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ABSTRACT

Climate change (CC) and climate variability (CV) are causing irregular precipitation, rising sea
levels, and frequent extreme weather events, which threaten global agricultural crop production
through prolonged droughts, floods, and shifting agroclimatic zones. Addressing greenhouse gas
emissions and ensuring food security are among the greatest challenges of this century. Climate
Smart Agriculture (CSA) emerges as a global strategy to enhance food productivity amid these
uncertainties. CSA aims to create climate-resilient agricultural systems that increase soil health,
water, and nutrient efficiency, provide stable yields, and reduce greenhouse gas emissions. By
improving farmers' incomes and resilience to climate impacts, CSA contributes to both climate
change mitigation and adaptation. Future CSA development directions include leveraging advanced

internet technology for secure agricultural

information,

optimizing cropping patterns and

management, integrating "internet + weather" services, and implementing agricultural weather
index-based insurance. These strategies offer new pathways for ecological protection, green
agricultural development, and climate change mitigation.

Keywords: Climate change; adaptation; mitigation; food security; agricultural production; climate
smart agriculture; sustainable agriculture.

1. INTRODUCTION

Climate change is an undeniable reality
supported by extensive meteorological data [1].
Human activities release greenhouse gases

(GHGs) into the atmosphere, leading to a
trapping of heat and subsequent global
temperature rise, a phenomenon widely

acknowledged by scientific consensus [2]. Over
the past 150 years, global temperatures have
surged by approximately 40%, with half of this
increase occurring in just the last three decades
[1]. GHG emissions originate from various

sectors, including energy (57.8%), industry
(21.7%), agriculture (17.6%), and waste
management (3%). Notable sources within

agriculture include rice cultivation (20.9%), soil
management (13%), and crop residue
incineration (2%), accounting for a total of 35.9%
of emissions within the sector. These emissions
have far-reaching consequences, contributing to
extreme weather events, lethal heat waves, and
severe droughts, all of which pose significant
threats to agricultural productivity [3] and
subsequently affect net crop income [4] and
agricultural land valuation [5].

Agriculture, in particular, plays a substantial role
in GHG emissions, responsible for over a quarter
of global anthropogenic emissions [2]. Key
sources of emissions within agriculture include
soil organic matter decomposition and the
burning of crop residues, contributing to carbon
dioxide (CO2) emissions. Methane (CHa)
emissions stem from flooded rice paddies,
livestock digestion, and the decomposition of
organic matter in moist conditions. Nitrous oxide

(N20) emissions primarily arise from nitrogen-
rich soils, manure, and compost. Economic and
population growth are identified as primary
drivers for the escalating GHG emissions, a trend
expected to persist into the future. Consequently,
mitigating GHG emissions while ensuring food
security is deemed one of the paramount
challenges of this era [6]. The intertwining of
agriculture and climate change presents a critical
dilemma. Land use changes, such as
deforestation, contribute to nearly 30% of global
GHG emissions, while the repercussions of
climate change exacerbate land degradation,
diminish agricultural yields, and intensify food
insecurity, particularly affecting smallholder
farmers [7]. To address these challenges,
resilient agricultural production systems are
imperative, necessitating effective natural
resource management [8]. Transitioning towards
such systems not only mitigates emissions but

also enhances agricultural productivity,
underscoring the substantial benefits of
mitigation efforts [9].

“Climate-Smart  Agriculture  (CSA) is a

multifaceted approach aimed at bolstering
scientific governance and investment frameworks
to achieve Sustainable Agricultural Development
(SAD), particularly in the face of Climate Change
(CC) challenges” [10]. “It represents a
sustainable strategy capable of enhancing
agricultural  productivity and income by
implementing  adaptation measures  while
fostering resilience to climate change and
minimizing greenhouse gas (GHG) emissions”
[11]. “CSA entails methodologies that
revolutionize agricultural systems to bolster food
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production and security amidst shifting climatic
conditions” [12]. “It stands as a transformative
and sustainable agricultural paradigm, seeking to
bolster productivity and food security systems by
integrating key climate change pillars such as
adaptation, resilience, and mitigation, alongside
innovative technological insights. This integration
aims not only to increase profits but also to
diminish  vulnerability by curtaiing GHG
emissions” [13]. “Moreover, CSA emphasizes the
utilization of low-impact agricultural systems
including conservation agriculture, agroecology,
ecosystem services, small-scale irrigation,
aquaculture, agroforestry systems, soil and water
conservation, nutrient management, integrated
crop and livestock management, landscape
approaches, grassland and forestry
management, and implementing best practices
for minimizing tillage and selecting breeds.
These practices collectively enhance food
productivity and fortify adaptation and mitigation
measures” [14].

