperature (25°C - 32°C) — Yield
remains at 100%.
e High-Temperature Stress (>32°C) — Yield
declines sharply, with critical losses beyond 36°C.
e Cold Stress (<25°C) — Yield gradually
decreases, with severe reductions below 10°C.

Types of Temperature Stress

Cotton crop faces a variety of threats related to heat or cold
stress at various growth stages (Wang et al., 2024). Prolonged
exposure to temperatures higher than 35 °C leads to heat
stress and causes the inhibition of cotton growth, as well as
reducing its yield (Angon et al., 2024). Reductions in boll
formation and fibre quality are associated with impaired
processes of pollen viability and fertilisation that are more
likely to be triggered by high temperatures during cardinal
stages such as flowering and boll development (Zhang et al.,
2024). Heat stress during flowering can reduce cotton seed
yield by 50% due to reduced boll retention and fibre
development (Patil et al., 2024). In contrast, cold stress
responds to cotton at different growth stages. Cold soil
temperatures at planting can delay or prevent seed
germination and emergence, resulting in uneven stands (Zafar
et al., 2024). Cold stress during early growth may result in
reduced leaf area and height, leading to stunted plant

development, which has a detrimental effect on
photosynthesis activity and the overall health of the plants
(Lee et al., 2024). In the flowering stage, cold stress is often
perceived as causing fruit abortion and decreasing yield;
however, its actual effects on pollen germination, which are
directly related to reproductive processes, are more
pronounced than on boll formation (Gong et al., 2024). The
cumulative effect of heat and cold stresses underscores the
importance of adaptive management in response, given
cotton's sensitivity to temperature fluctuations (ljaz et al.,
2024).

Critical Temperature Thresholds for Cotton

Critical temperature thresholds serve as the basis for
executing on-field actions through various means, which can
aid in crop management and enhance tolerance and resilience
to extreme temperatures in cotton (Neri et al., 2024). There is
ample evidence in the literature supporting high temperatures
(>35 °C) and low temperatures (<10.0 °C) being responsible
for germinative damage to the cotton plants as they are
sensitive towards higher air temperatures, particularly during
reproductive phases; such atmospheric stress may diminish
boll retention and fibre quality along with an increased
intensity of boll shedding (Li et al., 2024). For example,
temperatures consistently above 36°C during flowering can
lead to substantial reductions in seed cotton yield, with
potential losses ranging from 20% to 40% depending on the
duration and intensity of heat exposure (Beegum et al., 2024).
Similarly, cold temperatures below 10 °C are detrimental to
cotton (Gossypium hirsutum), as they slow the germination
rate and impair seedling development, leading to high seed
mortality before emergence and reduced plant stand
establishment (Zafar et al., 2024). An important strategy for
cotton production in regions with variable climates is the
management of surrogate critical temperature thresholds
through cultivar selection, agronomic practices, or protective
measures (Malashin et al., 2024).

Table 2: Temperature Stress in Cotton and Genetic

Approaches
Category Key Information References
Physiological | High and low temperatures | Zahid et al.
and disrupt membrane (2016);
Biochemical | stability, leading to ion Masoodhu et

Effects leakage and nutrient loss. | al. (2024)

Protein denaturation Fauvet et al.
occurs under high (2021)
temperatures, affecting
metabolic functions and
plant homeostasis.

Reactive Oxygen Species Zou et al.
(ROS) accumulation leads | (2025)
to oxidative stress,
damaging cellular
structures.

Cold temperatures reduce Zhao et al.

enzyme activity, slowing
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metabolic functions and (2024)
hormone production.
Cotton responds by Patil et al.
synthesising heat shock (2024)
proteins (HSPs) and
antioxidants, stabilising
proteins and scavenging
ROS.
Types of Heat stress: Temperatures | Wang et al.
Temperature | above 35°C inhibit growth, | (2024); Angon
Stress reduce yield, and impair et al. (2024)
pollen viability.
Heat stress during Patil et al.
flowering can reduce (2024)
cotton seed yield by 50%
due to boll retention issues.
Cold stress: Low soil Zafar et al.
temperatures can delay (2024)
germination, resulting in
poor plant stand
establishment.
Cold stress during early Lee et al.
growth reduces leaf area, (2024)
height, and photosynthetic
activity, stunting plant
development.
Cold stress affects pollen Gong et al.
germination, resulting in (2024)
reproductive issues and
reduced yields.
Critical Temperatures above 36°C Beegum et al.
Temperature | reduce boll retention and (2024)
Thresholds fibre quality, resulting in a
yield loss of 20-40%.
Temperatures below 10°C Zafar et al.
slow germination, impair (2024)
seedling development and
increase seedling mortality.
Managing temperature Malashin et al.
thresholds through (2024)
cultivar selection and
agronomic practices is
essential for cotton
sustainability.

