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Abstract

"f," Article Processing Rainfed agroecosystems provide food security in tropical and subtropical agroecosystems

but are continuously exposed to threats from climate variability and weather extremes.
Received: 22 May 2025 . . . . . . .

Climate-smart agriculture (CSA) practices provide a sustainable option to increase the
Accepted: 31 May 2025 resilience and productivity of vulnerable systems. This article examines an integrated set

_ of CSA practices, including water-savvy methods such as rainwater harvesting and
Published: 4 June 2025 mulching, soil focused practices such as conservation agriculture and biochar use, and
crop-oriented innovations such as diversification and improved crop varieties.
Agroforestry, biodiversity, and digital climate information services add to adaptive
capacity. Empirical evidence confirms that these complementary practices enhance soil
fertility, water productivity, and crop yields while reducing environmental vulnerability.

Successful adoption of CSA in rainfed systems demands a combination of conventional

knowledge, contemporary science, and institutional backing to provide scalable and
context-relevant solutions to smallholder farmers.

Introduction The incorporation of climate-smart practices into
rainfed agriculture systems is a syner of
Rainfed agroecosystems, which rely entirely on ] & ] Y -y &Y
. conventional practices and new science. The
natural precipitation for crop growth, are central to ] elud 4 soil )
ractices include water and soil conservation
the livelihoods of hundreds of millions of smallholder P ) ) o
) ) , ) strategies, use of improved crop varieties,
farmers, particularly in tropical and subtropical ) ) ]
agroforestry, conservation agriculture, integrated
landscapes. These systems are most vulnerable to . o
) . . . nutrient and pest management, and the application
climate variability, such as irregular rainfall, extended o ] o
) ) . of digital resources for climate predictions.
droughts, and weather events. With advancing climate o ]
. . Empirical evidence from other parts of the world
change, the development and implementation of o ] ) ]
i ) highlights the efficacy of such practices in
sustainable agronomic management become more ] . )
) ) . o o ) strengthening crop resilience and guaranteeing
imperative to sustain productivity while improving the ) . ]
. ) sustainable agricultural growth. For instance,
resilience of these ecosystems. For example, in 2023, . .
, . where CSA practices were adopted in the Central
almost half of the Earth's land surface was subject to at

least a month of severe drought, indicating the need
for adaptive agriculture (Van Nieuwkoop, 2025).
CSA has been developed as a holistic approach meant

to address the interconnected issues of food security

Rift Valley of Ethiopia, household food security
improved immensely and multidimensional poverty
decreased (Ali et al., 2022).

Water-Smart Practices: Enhancing Rainwater Use

and climate change. CSA aims to sustainably boost Efficiency

Water shortage is an important constraint to rainfed agriculture

productivity and income, while also building climate
and thus water-efficient strategies become very crucial.

resilience and reducing greenhouse emissions. Within Rainwater harvesting (RWH) methods like farm ponds, check

dams, and contour bunding are useful in collecting and
conserving rainwater for supplementary irrigation. According to
Rockstrom et al. (2010), These methods stabilize crop yields in
dry areas by providing water during dry periods. Supplemental
irrigation from stored rainwater has been shown to boost crop
yield by 50-100% during dry years.

rainfed systems, CSA emphasizes practices that

optimize water use, preserve soil health, support
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biodiversity, and strengthen resilience to local climate
conditions while minimizing environmental harm
(FAO, 2017).
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Furthermore, conservation tillage and mulching
systems keep the soil moist and decrease evaporation.
Mulching using organic residues not only increase
water holding capacity but also adds nutrients to the
soil and prevents weeds. Research conducted in semi-
arid regions of India, particularly in Punjab, has
demonstrated that straw mulching can significantly
reduce soil evaporation. For instance, a study by Singh
et al. (2011) found that applying rice straw mulch in
irrigated wheat fields reduced soil evaporation by 35-
40 mm, thereby enhancing water use efficiency and
potentially improving crop yields. Drip and sprinkler
irrigation systems, although conventionally applied in
irrigated agriculture, are being more and more
optimized for supplemental irrigation in rainfed
systems. Drip and sprinkler irrigation systems provide
water at or near the root zone, limiting evaporation
loss and runoff and increasing irrigation efficiency.
Implementation of such technology, however, involves
financial capital investment and institutional backup

to allow for scalability in smallholder environments.

Soil-Smart Practices: Building Soil Health
and Fertility

Soil degradation is a serious issue in rainfed systems,
compounded by erosion, nutrient loss, and organic
matter loss. Climate-smart soil management practices
like cover cropping, composting, crop rotation, and
reduced tillage are essential for soil structure and
fertility restoration. These practices improve soil
organic carbon, water holding capacity, and microbial

diversity.