“The essence of CSA lies in the transformation
and realignment of agricultural development
strategies to effectively address the challenges
posed by climate change” [1]. “It serves as a
strategic framework encompassing policy,
capital, and technology to realize Sustainable
Agricultural Development (SAD) and ensure
Food and Nutritional Security (FNS) amidst
evolving climatic scenarios. CSA endeavors to
enhance livelihoods and food safety, particularly
for small and marginal farmers, through improved
management and utilization of natural resources,
coupled with appropriate production,
development, storage, processing, and
marketing strategies for agricultural commodities.
It is designed to consider the socioeconomic and
environmental contexts to maximize potential
gains while  minimizing trade-offs, with
assessments made on regional resource
availability and energy impact” [15]. “Climate-
Smart Agriculture (CSA) adopts an integrated

approach with its three pillars: increasing
agricultural productivity and improving
livelihoods, fostering resilient  agricultural

systems, and mitigating GHG emissions. CSA
strategies are tailored to local contexts and
involve capacity-building for stakeholders to
offset higher implementation costs” [15]. “It's
noted that practices promoting adaptation and
food security often coincide with reduced GHG
emissions or increased carbon sequestration.
While the efficacy of field-level adaptation
practices may be debated, agronomic
adaptations can potentially enhance yields by an

estimated 15%-18%. In recent years, Climate-
Smart Agriculture (CSA) has emerged as a
cornerstone concept for numerous global entities
operating within the intersection of -climate
change, agriculture, and development” [16].
“Furthermore, CSA has been acknowledged as a
vital mechanism for advancing the Sustainable
Development Goals (SDGs)” [16]. “Many
developing nations are actively exploring cost-
effective and dependable weather monitoring
and forecasting systems. They aim to integrate
these systems with cutting-edge technologies
such as agricultural drones, bio-sensors, 10T-
based sensors, remote sensing, and husbandry
techniques, among others, to elevate crop and
livestock management while bolstering food
security” [17]. CSA integrates various methods,
strategies, and institutions that may not be
entirely novel but are unfamiliar to individuals
involved in agriculture, such as peasants,
shepherds, farmers, growers, or fishermen,
particularly in light of shifting climate patterns.
What distinguishes CSA is its innovative
approach to addressing multiple challenges
concurrently and internationally experienced in
agriculture and food production. This approach
aims to prevent the adoption of ineffective
strategies, regulations, funding, and investments.
CSA primarily targets three key objectives:

e Achieving a sustainable increase in income
and productivity.

e Strengthening adaptability to Climate
Change (CC) and Climate Variability (CV).

e Contributing to the mitigation of Climate
Change (CC).

The first pillar emphasizes increasing agricultural
productivity and livelihoods sustainably. Climate-
smart agriculture (CSA) emerges as a strategy
that aligns with sustainable development and
green economy goals, aiming to improve food
and nutrition security while conserving natural
resources [18]. CSA seeks to boost agricultural
productivity and income from various sources like
crops, livestock, and fisheries while minimizing
environmental harm. This approach, therefore,
significantly contributes to enhancing food and
nutritional security. A key concept within this
strategy is sustainable intensification.

The second pillar focuses on enhancing
resilience to climate change (CC) impacts by
developing and implementing adaptive
strategies. Adaptation aims to reduce the
vulnerability of human and natural systems to CC
and associated risks by enhancing adaptive
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capacity and resilience. CSA plays a crucial role
in reducing farmers' exposure to immediate risks
and enhancing their resilience to withstand
shocks and long-term stresses. This approach
emphasizes the protection of ecosystem services
provided by natural environments, which are
essential for maintaining productivity and
facilitating adaptation to climate variability [19].

Mitigation efforts focus on reducing atmospheric
greenhouse gas (GHG) concentrations by
addressing their emission sources. Strategies to

combat climate change include adopting
technologies that reduce GHG emissions and
inputs per unit of output. Given that

approximately 30% of global GHG emissions are
attributed to agricultural and deforestation
activities, there is considerable potential for
mitigation. There are three main approaches to
mitigating climate change in agriculture:

e Emission reduction: Efficient
management of carbon and nitrogen
flows within agricultural ecosystems can
reduce the release of CO2, CH4, and
N20.

e Emission avoidance or displacement:
There are opportunities to improve
energy efficiency in the agricultural
sector. For example, using biofuels
instead of fossil fuels in agricultural
operations can significantly prevent or
replace GHG emissions.

e Emission removal: CSA practices can
capture and sequester GHGs or their
precursors from the atmosphere.