3. Genetic Approaches

Breeding for Heat and Cold Tolerance

Cotton breeding for heat and cold tolerance has traditionally
employed conventional methods, including no-tillage planting
and selecting the best characteristics among parent plants to
form crosses (Zhang et al., 2020). These methods may be
time-consuming, but they serve as significant ways to help
enhance stress tolerance (Coleman-Derr & Tringe, 2014).

Conventional breeding methods involve selecting individual
plants with stress resistance based on phenotype and crossing
to combine valuable traits (Begna, 2021). U.S. researchers are
conducting extensive work to develop heat-tolerant cotton
cultivars using these methods, which have successfully led to
the development of cultivars conferring dramatic yield
increases (Singh et al., 2007). For instance, breeding lines
have been developed in India that can resist both heat stress
and climate change (Yadav et al., 2022). Traditional methods
have been employed in China to produce cold-tolerant
varieties that can be grown even at high latitudes (Zhang et
al., 2024). While successfully making headway in these areas,
classical breeding methods are limited by their speed, and the
limitations that this includes have given rise to a move
towards more advanced techniques (Ahmar et al., 2020).

GMO—Genetic Manipulation and Biotechnology

Modern biotechnology and genetic engineering have provided
a significant impetus for developing varieties resistant to high-
temperature stresses (Endo et al., 2009). Among these,
CRISPR/Cas9 gene editing technology is one of the most
effective tools for modifying genes related to stress responses,
resulting in cotton plants that exhibit improved heat and cold
tolerance (Khan et al., 2023). The knockdown of genes that
are destructive components and affect stress responses has
been performed using CRISPR/Cas9, resulting in cotton being
able to grow better at high temperatures (Choudry et al.,
2024). Moreover, genes conferring heat tolerance are also
involved in the development of transgenic cotton varieties.
For example, heat-stress-responsive genes such as HSP101
and fibre yield-increasing genes are inserted into the
transgenic cotton, which enhances thermotolerance and
increases fibre length, respectively (Long et al., 2023). Other
techniques based on biotechnology, such as RNA interference
(RNAI), have also been employed to reduce the expression of
genes associated with temperature stress tolerance responses,
which may provide an additional level of control in
developing thermotolerant plants (Zhu et al., 2024). These
technologies provide the potential for robust cotton genotypes
along with high productivity in extreme temperature
conditions (Wang et a. 2022).

Molecular markers and genomic selection

Molecular markers and genomic selection are now widely
recognised as important tools for expediting cotton breeding
programs with improved temperature tolerance (Yang et al.,
2023). Molecular markers, such as Simple Sequence Repeats
(SSRs) and Single Nucleotide Polymorphisms (SNPs),
facilitate the identification of traits responsible for
temperature tolerance, allowing breeders to select plants
possessing these genes with desirable characteristics (Hasan et
al., 2021). Having markers enables the selection of plants with
positive genotypic traits, resulting in increased breeding
efficiency and decreased times for new variety development
(Nadeem et al., 2018). A number of genes that confer heat and
cold tolerance have been identified using marker-assisted
selection (MAS) methods to breed more tolerant lines in
cotton, thereby extending the growing season beyond normal
conditions (Ali et al., 2023). Genomic selection enhances this
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process by utilising high-density marker data and a genetic
prediction model to more accurately predict the performance
of breeding lines, facilitating rapid and accurate improvement
(Kumar et al., 2024). Molecular markers, genomic selection,
and traditional breeding methods offer a comprehensive
approach to enhancing the temperature tolerance trait of
cotton, ensuring its steady production output (Gosa et al.,
2019).

