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ABSTRACT

Climate change threatens global food security, demanding sustainable and resilient agricultural
systems. Climate-Smart Agriculture (CSA) provides an integrated approach by enhancing
agricultural productivity, strengthening climate resilience, and reducing greenhouse gas
emissions. This review summarizes recent advances in CSA strategies for sustainable crop
production, including conservation agriculture, precision farming, water-smart irrigation,
agroforestry, climate-resilient crop improvement, and digital agriculture. Practices such as zero
tillage, cover cropping, crop diversification, loT-enabled monitoring, drone-based remote
sensing, precision irrigation, and artificial intelligence-based decision support have significantly
improved resource-use efficiency, crop productivity, and environmental sustainability. The
review also highlights the role of genome editing technologies, particularly CRISPR-Cas9, in
developing stress-tolerant crop varieties and examines policy initiatives led by international
organizations to promote CSA adoption. Despite promising advancements, constraints such as
high implementation costs, limited technical expertise, and inadequate institutional support
hinder large-scale adoption. Strengthened research, supportive policies, and multi-stakeholder
collaboration are essential for accelerating climate-resilient and sustainable agriculture.
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INTRODUCTION
Agriculture is the backbone of global food
security, supporting the livelihoods of billions
of people worldwide. However, the
agricultural sector faces an escalating crisis
driven by climate change, which manifests as
rising temperatures, altered precipitation
patterns, increased frequency of extreme
weather events, and shifting pest and disease
dynamics (Lipper et al., 2014). According to
the Food and Agriculture Organization of the
United Nations (FAO), global food production
must increase by approximately 60% by 2050
to meet the demands of a projected population
of 9.7 billion people, a target that becomes
increasingly difficult under climate variability
(FAO, 2019).

In response to these challenges,
Climate-Smart Agriculture (CSA) has been
conceptualized as an integrated approach to
managing landscapes—cropland, livestock,
forests, and fisheries—that addresses the
interlinked challenges of food security and
climate change (World Bank, 2024). The CSA
framework is built upon three fundamental
pillars: (i) sustainably increasing agricultural
productivity and incomes, (ii) adapting and
building resilience of agricultural and food
security systems to climate change, and (iii)
reducing and/or removing greenhouse gas
emissions, where possible (Campbell et al.,
2014). This tripartite approach distinguishes
CSA from conventional agricultural practices
by explicitly integrating climate change
adaptation and mitigation into agricultural
development strategies.
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The urgency of adopting CSA is underscored
by the fact that agriculture contributes
approximately 10-12% of total anthropogenic
greenhouse gas emissions, while
simultaneously being one of the sectors most
vulnerable to climate change impacts (Smith et
al.,, 2014). Traditional farming practices,
including excessive tillage, inefficient water
use, and overreliance on  synthetic
agrochemicals, have degraded soil health,
depleted water resources, and contributed to
environmental pollution. The paradigm shift
toward CSA represents a transition from input-
intensive farming to knowledge-intensive,
resource-efficient production systems that are
both  productive and  environmentally
sustainable.

Recent advances in agricultural
science and technology have provided an array
of innovative tools and strategies for
implementing CSA. These include
conservation agriculture, precision farming
technologies, water-smart irrigation systems,
agroforestry, biotechnological innovations
such as CRISPR-Cas9 genome editing, and
digital agriculture platforms powered by
artificial intelligence (Al) and the Internet of
Things (loT) (Frontiers, 2024). This review
paper aims to provide a comprehensive
synthesis of these advances, examining their
scientific basis, practical applications, and
potential for scaling up to achieve sustainable
crop production under changing climatic
conditions.

Three Pillars of Climate-Smart Agriculture (CSA)
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Figurel. Three Pillars of Climate-Smart Agriculture (CSA)
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2. Conservation Agriculture and Soil Health
Management

Conservation agriculture (CA) represents one
of the most fundamental strategies within the
CSA framework, built upon three core
principles: minimal soil disturbance (reduced
or zero tillage), permanent organic soil cover
through cover crops and mulching, and
diversified crop rotations (Hobbs et al., 2008).
These principles collectively work to enhance
soil health, improve water retention, and
increase carbon sequestration in agricultural
landscapes. A landmark study published in
Nature Communications demonstrated that
conservation agriculture results in an average
21% increase in soil health indicators and
supports comparable levels of crop production
compared to conventional systems after long-
term implementation (Nature, 2024).