Conservation agriculture (CA), which integrates
minimum soil disturbance, permanent soil cover, and
crop diversification, has shown significant potential in
rainfed environments. CA practices enhance soil water
infiltration, minimize erosion, and increase yields
under dry conditions (Zhang et al., 2019). Biochar
application is also an up-and-coming soil amelioration
option for rainfed cropping systems. Biochar improves
porosity of soils and soil retention of nutrients as well
as carbon sequestration, resulting in both production
as well as climate change benefits. Jeffery et al. (2017)
identified via a meta-analysis that biochar improved
productivity in rainfed ecosystems by 15% on

depleted or sandy soils.

Crop-Smart Strategies: Diversification and
Improved Varieties

Crop diversification and the use of climate-resilient
crop varieties are essential for managing risks in
rainfed agriculture. Diversification reduces risk
vulnerability to climatic shocks by distributing risk
among different crop species and varieties with
different tolerance levels to drought, pests, and heat.
Better crop varieties, particularly drought-resistant,
early-maturing, and heat-resistant varieties—present a
feasible adaptation option. For example, drought-
resistant maize from the International Maize and Wheat
Improvement Center (CIMMYT) has demonstrated yield
benefits of 20-30% under water-limited conditions
(CCAFS, 2014).

Intercropping, relay cropping, and legume rotations
also build system resilience. Legumes fix nitrogen from
the air, enriching soil, as well as providing other food
and income sources. These methods have been shown
to work effectively in areas of sub-Saharan Africa and
South Asia with both agronomic and economic
advantages (Newell et al, 2019; World Bank, 2024).

Agroforestry and Biodiversity Integration

Agroforestry, the integration of trees with crops
and/or livestock, is a multifunctional approach that
enhances biodiversity, improves microclimates, and
provides ecosystem services. Trees contribute to soil
fertility through leaf litter and nitrogen fixation (in the
case of leguminous trees), and they reduce soil erosion

by improving root binding and canopy cover.

Research in dryland of Africa shows that agroforestry
systems, such as those involving Faidherbia albida,
increase maize yields and improve soil fertility over
time (Haskett et al, 2019). Moreover, trees provide
fodder, fuelwood, and timber, diversifying income

sources and reducing pressure on croplands.

Integrating biodiversity such as native pollinators,
beneficial insects, and pest-predator systems-
enhances ecological resilience. Polyculture systems
are generally more resilient to climatic and biological
stresses than monocultures, supporting greater

stability of yields under climate uncertainty.
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Integrated Nutrient and Pest Management

Rainfed farming is generally marked by nutrient
limitations and pest attacks because of ecological
imbalances. Integrated nutrient management (INM)
combines the use of organic and inorganic sources to
enhance nutrient use efficiency and soil health. Research
shows that the balanced use of fertilizers along with
compost or manure increases the availability of
nutrients and lowers environmental hazards (Igbal et al.,
2022).

Likewise, integrated pest management (IPM) integrates
biological control, cultural methods, and careful use of
pesticides to control pest populations with minimal
damage to the environment. For instance, neem-based
biopesticides and pheromone traps have been effective
in managing pests in rainfed cotton systems in India
(Gahukar et al., 2000).

IPM and INM contribute to more sustainable and cost-
effective production systems, particularly in resource-
constrained settings. These approaches are adaptable to
local conditions and align with the principles of
agroecology and climate-smart agriculture.

Climate Information Services and Digital Tools

Access to accurate and timely climate information is
essential for rainfed agriculture decision-making,
Climate services such as seasonal forecasts, early
warning systems, and agro-advisories assist farmers in
changing sowing dates, choosing appropriate varieties,
and scheduling irrigation and input use.

Mobile-based applications and digital apps now have a
revolutionary role in sharing such information. For
example, India's "Meghdoot" app gives weather-based
crop advice to assist farmers in coping with climatic
risks (Dhulipala et al,, 2021).

Remote sensing and geospatial technologies also enable
tracking of drought, soil moisture, and crop
performance. These technologies, combined with
farmer training and extension services, are essential for
upscaling climate-smart interventions in rainfed
agroecosystems.  Future research is focusing on
optimizing formulations and exploring synergistic
effects with other biostimulants. Integrating chitosan
into precision agriculture systems could further
enhance its efficacy, paving the way for smarter, more

sustainable farming practices.

Conclusion

Access to accurate and timely climate information is
essential for rainfed agriculture decision-making.
Climate services such as seasonal forecasts, early
warning systems, and agro-advisories assist farmers in
changing sowing dates, choosing appropriate varieties,

and scheduling irrigation and input use.

Mobile-based applications and digital apps now have a
revolutionary role in sharing such information. For
example, India's "Meghdoot" app gives weather-based
crop advice to assist farmers in coping with climatic
risks (Dhulipala et al., 2021).

Remote sensing and geospatial technologies also enable
tracking of drought, soil moisture, and crop
performance. These technologies, combined with
farmer training and extension services, are essential for
upscaling climate-smart interventions in rainfed

agroecosystems.
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