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Abstract

Climate change poses existential risks to global food

through altered precipitation
temperatures, and increased frequency of extreme weather
events. Climate-smart agriculture (CSA) has emerged as an
integrated approach to address the intertwined challenges of
food security, climate adaptation, and mitigation. This

systems regimes, rising

chapter examines the conceptual foundations, three pillars,
and practical applications of CSA across crop, livestock, soil,
and water management domains. It further evaluates the
institutional, policy, and financial frameworks necessary for
scaling climate-smart practices, with particular attention to
the vulnerabilities of smallholder farmers in developing
countries.

Introduction

Agriculture stands at the intersection of three
pressing global challenges: ensuring food security for a
growing population, adapting to climatic changes that are
already disrupting production systems, and reducing the
sector's contribution to greenhouse gas emissions (FAO,
2013). Between now and 2050, the world's population will
increase by approximately one-third, with most of this growth
occurring in developing countries where agriculture remains
the backbone of rural economies. Simultaneously, climate
change is increasing the prevalence of extreme weather events
and the unpredictability of weather patterns, leading to
production reductions and lower incomes in vulnerable areas
(Thornton and Herrero, 2015). These changes not only
threaten local food security but can also affect global food
prices and market stability.

Developing countries and smallholder farmers are
disproportionately affected by climate impacts, often farming
on degraded natural resource bases with limited access to
adaptation technologies, financial and risk
management tools. Agriculture already occupies 77% of
agricultural land and accounts for 12-20% of human-
induced greenhouse gas emissions, yet it must increase
production by an estimated 60% by 2050 to satisfy growing
demand for food and feed (FAO, 2013). This transformation
must be accomplished without further depletion of the
natural resource base. Climate-smart agriculture offers a
pathway to navigate this complexity by integrating
productivity, resilience, and mitigation objectives into a

unified framework.

services,
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Defining Climate-Smart Agriculture

The Food and Agriculture Organization introduced
the concept of climatesmart agriculture at the Hague
Conference on Agriculture, Food Security and Climate
Change in 2010 as an approach to developing the technical,
policy, and investment conditions necessary for sustainable
agricultural development under climate change (FAO, 2013).
CSA is not a single specific agricultural technology or practice
that can be universally applied; rather, it is an approach that
requires site-specific assessments to identify suitable
agricultural production technologies and practices. It
contributes to the achievement of sustainable development
goals by jointly addressing food security and climate
challenges while integrating the three dimensions of
sustainable  development  economic,  social, and
environmental. CSA is composed of three main pillars that
must be pursued simultaneously: sustainably increasing
agricultural productivity and incomes; adapting and building
resilience to climate change; and reducing and/or removing
greenhouse gas emissions where possible. The magnitude,
immediacy, and broad scope of climate change effects on
agricultural systems create a compelling need to ensure
comprehensive integration of these effects into national
agricultural planning, investments, and programs. The
approach recognizes that these options will be shaped by
specific country contexts and capacities, and by the particular
social, economic, and environmental situation where they

will be applied (FAO, 2013).
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The Three Pillars in Practice

The first pillar, sustainable productivity and income
growth requires agricultural systems to become more efficient
in their use of land, water, soil nutrients, and genetic
resources (Lipper et al. 2014). More productive and resilient
agriculture demands a major shift in the way natural
resources are managed to ensure these resources are used
more efficiently. This involves improving producers' access to
markets and reducing the emissions intensity per unit of
agricultural output.
agriculture, integrated pest management, improved nutrient
use efficiency, and sustainable intensification all contribute
to this pillar by enabling farmers to produce more with fewer
inputs and less environmental damage.

The second pillar, adaptation and resilience
addresses the need to reduce exposure to short-term risks
while strengthening long-term capacity to adapt to changing
conditions (CGIAR, 2015). Climate change is already
impacting agriculture through increased mean temperatures,
altered rainfall patterns, greater variability, and more
frequent extreme events such as droughts and floods.
Building resilience involves diversifying production systems,
improving soil health to buffer against drought, developing
climate-resilient crop varieties, and establishing early warning
systems for extreme weather. A key component is the
integrated landscape approach that follows the principles of
ecosystem management and sustainable land and water use

(FAO, 2013).