Zero or reduced tillage is a
cornerstone of conservation agriculture that
preserves soil structure, reduces erosion, and
enhances soil organic carbon (SOC) stocks. By
minimizing mechanical soil disturbance, the
natural soil aggregate structure is maintained,
which improves water infiltration, reduces
runoff, and creates favorable conditions for
beneficial soil microorganisms. Research has
shown that combining no-till practices with
residue retention and crop rotation minimizes
the negative impacts of monoculture systems
and increases rain-fed crop productivity,
particularly in regions experiencing drier
climatic conditions (Nature, 2024).

The role of cover crops in
conservation agriculture cannot be overstated.
Cover crops provide a permanent vegetative
cover that protects the soil from erosive forces
of wind and rain, suppresses weed growth,
enhances biological nitrogen fixation when
leguminous species are used, and contributes
organic matter to the soil upon decomposition.
Studies conducted in various agroecological
zones have confirmed that cover cropping
significantly improves soil health parameters
including microbial biomass carbon, soil
organic matter content, and nutrient cycling
efficiency (Pramanik et al., 2014).

Copyright © Jan.-Feb., 2026; CRAF
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Crop diversification through strategic rotation
sequences is another vital component of
conservation agriculture. Rotating cereals with
legumes, for example, breaks pest and disease
cycles, improves nutrient availability through
biological nitrogen fixation, and enhances
overall system productivity. The integration of
diverse crop species also contributes to
biodiversity conservation at the landscape
level, providing ecosystem services such as
pollination support and natural pest regulation.
Recent evidence from long-term warming
experiments indicates that the beneficial
effects of conservation agriculture on
microbial biomass carbon and soil organic
carbon increase progressively over time,
suggesting cumulative long-term benefits for
soil health and climate resilience (Nature,
2024).

3. Precision Farming and Smart
Agricultural Technologies

Precision agriculture has revolutionized
modern farming by enabling data-driven
decision-making that optimizes resource use,
enhances crop yields, and minimizes
environmental impact. At its core, precision
farming involves the application of
information technology, remote sensing, and
automated systems to manage spatial and
temporal variability in agricultural fields
(Gemtou et al., 2024). Recent technological
advancements categorized under Agriculture
4.0 have significantly expanded the toolkit
available to farmers, including loT sensors,
GPS-guided machinery, unmanned aerial
vehicles (UAVs), and artificial intelligence-
driven analytics platforms.

Internet of Things (loT) sensor
networks form the backbone of modern
precision agriculture systems. These sensors
continuously monitor critical parameters such
as soil moisture, temperature, humidity,
nutrient levels, and light intensity in real time,
transmitting data to centralized processing
platforms for analysis and decision support.
loT-based irrigation systems, for instance,
have demonstrated the ability to reduce water
consumption by up to 47% while
simultaneously achieving yield increases of
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43% compared to conventional irrigation
methods, as reported in a 2026 study published
in Scientific Reports (Nature, 2026). The
integration of soil moisture sensors with
automated irrigation scheduling ensures that
crops receive precisely the amount of water
they need, preventing both over-irrigation and
water stress.

Drone-based remote sensing has
emerged as a transformative technology for
crop monitoring and stress detection. UAVsS
equipped with multispectral, hyperspectral,
and thermal sensors provide high-resolution
spatial data on crop canopy conditions,
enabling early detection of nutrient
deficiencies, pest infestations, disease
symptoms, and water stress before they
become visible to the naked eye (CGIAR,
2025). Advanced analytics platforms process
drone imagery to generate vegetation index
maps such as the Normalized Difference
Vegetation Index (NDVI) and the Normalized
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Difference Red Edge (NDRE) index, which
provide quantitative measures of crop health
and vigor. These technologies have been
shown to improve crop yields by 15-20% and
farming operational efficiency by 20-25%
through targeted and timely interventions
(Earth.Org, 2025).

Artificial intelligence and machine
learning algorithms are increasingly being
integrated into precision farming platforms to
enhance predictive capabilities. Al-powered
weather forecast integration enables farmers to
optimize planting dates, irrigation schedules,
and harvest timing based on real-time and
predicted weather conditions. Machine
learning models trained on historical crop
performance data, soil characteristics, and
climate variables can provide site-specific crop
management recommendations that maximize
productivity while minimizing input costs and
environmental externalities (Frontiers, 2025).

