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ABSTRACT

The impacts of global climate change on agricultural systems have become amongst the most significant
challenges that we face as a species. Increasingly, global climate change is exerting additional pressures on food
production, rural economic well-being, and natural resource availability. The present study has expanded and
refined academic literature on how climate change has affected the global crop production system from 2021 to
2025. The goal of this research is to develop a credible, evidence-based assessment of how modern adaptation
mechanisms can improve food security, promote sustainable eco-nomic growth, and protect the environment
amid climate change. In this study, four adaptation pathways were explored as being interlinked with one
another: (1) improvement of water resource management and irrigation practices; (2) breeding, production, and
dissemination of climate-resilient crop varieties; (3) use of digital and precision agriculture technologies; and
(4) development of institutional and social capacity of farms. Additionally, by merging 4 of the above strategies,
there is po-tential to improve crop growth under drought and heat stress by 20-30% and to reduce water and
energy use by 50% or more. A key finding from our study is that climate adaptation for agriculture must be
viewed as a system-transforming approach, not merely a set of technical solutions for drought and heat stress.
It must also address ecosystem integrity, the stability of rural economies, and global food system resilience.
This study contributes to the developing literature on climate-smart agri-culture from global and regional
perspectives, with a particular focus on Central Asia and Uzbekistan.

KEYWORDS: Climate Change Adaptation, Agricultural Resilience, Water Management, Climate-Smart
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1. INTRODUCTION

Climate change's impact on global farming
systems will only become significantly stronger in the
next 10 years and especially between 2021 and 2025
as global average temperatures increase, as the
occurrence of extreme weather events begins to hap-
pen with increasing frequency, and as the variability
of global precipitation patterns increases
dramatically [2, 9]. According to Baker and Smith [1],
the frequency of long-term droughts, extreme heat
waves, and unanticipated frost occurrences has risen
to unprecedented levels. The result has been a
corresponding decrease in the stability of crop yields,
increasing risk in both developed and developing
regions.

Agriculture remains one of the most climate-
sensitive sectors of the global economy [5, 23]. Any
change, even in temperature or rainfall
quantity/quality, at the lowest extremes, will cause
disproportionate losses of crop production
capability, especially in arid and semi-arid regions.
While the ever-rising population size and changes in
food habits are increasing the total demand for food,
the food sector's vulnerability to climate change, food
security issues, and the socio-economic conditions of
the re-gions are poised for serious threats.

According to the World Bank report 2025, climate
change has led to an intensification of climate change
impacts on Central Asia, such as water scarcity, land
degradation, and the development of the agricultural
landscape in Uzbekistan [1, 12], which is reliant on
irrigation-based farming, will also suffer from a
significant reduction of freshwater resources since
2021 [24, 8]. Glacial melting further complicates the
issue of water scarcity for the agricultural sector, due
to inefficient water use and greater temperature
increases for agricultural producers [8]. In this
environment, farmers need to adapt to survive;
adaptation is no longer optional but required.

The transition of the current agricultural system of
Uzbekistan into a climate-resilient agricultural
system would require many constituent elements of
technologically or ecologically driven agricultural
development, such as the application of new tech-
nologies, innovations, ecological management, and
climate-resilient leaders, if favorable results are
desired in the coming fu-ture (Ismoilov and Karimov,
Results of structural assessment of the clinical and
hygienic condition of periodontal tissues in patients
with anatomical and functional disorders of the
mucogingival complex). Failure to apply the best
approaches for adapting to climate change [16], for
example, through the application of climate-resilient

agricultural practices, would result in the potential
cumulative risk of agricultural losses of up to $150
billion in 2025 (The Statistical Yearbook 2024) for the
globe, with the highest risk posed by the region that
faces water scarcity challenges [14, 20].

2. METHODS

Because of the complexity of interactions among
agricultural production systems, climate dynamics,
and socio-economic outcomes, this study employs a
mixed-methods approach to capture these
interactions and their interdependencies. The
methodology uses a mixed-methods framework that
combines experimental field data, laboratory-based
assessments of physiological performance and
economic assessment through quantitative statistical
analysis [3, 13]. This integrated design provides a
holistic approach within an overall climate
adaptation = research  program by enabling
simultaneous assessment of biophysical, economic,
and resource-efficiency parameters associated with
crop production [5, 17].