The third pillar, mitigation that
agriculture must contribute to global climate change
mitigation by reducing greenhouse gas emissions per unit of
land and product while increasing carbon sinks. This
includes practices that enhance soil carbon sequestration,
such as agroforestry, conservation tillage, and organic matter
restoration. It also encompasses improved livestock
management to reduce methane emissions, alternate wetting
and drying in rice cultivation to lower methane release, and
better manure handling to limit nitrous oxide emissions
(FAO, 2013). The mitigation pillar is considered a potential
co-benefit, especially in agriculture-based
populations where adaptation and food security remain the
primary concerns.

Practices such as conservation

recognizes

low-income,

Climate-Smart Crop and Soil Management

Soil health is foundational to climate-smart
agriculture. Healthy soils act as carbon sinks while supporting
water retention, nutrient cycling, and biological activity that
underpin resilient production Conservation
agriculture combining minimal soil disturbance, permanent
soil cover and crop rotations has demonstrated capacity to

systems.

improve soil structure, reduce erosion, and increase organic
carbon stocks (FAO, 2013). These practices simultaneously
contribute to adaptation by improving water infiltration and
retention during drought periods, and to mitigation by
sequestering atmospheric carbon dioxide in soil organic
matter.

The management of soil nutrients offers significant
climate-smart opportunities. Precision fertilizer application,
integrated nutrient management, and the use of enhanced-
efficiency fertilizers can reduce nitrous oxide emissions while
maintaining or improving yields. Deep placement of urea, for
example, can increase nitrogen use efficiency in flooded rice
systems while cutting greenhouse gas losses. Cover cropping
and residue retention add organic matter to soils, improving
fertility and structure while providing surface protection
against intense rainfall events that are becoming more
frequent under climate change (FAO, 2013).

Crop genetic diversity represents another critical
resource for climate adaptation. The conservation and
sustainable use of genetic resources for food and agriculture
provide the raw material for developing crop varieties that
can tolerate heat, drought, salinity, and emerging pests and
diseases. As climatic conditions shift, crop improvement
programs must prioritize traits such as short duration to
escape terminal drought, heat tolerance during flowering and
grain filling, and resistance to evolving pest complexes (FAO,
2013). Seed systems that ensure farmers' access to adapted
varieties are therefore an integral component of climate-
smart crop production.

Water and Energy in Climate-Smart Systems

Water management lies at the heart of agricultural
adaptation because climate change is altering the timing,
intensity, and reliability of precipitation across agricultural
regions. Efficient irrigation technologies such as drip and
sprinkler systems reduce water losses and improve crop water
productivity. Beyond hardware, climate-smart water
management involves improved governance, watershed-scale
planning, and the integration of surface and groundwater
management to ensure sustainable use (Vermeulen et al.,
2013). Farm ponds, check dams, contour bunds, and
rainwater harvesting structures help capture and store
moisture that would otherwise be lost to runoff during

intense rainfall events.

Energy use in agriculture represents both an
adaptation concern and a mitigation opportunity. Climate-
smart agriculture promotes energy-smart food systems that
reduce dependence on fossil fuels while maintaining
productivity. This includes the adoption of renewable energy
sources for pumping and processing, improved efficiency in
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fertilizer production and transport, and the use of
agricultural residues for bioenergy where this does not
compete with food production or soil conservation needs
(FAO, 2013). The water-energy-food nexus requires
integrated planning because interventions in one domain

invariably affect the others.
Livestock and Agroforestry Systems

Climate-smart livestock management addresses the
dual pressures of heat stress on animal productivity and
methane emissions on the climate. Adaptation strategies
include heattolerant breed selection, improved shelter
design, better feeding strategies to reduce enteric
fermentation, and fodder conservation methods such as
silage making (FAO, 2013). Manure management systems
that capture biogas and recycle nutrients into compost can
reduce methane and nitrous oxide emissions while
improving farm-level energy and nutrient efficiency.
Integrated crop-livestock systems enhance resilience by
diversifying income sources and enabling the cycling of
nutrients between crops and animals.