KEY STRATEGIES IN CLIMATE-SMART AGRICULTURE (CSA)
FOR SUSTAINABLE CROP PRODUCTION
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Figure2. Key Strategies in Climate-Smart Agriculture for Sustainable Crop Production

4. Water-Smart Irrigation and Water
Resource Management

Water scarcity is one of the most critical
challenges facing agricultural production
systems under climate change. Agriculture
accounts for approximately 70% of global
freshwater withdrawals, making water-use
efficiency a paramount concern for sustainable
crop production (Wageningen University,
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2025). Water-smart irrigation  strategies
represent a crucial component of CSA,
encompassing technologies and management
practices designed to optimize water
application, reduce wastage, and maintain crop
productivity under water-limited conditions.
Deficit irrigation is an advanced water
management strategy that applies water below
the full crop water requirement during specific
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growth stages, thereby saving water while
maintaining acceptable yields. Research has
demonstrated that regulated deficit irrigation at
75% of field capacity, combined with
appropriate agronomic practices, can enhance
water-use efficiency without significantly
compromising crop productivity (Nature,
2026). The alternate wetting and drying
(AWD) technique, particularly relevant for
rice cultivation, has shown significant
potential in reducing water consumption by
20-30% while simultaneously decreasing
methane emissions from paddy fields by up to
48% (Nature, 2024).

Precision irrigation  technologies,
including drip irrigation and micro-sprinkler
systems, deliver water directly to the root zone
with minimal losses through evaporation and
runoff. In California, growers using soil
sensors to measure moisture content in almond
orchards  achieved  water  consumption
reductions of 33% while maintaining optimal
yields (Earth.Org, 2025). The integration of
loT-based soil moisture monitoring with Al-
driven irrigation scheduling represents the next
frontier in water-smart agriculture, enabling
real-time adaptive irrigation management that
responds dynamically to changing
environmental conditions and crop water
demands.

Furthermore, innovative approaches
such as agrivoltaics—the combination of solar
energy generation with agricultural
production—offer promising co-benefits for
water management. By placing solar panels on
elevated structures above crops, agrivoltaic
systems reduce evapotranspiration through
shading, enable rainwater harvesting, and
generate renewable energy that can power
irrigation systems, creating a synergistic
Water-Energy-Food Nexus approach to
sustainable agriculture (UNU, 2025).

5. Agroforestry Systems for Climate
Resilience

Agroforestry, the deliberate integration of trees
and shrubs with crops and/or livestock on the
same land unit, is increasingly recognized as a
powerful CSA strategy for enhancing climate
resilience, biodiversity, and carbon

Copyright © Jan.-Feb., 2026; CRAF
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sequestration. The Intergovernmental Panel on
Climate Change (IPCC) recommends
agroforestry as a sustainable solution for
addressing climate change challenges in
agricultural landscapes (Gebrekirstos, 2022).
Research conducted at Penn State University
demonstrated that conversion from
conventional agriculture to agroforestry
systems resulted in a significant 34% increase
in soil organic carbon stocks, confirming the
substantial carbon sequestration potential of
these integrated land-use systems (De Stefano
& Jacobson, 2018).

Agroforestry systems provide multiple
ecosystem services that contribute to climate
adaptation and resilience. Trees in agroforestry
configurations provide shade that reduces heat
stress on crops and livestock, act as
windbreaks that minimize soil erosion and
crop damage, and improve soil fertility
through nitrogen fixation and nutrient cycling
from deep root systems. Studies have shown
that mixed farming and agroforestry systems
have demonstrated biodiversity and yield gains
in approximately 80% of cases, benefiting
both agricultural production and
environmental conservation (Earth.Org, 2025).
The diversification inherent in agroforestry
systems also reduces the vulnerability of
farming households to climate-induced crop
failures by spreading risk across multiple
products.