The research undertaken during the years 2021-
2025 utilized several primary and secondary sources.
Data on the primary sources came from three
geographical areas in Uzbekistan: the Bukhara
Region, Fergana Region, and Tashkent Region. Col-
lectively, these three regions represent the arid, semi-
arid, and relatively high-water-availability zones
within Uzbekistan's en-vironment. The choice of
these regions enables us to study areas with varying
climatic stress levels, as well as the irrigation
practices in each region and how they affect crop
production.

Secondary sources included official reports,
datasets and statistics from various organisations,
including FAO, IPCC, WB and National Government
Statistical Agencies. A systematic literature review of
peer-reviewed research articles published from 2021
to 2025 was conducted to compare information on the
regions studied with information on the international
context reviewed over the same period.

The climatic factors this study addresses are
average and high temperatures, the occurrence of
heat waves, precipitation amounts, and the
availability of irrigation water [9]. These factors have
been correlated with yield data for some of the
world's most important staple foods and cash crops,
such as wheat, cotton, and corn. The time-series
analysis procedures were ap-plied to assess how
climate affects the value of the various crops
produced [3, 4].

At the field level the assessment of agricultural
productivity assesses how traditional irrigation
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techniques compare to newer water efficient
technologies, such as drip and sprinkler irrigation,
using indicators scored for water efficiency
(kilograms of yield produced per cubic meter of
water consumed) [11] and crop productive area
(hectares) and amounts of soil moisture retained
(days without irrigation) [15]. The data was taken
over a period of years to account for multiple years of
climate variations experienced during production of
the various crop types.

2.4. Laboratory Experiments and Crop Physiology

Assessing how crops adapt at the individual
variety level required performing laboratory tests on
the physiological and bio-chemical characteristics of
conventional and resilient varieties using methods
described in 2025 by Sultanov. Testing occurred in an
environment with prevalent heat stress (40°C was the
highest temperature) [19], providing a means of
evaluating the ability of various crop varieties to
produce under extreme temperatures.

Economic performance was evaluated using
several indicators, including benefit/ cost ratio (BCR),
net profit/loss after produc-tion expenses (NP),
water efficiency, and return on investment (ROI). The
costs associated with these 4 aspects of perfor-mance
were made up of initial capital costs to establish a

system of irrigated agriculture with modern
agricultural equipment and inputs (including
improved seeds), while benefits were determined
from higher levels of productivity than would
otherwise occur, increased safety nets for farmers
through decreased variability, and enhanced income
stability [7].

Descriptive statistical techniques, as well as
comparative techniques, synthesized results obtained
from multiple geographical regions and various
climate adaptation strategies. The triangulation of the
data increased the reliability (validity) and robust-
ness of the findings [25].

3. RESULTS

This study provides strong empirical evidence that
agricultural adaptation activities carried out between
2021 and 2025 sig-nificantly enhanced farm yields,
resource-use efficiency, and economic viability under
climate stress (from climatic factors). Climatic data
analysed in this study have demonstrated that
temperature extremes and drought frequency have
increased, leading to instability in crop yields,
particularly in areas highly dependent on traditional
agricultural practices [6].

Table 1: Climate Adaptation Impact Matrix for Sustainable Agricultural Development in Uzbekistan

Adaptation Climate Risk Quantitative Impact Economic Benefit Source
Measure Addressed
Water-Saving Water scarcity, Water use reduced by Lower irrigation National
Irrigation (Drip | drought frequency, | 50-55%; 3,500-4,000 m® | costs and improved irrigation
and Sprinkler | inefficient irrigation | water saved per hectare water productivity | modernization
Systems) reports
Expansion of | Increasing climate| Irrigated area expanded| Higher agricultural Uzbekistan
Modern variability and water|from 433,000 ha to over 1.2| output and improved | agricultural
Irrigation resource pressure million ha resource efficiency | statistics (2019-
Systems 2024)
Improved Soil degradation Improved soil water Long-term soil Soil monitoring
Irrigation and secondary retention and reduced [fertility and sustainable| and irrigation
Practices salinization salinity levels land productivity studies
Climate- Extreme heat and Traditional maize lost Reduced climate- Climate
Resilient Crop | temperature stress |>50% yield, while resilient| related crop losses | adaptation crop
Varieties varieties maintained 90- research
92% vyield stability
Adoption of Increasing Increasing adoption Improved yield Agricultural
Climate-Resilient| frequency of climate | among farmers across stability and food innovation
Seeds shocks agro-ecosystems security reports (2023-
2025)
Precision Inefficient use of 22% reduction in Lower input costs Precision
Agriculture agricultural inputs fertilizer use and improved agriculture
Technologies environmental implementation
sustainability studies
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Table 1: Climate Adaptation Impact Matrix for Sustainable Agricultural Development in Uzbekistan