Agroforestry exemplifies the integration of
productivity, adaptation, and mitigation in a single land-use
system. Trees on farms provide shade and wind protection
for crops and livestock, moderate microclimates, and reduce
soil erosion while sequestering carbon in biomass and soil
(Smith et al., 2014). Tree products such as fruits, nuts,
fuelwood, and fodder diversify farm income and provide
safety nets during crop failure years. Systematic reviews of
climate-smart agroforestry practices indicate that well-
designed systems can increase human well-being, enhance
prosperity, and contribute to multiple Sustainable
Development Goals when matched to local ecological and
socioeconomic conditions (Mbow et al., 2014).

Institutional Frameworks and Smallholder Support

Implementing climate-smart agriculture at scale
requires more than fieldlevel technical innovation; it
demands supportive institutional arrangements, coherent
policies, and adequate financing. Smallholder farmers, who
produce much of the world's food yet operate with limited
assets and risk-bearing capacity, face particular barriers to
adopting climate-smart practices. These barriers include high
upfront costs, income foregone during transition periods,
limited access to credit and insurance, and inadequate
extension services (FAO, 2013).

Effective climate-smart implementation depends on
national and local governance structures that can harmonize
agricultural, environmental, and climate policies (FAO,

innovative financing mechanisms that blend climate and
agricultural investments, and establishing monitoring and
evaluation systems to track progress across productivity,
resilience, and mitigation dimensions (FAQ, 2013). Capacity
development at all levels—from policy makers to extension
workers to farmers—is essential to translate climate-smart
concepts into practical action.

Safety nets and social protection mechanisms play an
important role in enabling vulnerable households to adopt
climate-smart practices by reducing the immediate risks of
experimentation. When farmers know that a failed season
will not result in catastrophic loss, they are more willing to
invest in new practices that may have delayed returns.
Linking social protection with productive capacity building
creates pathways out of vulnerability rather than perpetuating
dependency.

Monitoring, Assessment, and Future Directions

Assessment, monitoring, and evaluation are critical
for understanding whether climate-smart interventions are
achieving their intended outcomes across the three pillars
(FAO, 2013). Because CSA objectives sometimes involve
trade-offs, context-specific priorities must be determined and
benefits evaluated against local needs. For instance, practices
that maximize carbon sequestration may not always align
with immediate food security needs, requiring careful
negotiation of outcomes at the landscape and farm levels.

The future of climate-smart agriculture lies in greater
integration of digital technologies, precision agriculture, and
climate information services. Weather advisories, seasonal
forecasts, mobile-based alerts, and remote sensing are
becoming essential inputs for farm management decisions
(FAQ, 2013). These tools enable farmers to adjust planting
dates, protect harvested produce, reschedule irrigation, and
manage pests based on anticipated conditions rather than
calendar-based routines. Research investments must
continue to focus on breeding for climate resilience,
improving the resource efficiency of farming systems, and
developing low-emission practices that do not compromise
productivity. The scaling of proven climate-smart practices
will require sustained political commitment, adequate
climate finance flows, and stronger partnerships between
research institutions, governments, and farmer

organizations.
Conclusion

Climate-smart agriculture represents a necessary
evolution in how humanity manages its agricultural systems
under conditions of climatic uncertainty and environmental

2013). This includes mainstreaming climate change | constraint. By integrating productivity, adaptation, and
considerations into agricultural planning, developing | mitigation into a coherent framework, CSA offers a
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pragmatic pathway toward sustainable food security. The
approach is not a prescriptive technology package but a
strategy that demands
attention to biophysical, economic, institutional, and social
smallholder in developing
countries, the success of climate-smart agriculture ultimately
depends on whether enabling environments can be created—
through better policies, finance, improved
information services, and targeted capacity development—to
support their transition to more resilient and efficient
systems. The farms of the future will need to be more
knowledge-intensive, resource-efficient, and ecologically
integrated than those of the past. Achieving this
transformation is both an urgent imperative and an
opportunity to build food systems that are genuinely fit for a
changing climate.

context-sensitive simultaneous

dimensions. For farmers

accessible
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