In tropical and subtropical regions,
agroforestry practices including silvopasture,
alley cropping, and homestead gardens have
proven particularly effective in addressing
food insecurity while building ecological
resilience. Government programs in countries
such as Brazil, Indonesia, and Kenya are
actively incentivizing farmers to adopt
agroforestry practices through payment for
ecosystem services programs, recognizing the
dual benefits for climate mitigation and rural
livelihood improvement (Jacobson, 2018). The
integration of fruit trees, timber species, and
fodder trees with annual food crops creates
diversified income streams that buffer farming
communities against market and climate
volatility.
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6. Biotechnological Innovations: CRISPR-
Cas9 for Climate-Resilient Crops
Biotechnological advances, particularly
CRISPR-Cas9 genome editing technology,
have opened new frontiers for developing
climate-resilient crop varieties with enhanced
tolerance to abiotic stresses including drought,
heat, salinity, and flooding. CRISPR-Cas9
offers a more precise, efficient, and cost-
effective alternative to traditional plant
breeding methods and earlier genetic
modification technologies such as zinc finger
nucleases (ZFNs) and transcription activator-
like effector nucleases (TALENS) (Osakabe et
al., 2023). The technology enables targeted
modifications at specific genomic locations,
facilitating the development of improved crop
varieties with desired climate-adaptive traits.
Significant progress has been achieved
in using CRISPR-Cas9 to enhance drought
tolerance in major food crops. In maize,
CRISPR-Cas9-mediated creation of novel
ARGOS8 alleles—a negative regulator of
ethylene response—resulted in substantially
enhanced grain yield under field drought
conditions (Shi et al., 2017). In rice, CRISPR-
Cas9 targeting of the SAPK2 gene, a critical
modulator of abscisic acid (ABA) signaling,
confirmed its essential role in drought
tolerance, identifying it as a promising
candidate for crop improvement programs
(Lou et al, 2017). Similarly, targeted
modification of drought-responsive
transcription factors TaDREB2 and TaERF3 in
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wheat protoplasts demonstrated the potential
for creating drought-tolerant wheat varieties
through genome editing (Kim et al., 2018).

Beyond drought tolerance, CRISPR-
Cas9 is being applied to improve water-use
efficiency by modifying genes controlling
stomatal density and function. Research in
Arabidopsis demonstrated that CRISPR-Cas9-
mediated mutations at the OST2 locus
enhanced drought tolerance by improving
stomatal response to ABA, resulting in higher
rates of stomatal closure and lower
transcriptional water loss compared to wild-
type plants (Osakabe et al., 2016). These
fundamental discoveries are being translated to
crop species, with CRISPR-based approaches
being developed for tomato, soybean,
sugarcane, and other economically important
crops (Osakabe et al., 2023).

Recent developments in genomics,
high-throughput phenomics, and advanced
breeding technologies, combined  with
CRISPR-Cas9 and vector-based RNA delivery
systems, have  created  unprecedented
opportunities for rapid improvement of
climate-resilient crop varieties. The integration
of these tools with artificial intelligence
platforms for gene target discovery and
phenotype prediction is expected to accelerate
the development pipeline for climate-adapted
crops, providing farmers with improved
varieties that maintain productivity under
increasingly  challenging  environmental
conditions (Nature, 2024).

DIGITAL TECHNOLOGIES ENABLING CLIMATE-SMART AGRICULTURE (CSA)

(3) Satellite with Earth
Observation Imagery
Macro-Scale Climate
(@) Drones with & Land Use Data

Remote Sensing
—_— Data Upload
Crop Scouting,

Health Monitoring

b A

Nutrient Sensors e
5 A A

|
loT Soil Moisture Real-time Field -
& Conditions Conditions .

Increased Productivity
nﬂ/ﬂ‘ﬂ & Income

Figure3. Digital Technologies Enabling Climate-Smart Agriculture
Copyright © Jan.-Feb., 2026; CRAF

) (5) Central Al & Cloud
Information Flow . (}) Computing Hub
= ﬁ PV DRI TN —
7 Big Data Analytics, ML
Information Flow . mﬁ Modeling, Prediction
> o=

Climate Data

‘ i i l - haac @Station I
(2) IoT Soil Moisture & : Collecting

Processed Decision e i
Insights Support *e . #

Alerts, & Decision Support
e v

Enhanced Resilience Reduced GHG
to Climate Change

GHG )
1~ Emissions

22



Tyagi et al.
7. Digital Agriculture and Data-Driven
Decision Support

The digital transformation of agriculture
represents a paradigm shift in how farming
decisions are made, moving from experience-
based intuition to evidence-based precision
management. Digital agriculture encompasses
the  integration of information and
communication technologies (ICTs), big data
analytics, cloud computing, and Al-driven
decision support systems to optimize
agricultural ~ production and  resource
management (Javaid et al., 2022). This
technological  revolution is  particularly
relevant for CSA implementation, as it enables
farmers to monitor, predict, and respond to
climate variability —with  unprecedented
accuracy and speed.

Satellite-based  Earth  observation
systems provide macro-scale data on land use,
vegetation dynamics, weather patterns, and
soil conditions that are essential for regional
and national CSA planning. When combined
with ground-level IoT sensor data and drone
imagery, these multi-scale observation systems
create a comprehensive information ecosystem
that supports both strategic planning and
tactical farm management decisions. Mobile
applications and cloud-based platforms make
this information accessible to farmers in
remote areas, democratizing access to
precision agriculture technologies that were
previously available only to large-scale
commercial operations.