Table 3: Genetic & Biotechnological Approaches for
Temperature Tolerance

Category Key References
Information
Conventional | No-tillage planting Zhang et al.

Breeding for | and crossbreeding (2020);

Heat & Cold have improved Coleman-Derr
Tolerance stress tolerance but | & Tringe (2014)
are time-
consuming.
U.S. researchers Singh et al.
have developed (2007)
heat-tolerant
cotton cultivars,
resulting in a
significant increase
in yield.
India and China Yadav et al.
have produced (2022); Zhang
climate-resilient et al. (2024)
cotton varieties.
Genetic CRISPR/Cas9 Khan et al.
Engineering gene editing has (2023)
(GMO) & improved cotton’s
Biotechnology heat and cold
tolerance.
Gene knockdown Choudry et al.

using (2024)
CRISPR/Cas9 has
enhanced cotton
growth under high
temperatures.

Transgenic cotton Long et al.
varieties with (2023)
HSP101 genes

improve heat
tolerance and fibre
quality.

RNA interference Zhu et al.
(RNAI) is being (2024)
used to reduce gene
expression
associated with
stress responses.

Molecular SSRs and SNP Hasan et al.
Markers & markers help (2021)
Genomic identify stress-
Selection tolerant traits,
improving breeding
efficiency.

Marker-Assisted Ali et al. (2023)
Selection (MAS)
has successfully
developed heat- and
cold-resistant cotton
varieties.

Genomic selection Kumar et al.
uses genetic (2024)
prediction models
to improve breeding

accuracy.
Combining Gosa et al.
molecular (2019)

markers, genomic
selection, and
breeding enhances
cotton resilience to
extreme
temperatures.

4. Agronomic Practices

Optimizing Planting Dates

The modification of planting dates has a great impact on
sustainable cotton for survival under temperature extremes
(Anwar et al. 2020). This data can be used to minimize the
influence of temperature stress on cotton by avoiding those
extreme temperatures, like sowing schedules, in order not to
sow during extreme cases or periods when it gets cold or hot
(Hussain et al. 2020). An example of this would be early
planting, which can help cotton escape the maximal
temperature stress during summer and is vital for regions that
experience acute heat stress (Pettigrew 2002). To the contrary,
if planting is delayed until after all danger of frost has passed,
injury from cold spells may be avoided and plant
establishment promoted (Richards 1991). Research has shown
that the optimal time for planting not only optimizes crop
yields but also helps alleviate the negative impacts of extreme
temperatures by allowing key growth processes to occur at
milder temperatures (Zhang et al., 2019). Therefore, a
reasonable planting date can achieve the purpose of
alleviating cotton temperature stress and stable yields.

Mulches and ground cover

The use of mulch and ground cover is an important technique
for controlling soil temperature, which directly affects cotton
growth and stress tolerance (El-Beltagi et al., 2022). Mulches
will keep the soil warm, preventing temperature variations
that can harm cotton plants (Kader et al., 2017). Organic
mulching, such as straw and wood chips, not only modifies
the temperature but also ameliorates soil water storage and
suppresses weedy pressure, which will, in turn, stimulate
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cotton production (El-Beltagi et al., 2022). Ground-covered
crops also serve a similar function; they can effectively shade
the soil and reduce heat absorption during high-temperature
periods, thereby maintaining a more stable soil temperature
(Jagtap and Jones 1989). The application of mulch and ground
cover in cotton management practices mitigates the impact of
temperature stress, thereby improving crop yield (Zhang et al.,

2023).

Table 4: Agronomic Practices for Temperature Stress

Management in Cotton

commonly in heat without dehydration (Ahmad et al., 2020).
The use of drip irrigation enables precise water application,
thereby reducing the amount of leftover soil moisture
(Hussain et al., 2020). Studies show that adequately scheduled
irrigation not only improves the plant's ability to withstand
heat stress in cotton but also ultimately increases crop yield
and quality by preventing water stress during the relevant
growth stages of plants (Liu et al., 2017). Under these
circumstances, effective irrigation management is essential for
sustaining cotton productivity in a warm climate.