(Continued)
Adaptation Climate Risk Quantitative Impact Economic Benefit Source
Measure Addressed
Energy- Rising energy 18% reduction in Reduced production|  Farm energy
Efficient Farming demand in electricity consumption | costs and improved efficiency
Technologies agriculture energy efficiency assessments
Satellite-Based Climate Early detection of soil Reduced risk of crop Digital
Climate uncertainty and crop | moisture deficits and crop | failure and improved agriculture
Monitoring stress risks stress decision-making monitoring
systems
Climate Economic $3.20 return per $1 Increased farm Financial
Adaptation vulnerability of invested in adaptation profitability analysis of
Investments farmers measures adaptation
investments
Increased Climate-related ~24% growth in farm net Higher economic Agricultural
Agricultural yield instability income over five years resilience of farms economic
Productivity performance
studies
Water-saving  irrigation technologies were  decrease in the amount of electricity consumed while

identified as one of the most effective agricultural
adaptation techniques. The area of Uzbekistan
irrigated with modern irrigation systems increased
from 433,000 hectares in 201, to over 1.2 million
hectares by 2024. Drip and sprinkle irrigation systems
used approximately 50 to 55 percent less water than
traditional surface irrigation systems. Water saved on
an average per hectare ranged from 3,500 to 4,000
cubic meters of water, with average yield in-creases
as high as 29 percent for cotton, and as high as 15 to
20 percent for cereals. Soil water-holding capability
and de-creases in secondary soil salt concentration
were also enhanced.

Thanks to climate-resilient crop strains, farmers
are able to grow crops even when subjected to
extreme heating conditions. During the 2021 summer
season, crop losses of more than 50% were
experienced by traditional maize strains because of
ex-treme heating conditions. However, maize strains
that are adapted to these extreme heating conditions
were able to maintain their 90%-92% level of yields
during the same season. The increasing number of
farmers using climate-resilient seeds in 2025 is likely
to reduce crop losses experienced because of climate
conditions and increase yields across different agro-
ecosystems [10].

Through the utilization of digital agriculture &
precision agriculture technologies, the opportunity
for increasing the efficiency of Agricultural Inputs
through the use of digital agriculture and precision
agriculture technology has increased significantly.
The application of precision agriculture management
systems from 2022-2024 resulted in a 22% decrease in
the use of Ferti-lizers applied to cropland and an 18%

crops were being grown. The use of Satellite-based
Soil Moisture and Climate Prediction to provide
Early Warnings to Farmers regarding Early Warnings
(i.e., Stress) on their Crops decreases the Risk of Crop
Loss from Climate Change [24].

In a Financial Analysis of Climate Adaptation
Investments, it was determined that the Returns on
Adaptation Investments is Significantly High. Within
Uzbekistan, for every $1 spent on Climate
Adaptation, Farmers realized $3.20 in Returns,
whereas, Globally, the Average Return was
approximately $4.10. Over the next 5 years, Farm Net
Income averaged an increase of nearly 24% due to
Higher Productivity and Lower Production Costs.

4. DISCUSSION

The research shows that a successful method to
deal with the impacts of climate change on
agriculture is using a comprehen-sive and systematic
method of combining water-efficient agricultural
irrigation systems with climate-resilient crop
varieties through the adoption of digital agriculture
technologies. When used together, these three factors
yield much higher short-term and long-term results
than do any of them used independently of each
other [17, 22].

The way that farmers manage their water supplies
will probably be one of the main adaptation focuses
for agricultural areas located in arid and semi-arid
climatic conditions. The reduction in the amount of
water used for agriculture, when studied along with
the climate data for the region that indicates a
significant reduction in the amount of water
resources from the glaciers as a result of the rise in
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temperature and the reduction in the amount of
water runoff from the glaciers, suggests that the
implementation of modern irrigation systems will
not only be essential for the maintenance of
agriculture, but it will also be essential for the
maintenance of water resources in the region [13].
The superior performance of the climate-resilient
crop varieties is a clear indication of the importance
of continuing to invest in research and development
to breed crops. The development of physiological
traits such as increased photosynthesis effi-ciency
(figure 1) and reduced transpiration during heat
stress (figure 2) will have a significant impact on the
maintenance of crop yields during climatic upsurges.
This is consistent with previous research that has
concluded that genetic adaptation is one of the key
components of Climate Smart Agriculture (CSA).
The economic perspective supports the importance
of adapting to climate change investments through
their respective ratios (figure 3). These benefit-cost
ratios indicate the strategic nature of adaptation

investments; investing too late may have disas-trous
Macroeconomic consequences of potentially losing
around 3% of GDP.