Weather-based crop agro-advisory
services represent another critical component
of digital agriculture for CSA. By integrating
real-time weather data, seasonal forecasts, and
crop growth models, these services provide
farmers with timely recommendations on
planting dates, irrigation scheduling, fertilizer
application timing, and pest management
strategies. Agricultural weather index-based
insurance, facilitated by digital monitoring
systems, offers an important risk management
tool that protects farmers against climate-
related crop losses and encourages the
adoption of CSA practices by reducing
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perceived financial risks (International Journal
of Environment & Climate Change, 2024).

8. Policy Frameworks and Institutional
Support for CSA

The successful scaling of CSA requires an
enabling policy environment that integrates
agricultural development, climate change
adaptation, and food security objectives. The
FAO has emphasized that CSA needs to be
mainstreamed into core government policy,
expenditure, and planning frameworks to be
effective  (FAO, 2019). Key policy
interventions include providing financial
incentives such as payments for environmental
services, establishing agricultural insurance
schemes, investing in research and extension
services, and building institutional capacity at
national and local levels.

The World Bank has developed Food
System Climate Action Plans (FS-CAPs) as
analytical tools designed to help countries
identify and prioritize concrete investment and
policy options for scaling climate action across
agrifood systems (World Bank, 2024). Major
investments include the US$621 million Food
Systems Resilience Program for Eastern and
Southern Africa, which aims to increase
resilience of food systems and build climate-
smart agricultural production capacity in
Kenya, Comoros, Malawi, and Somalia. The
United States Department of Agriculture
(USDA) has launched the Partnership for
Climate-Smart  Commodities, which is
expected to reach more than 60,000 farms
encompassing over 25 million acres of
working land engaged in climate-smart
production practices (USDA, 2024).

Despite these policy developments,
significant challenges remain. Smallholder
farmers in developing countries often lack
access to credit, technical knowledge, and
market infrastructure necessary for CSA
adoption. Coordination between agricultural,
environmental, and financial ministries is
frequently inadequate, resulting in fragmented
policy responses. Addressing these systemic
barriers requires comprehensive education and
training programs, government-backed
incentives and  investments,  continued

23



Tyagi et al.
technology development, and strengthened
linkages  between research institutions,
extension services, and farming communities.

CONCLUSION
Climate-Smart Agriculture has emerged as an
indispensable framework for transforming
agricultural production systems to
simultaneously address the challenges of food
security, climate adaptation, and
environmental sustainability. This review has
examined the significant advances across
multiple CSA domains, from conservation
agriculture and  precision farming to
biotechnological innovations and digital
agriculture platforms. The evidence clearly
demonstrates that these strategies, when
implemented in an integrated and context-
specific manner, can substantially enhance
crop productivity, improve resource-use
efficiency, and reduce the carbon footprint of
agricultural systems.

Conservation agriculture  practices
have demonstrated their capacity to improve
soil health by an average of 21% while
sustaining crop yields, with benefits
accumulating over time. Precision farming
technologies, including loT-based sensor
systems and drone remote sensing, have
achieved water savings of up to 47% and yield
improvements of 15-43%. Agroforestry
systems have shown a 34% increase in soil
organic carbon, contributing significantly to
both carbon sequestration and biodiversity
conservation. CRISPR-Cas9 genome editing
has enabled the development of drought-
tolerant crop varieties in major food crops
including rice, maize, wheat, and soybean,
with field-validated improvements in stress
tolerance and grain yield.

However, the transition to climate-
smart agricultural systems is not without
challenges. High initial investment costs,
limited technical capacity among smallholder
farmers, inadequate policy support, and
insufficient coordination between stakeholders
remain significant barriers to widespread
adoption. Future research should focus on
developing context-specific CSA packages
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tailored to diverse agroecological zones,
improving the affordability and accessibility of
precision technologies for small-scale farmers,
expanding the application of genome editing to
a broader range of crop species and climate
stresses, and strengthening the evidence base
for the long-term economic and environmental
benefits of CSA practices.

Achieving the full potential of CSA
will require a multi-stakeholder approach
involving governments, research institutions,
the private sector, and farming communities
working in concert. International cooperation,
targeted investment, supportive  policy
frameworks, and continuous innovation will be
essential to accelerate the global transition
toward climate-resilient and sustainable crop
production systems that can feed a growing
population while preserving the natural
resource base for future generations.
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