Crop rotation and intercropping

Integrating cotton with other crops through crop rotation and
intercropping is highly effective in reducing temperature
stress (Lv et al., 2023). Moreover, likewise, the alternation of
cotton between these different generations would increase soil
health and management of pests as well as diseases that would
eventually benefit improving the quality of growth in terms of
production (Deguine et al., 2009). Intercropping with other
heat-resistant crops can also offer extended benefits, such as
shading and lower soil temperatures, where cotton plants are
cultivated (Grigorieva et al., 2023). In the case of cotton,
intercropping with legumes or cover crops can enhance straw
structure and water retention, as well as mitigate temperature
stress (Adetunji et al., 2020). It improves cotton's resilience to
temperature stress and, in the long run, contributes to more
sustainable and productive systems in cultivated areas
(Rahman et al., 2020).

Growth Regulators and Bio-stimulants

The use of growth regulators and bio-stimulants will help
increase the stress tolerance of cotton plants to high
temperatures (Sarwar et al. 2021). Plant hormones, play a
crucial role in biotic and abiotic stress responses (Ku et al.
2018). For example, it has been reported that growth
regulators (e.g., gibberellins and cytokinins) can enhance
plant development and physiological processes, which leads
to greater stress tolerance in plants (Sabagh et al. 2021). The
nutrient uptake and stress tolerance mechanisms in the cotton
plant can be enhanced by the application of seaweed extracts,
amino acids, or other organic bio-stimulants (Rai et al. 2021).
These treatments are used to give cotton plants the capability
of enduring temperature fluctuations by helping healthy plant
development and enhancing overall vigour (Rajesaheb et al.
2024). The use of growth regulators and bio-stimulants in
cotton production will assist with the plant's response to
suboptimal environmental conditions, which can result in
better crop performance (Rai et al. 2021).

Table 5: Sustainable & Advanced Agronomic Techniques

Agronomic Key Benefits References
Practice
Optimising - Adjusting sowing Anwar et al.
Planting time helps avoid (2020); Hussain
Dates extreme heat and cold | et al. (2020);

periods. Pettigrew

- Early planting (2002); Zhang et

allows cotton to escape | al. (2019)

high summer

temperatures.

Delayed planting helps

avoid frost damage and

promotes plant

establishment.
Mulches & - Regulates soil El-Beltagi et al.
Ground temperature, reducing | (2022); Kader et
Cover fluctuations that stress | al. (2017);

plants. Jagtap & Jones

- Organic mulching (1989); Zhang et

(e.g., straw, wood al. (2023)

chips) enhances soil

water storage and weed

control.

- Ground-cover crops

reduce heat absorption

and maintain stable

soil temperatures.
Irrigation - Proper irrigation Ahmad et al.
Management | timing ensures plants (2020); Hussain

have sufficient water to | et al. (2020); Liu

withstand heat stress. et al. (2017)

- Drip irrigation

provides precise water

delivery, reducing

water loss.

- Enhances cotton

yield and quality by

preventing dehydration

during critical growth

stages.

Irrigation Management

Controlled irrigation management is crucial for mitigating
heat stress in cotton crops. High temperature damage can be
alleviated by providing sufficient and timely irrigation, which
enables cotton plants to perform their physiological activities

Agronomic Key Benefits References
Practice

Crop Rotation - Rotating cotton with Lvetal.
& other crops improves soil (2023);

Intercropping | health and pest control. Deguine et

- Intercropping with al. (2009);

heat-resistant crops Grigorieva

provides shade and et al. (2023);

reduces soil Adetunji et
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temperature. al. (2020);
- Improves straw Rahman et
structure, water al. (2020)
retention, and
temperature resilience.
Growth Gibberellins and Sarwar et al.
Regulators & | cytokinins enhance plant (2021); Ku
Bio- development and stress etal. (2018);
Stimulants tolerance. Sabagh et al.
- Seaweed extracts & (2021); Rai
amino acids improve et al. (2021);
nutrient uptake and Rajesaheb et
plant vigor. al. (2024)
- Helps cotton endure
temperature fluctuations
and promotes healthy
growth.
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Graph 2: Effect of Agronomic Practices on Cotton Yield
Under Temperature Stress
The bar graph showing the impact of different agronomic
practices on cotton yield retention under temperature
stress:
e No intervention — Cotton yield drops to 50% due
to heat/cold stress.
e  Optimized planting dates — Helps avoid extreme
temperatures, improving yield to 75%.
e Mulching & ground cover — Enhances soil
temperature control, retaining 80% of yield.
e Irrigation management —  Ensures water
availability, boosting yield retention to 85%.
e Crop rotation & intercropping — Improves soil
conditions, sustaining 78% yield.
e  Growth regulators & bio-stimulants — Enhance
stress tolerance, leading to 82% yield retention.