The data indicates additional important
institutional and social limitations. Limited climate
literacy among farmers and a lack of access to
extension services are hindering farmers’ adaptation
to climate change. Less than a third of farmers rely on
cli-mate forecasts in making agricultural decisions;
this shows a need for education and promotion
through advice [18].

It can be concluded that for a successful adaptation
to climate change, there is a need for more than just
innovative adapta-tion technologies. There is a need
for a favorable environment created by the
formulation of policies to support adaptation,
collaboration between institutions that can help
farmers adapt to climate change, as well as a trained
workforce that will ena-ble farmers to use innovation
in adaptation to climate change.
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Figure 1: Photosynthetic efficiency of conventional and climate-resilient crop varieties.

This graph shows the comparison of
photosynthetic efficiency (%) of conventional and
climate-resilient crop varieties, there-by establishing

the superior carbon assimilation ability of climate-
resilient crop varieties. This is a factor that leads to
higher yield stability in climate-stressed conditions

SCIENTIFIC CULTURE, Vol. 12, No. 4, (2026), pp. 4632-4639



4637 RAVSHAN ASAMOYV et al

Transpiration Rate under Heat Stress
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Figure 2: Transpiration rates of crop varieties under heat stress conditions.

This graph shows the differences in transpiration  transpiration rate in climate-resilient crop varieties
rates under heat stress conditions for conventional  indicates their superior water use efficiency and heat
and climate-resilient crop varieties. The lower  stress tolerance.
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Figure 3: Benefit-cost ratios of climate change adaptation investment strategies.

This graph shows the bengfit—cost ratios for ea‘rly 5 CONCLUSION
adaptation, delayed adaptation, and no adaptation
strategies. The findings indicate the macroeconomic The research provides evidence of how the
benefit of early climate adaptation investment and  utilization of the adaptability strategies developed
the possible macroeconomic risks of delayed  during 2021 to 2025 will result in a significant
adaptation investment. improvement in Agricultural Sector Productivity,
Efficiency of Natural Resources and Economic
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viability of Agriculture in response to the effects of
Climate Change due to Global Warming [5, 25]. It also
shows that Climate Smart Ag-riculture can improve
yield by 20 - 30% and reduce water and energy
consumption by as much as 50%. The research
resulted in three main findings: (1) a reliance on
modern water management technologies will have to

be increased in order for Agri-cultural production to
continue in the future due to the growing scarcity of
fresh water; (2) the use of crops that are bred for
resistance to climate change will lower the risk of
crop failure due to extreme heat or drought, thus
contributing to improved Food Security for people
around the world.

Adaptation Strategy Key Benefits Quantitative Impact
Modern Water Management Ensures continued agricultural Up to 50% reduction in water
Technologies production amid water scarcity consumption

Climate-Resilient Crop Varieties

Reduces risk of crop failure under
extreme heat/drought

20-30% yield increase

Digital / Precision Agriculture

Improves farm-level decision-
making and input efficiency

Reduced energy and input use
by up to 50%

Integrated Support Systems
(Education, Institutional Support)

Enhances adoption and effectiveness
of adaptation strategies

Increase resilience, sustainability,
and food security

Next, farmers will improve their risk management,
streamline input-use, and enhance decision-making
capabilities at the farm level by adopting
digital/precise agriculture systems. Support from
institutional sources, education of farmers, and
extension service providers are critical in helping
farmers maximize the benefits available under these
adaptation strategies. Not only will increasing
environmentally-friendly agricultural production
systems help to protect the planet, but by
implementing an inte-grated method that prioritizes
the development of technology and enhancing the
ability of farmers to effectively manage their
resources, the likelihood for agricultural producers to
adapt to changing climatic patterns and enjoy long-
term success will im-prove significantly through
increased resilience and sustainability [18, 16] and
reduction of food insecurity and hunger result-ing
from global climate change.
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