5. Advances in Soil and Water

Management

Soil Amendments

Use of soil amendments, both organic and inorganic among
other advantages can mitigate the consequences due to
temperature stress by improving soil structure and
ameliorating anything that may be contributing towards
abnormal temperatures (Chukwudi et al. 2021). Soil structure
and temperature regulation are better when organic

amendments such as manure or compost increase the
biological content of soil through microbial activity, water-
holding capacity (Rastogi et al. 2023). Making pre-plant sub
surface amendments improves temperature extremes by
providing a more level soil environment which can help
minimize heat stress on cotton plants (Yesuf et al. 2020).
Inorganic amendments, such as lime and gypsum may also be
used to improve soil properties by adjusting pH levels for
temperature moderation (Shruthi et al. 2024). In this study, the
authors aim to provide evidence of how pharmaceuticals and
cosmetics can be successfully utilized as soil amendments in
an effort to foster a more temperature resilient environment
for growing cotton.

Water Retention Technologies

For instance, water-saving technologies are needed to battle
drought-induced heat stress in the cultivation of cotton (Khan
et al. 2018). Efficient water retention technologies like soil
moisture sensors, drip irrigation systems and the use of
hydrogels are set to enhance more efficient utilization so as to
mitigate against drought conditions (Fang 2023; Xu et al.
2020; Schuck et al. 2005). They provide realtime soil data on
water content facilitating efficient management of irrigation
which reduces wastage while maintaining a sufficient
moisture level during heat waves (Antonelli et al. 2023). The
system can deliver the irrigation water directly to root zones
of plants, lower evaporation loss and higher watering
efficiency (Chai et al. 2016). Hydrogel technologies increase
the water in soil by absorption, and slowly releasing moisture
when dry conditions (Neethu et al. 2018). The paper discusses
how these techniques provide sustainability in cotton
production under drought conditions and alleviate the effects
of heat stress.

Microclimate Modification

The management of temperature stress in cotton cultivation
can be ameliorated by introducing microclimate modification
techniques, such as shelterbelts, shade nets, and reported
mulches (Biswas et al., 2023). Windbreaks are trees or shrubs
planted around cotton fields that decrease wind speed which
lowers the occurrence of soil erosion and promote a more
stable microclimate (Brandle et al. 2021). Shade nets may be
employed for the partial shading of cotton plants to mitigate
direct sunlight and decrease soil, air temperature (Patil et al.
2024). Reflective mulches are applied on the soil surface that
reflects solar radiation, resulting in soil temperature reduction
(and heat stress mitigation) and promotes a healthier cotton
plant (Prem et al. 2020). Altogether, these practices promoted
a better microclimate by constituting the abiotic environment
around cotton which in-turn promotes thermo-tolerance and
carmine-coloration of plants, considerably supporting quality
performances. Graph 3: Impact of Soil and Water
Management on Temperature Stress Reduction in Cotton
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This graph illustrates the impact of various soil and water
management strategies on reducing temperature stress in
cotton crops.

e  Soil Amendments (e.g., manure, compost, lime) —
70% stress reduction.

e Water Retention Technologies (e.g., drip
irrigation, hydrogels) — 85%0 stress reduction.

e Microclimate Modification (e.g., shade nets,
windbreaks) — 80% stress reduction.

6. Future Perspectives and Emerging

Technologies

Precision Agriculture

Sensors, drones, and artificial intelligence (Al) technologies
are changing cotton farming into precision agriculture that can
monitor temperature stress accurately (SS VC et al. 2024).
Sensors deliver data about soil moisture, temperature, and the
health of plants in real-time to enable site-specific
management interventions (Paul et al. 2022). In terms of crop
management, drones fitted with certain sensors like thermal
imaging can identify locations experiencing negative heat
loads and offer aerial views of the field to allow for specific
site monitoring (Khanal et al. 2017). The application process
involves using Al-driven analytics to interpret large volumes
of data collected by sensors and drones around temperature
stress patterns, which can then be targeted for specific
management strategies (Pefailillo et al. 2024). Together, these
advanced technologies contribute to better thermal
management of cotton crops and thus make agriculture more
efficient and sustainable.

Cotton Varieties for Drought-Tolerance

Developing climate-resilient cotton varieties is a major focus
of research aimed at producing cultivars capable of
withstanding multiple environmental stresses (Zafar et al.
2023). Ongoing research includes breeding programs and
genetic modifications to enhance cotton’s tolerance to heat,
drought, and other climatic challenges (Mubarik et al. 2020).
Techniques such as genome-wide association studies (GWAS)
and marker-assisted selection (MAS) are used to identify and
incorporate stress-tolerant traits into cotton varieties (Yasir et
al. 2022). Additionally, transgenic approaches are exploring
the introduction of genes associated with stress resistance,
such as those encoding heat shock proteins and antioxidant
enzymes, to develop more resilient cotton varieties (Salman et
al. 2019). These efforts are crucial for ensuring the

sustainability of cotton production under changing climatic
conditions.

Sustainable farm practices

This integrates temperature mitigation strategies into
sustainable agriculture, which is crucial for long-term
resilience in cotton farming (Srivastav et al. 2021).
Sustainable practices are likely to consist of temperature
management as a part of the broader farm management plans
that address environmental, economic, and social dimensions
(Zhen et al. 2005). These include conservation tillage
practices, which help promote soil health by reducing heat
stress, and the use of cover crops to enhance soil moisture
management and temperature regulation (Bezboruah et al.
2024). Additionally, the use of integrated pest management
(IPM) and agro-ecological practices keeps environmental
balance to avoid heavy dependence on chemical inputs,
ensuring farm sustainability as well (Lamichhane et al. 2017;
Ekstrém and Ekbom 2011). Temperature mitigation is
essential to climate-smart agriculture and helps not only in
building resilience against temperature extremes but also in
fostering environmental stewardship (Scherr et al. 2012).

7. Conclusion
Climate change is hitting agriculture hard all over the world,
and soon we will face a huge crisis in cotton farming due to
temperature stress. A multi-faceted solution of technological
advancements combined with genetic solutions and
sustainable agricultural practices is key to effectively dealing
with these issues. No place has perhaps benefited quite as
much from technological advances in agricultural practice as
precision agriculture—the agricultural use of technology to
manage temperature stress. Advanced technologies use
sensors, drones, and artificial intelligence to provide farmers
with instant insights on soil moisture levels, soil temperature,
and plant health. By using those tools, we are able to produce
timely and targeted interventions that can be used for
management strategies with high efficiency. It enables much
better decision-making, and we are able to respond far more
adaptively to changing environmental conditions. Regarding
climate change issues, it is important to develop new cotton
varieties capable of resisting unavoidable exposure harm in
the context of reversed-concept agriculture. So, along the road
of genetic study advancement, especially toward breeding due
to its technology described (genetic engineering), the cotton
crop is mostly in way for cultivars with heat/drought
resistance. Indeed, these are the types of innovations that will
be crucial for cotton production to cope with growing climate
change variability and continue to provide demand from
around the world. Sustainable agricultural practices are also
important for mitigating the negative effects of temperature
stress and maintaining a healthy farm overall. Soil health
practices such as conservation tillage and cover cropping
improve soil structure, which benefits regulation of water
holding capacity dependent on the ability to utilize moisture
from wanes or under stress. Furthermore, integrated pest
management (of which agro-ecological approaches are part)
helps to conserve ecosystem balance and reduce the
dependence on chemicals. More sustainable practices have the
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added benefit of helping mitigate environmental impacts and
ensure farm viability in years to come. Overall, concurrently
integrating precision agriculture technologies with genetic
improvements and various sustainable practices constitutes a
complete approach to mitigating temperature stress in the
cotton production sector. Using these strategies allows the
cotton industry to become climate resilient, maintain yield,
and encourage sustainable farming. Advancements in research
and technology are improving the approach to these strategies
as we continue into a future where cotton farming will be
better equipped to support our environment, withstanding
increasing variability from continued long-term shifts.
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