1.1 Impact of Climate Change on
Agriculture
The agricultural sector faces significant

challenges due to climate fluctuations, including
variations in global rainfall patterns, rising levels
of carbon dioxide, and increasing average
temperatures. These changes have led to a
higher frequency of extreme weather events,
such as floods and droughts, posing serious
threats to crop productivity worldwide [20]. The
variability in temperature and precipitation
directly impacts the growth and maturation of
crops, making them more vulnerable to various
biotic and abiotic stresses [21]. Recent research
indicates that these stresses account for
substantial losses, ranging from 30% to 50%, in
global agricultural productivity [22]. Such
detrimental effects on crop yields have the
potential to compromise global food security [23],

making food insecurity and climate change two of
the most pressing challenges of the 21st century
[24]. India, with its historical dependence on the
monsoon, is particularly susceptible to changes
in rainfall patterns. Even slight alterations in the
monsoon trend can have drastic effects on
agriculture. Additionally, the rising temperatures
are adversely impacting Indian agriculture, with
the Indo-Gangetic Plain being particularly
vulnerable. Studies suggest that pre-monsoon
variations will disproportionately affect wheat
crops in this region, especially with a projected
temperature increase of over 0.5°C during the
time slice of 2010-2039.

Climate change is anticipated to have significant
repercussions on rain-fed or un-irrigated crops,
which constitute approximately 60% of cropland.
For instance, a 0.5°C increase in winter
temperatures is predicted to lead to a reduction
of 0.45 tonnes per hectare in rain-fed wheat yield
in India [25]. Recent research conducted at the
Indian Agricultural Research Institute suggests
that for every 1°C increase in temperature over
the growing season, there could be a potential
loss of 4-5 million tons in wheat production in the
future.  Additionally, rice production may
decrease by nearly a tonne per hectare with a
2°C temperature rise. In Rajasthan, a 2°C
temperature increase is estimated to result in a
10-15% reduction in Pearl Millet production.
Furthermore, if maximum and minimum
temperatures rise by 3°C and 3.5°C respectively,
Soyabean vyields in Madhya Pradesh are
expected to decline by 5% compared to 1998.
Agriculture in the coastal regions of Gujarat and
Maharashtra faces severe vulnerability due to
inundation and salinization, exacerbating the
impact of climate change on fertile areas.

1.2 Strategies for Implementing Climate-
Smart Agriculture

To achieve the pillars of Climate-Smart
Agriculture (CSA), it is essential to adopt a
variety of CSA interventions. This requires
integrated, scientific, multidisciplinary, and
diversified strategies focused on natural resource
management. Such an approach represents a
significant paradigm shift, transforming traditional
agriculture into a modernized system under the
principles of CSA. Consequently, interventions
across areas such as land, water, soil,
Agroforestry, Conservation Practices (ACP),
energy, and livestock are crucial for making
agriculture climate-smart. The comprehensive
and integrated implementation of these methods,
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tailored to site-specific resources, is urgently
needed.

1.2.1 Land use management

“Land use management encompasses a variety
of agricultural practices and techniques aimed at
enhancing soil nutrients and water retention
capacity, such as the restoration of degraded
lands and wastelands. Effective land use
management necessitates the creation of
comprehensive land cover (LC) databases and
expert systems, which serve as essential tools
for natural resource management and land use
planning. Techniques like minimum or zero
tillage, efficient irrigation and  nutrient
management, and residue incorporation can
improve crop productivity, water use efficiency
(WUE), and nutrient use efficiency (NUE) while
reducing greenhouse gas (GHG) emissions from
agricultural activities” [26].

Land use management strategies, including
afforestation, agroforestry, reforestation, soil
organic carbon (SOC) management, and biochar
application, contribute to carbon sequestration in
soil or vegetation and mitigate climate change
effects. Conserving and restoring natural
ecosystems such as wetlands, coastal areas,
peatlands, and forests, along with biodiversity
conservation and disaster risk management, also
play a significant role in reducing GHG emissions
and promoting sustainable development within
climate-smart agriculture (CSA).

Sustainable land use management can address
soil degradation caused by agricultural activities
through practices like green manuring, cover
crop production, crop residue retention, minimum
or zero tilage, and improved grazing
management. These practices offer co-benefits
for climate change adaptation and mitigation.
The mass production of forage legumes, such as
lablab, cowpea, pigeon pea, lucerne, and
sesbania, enhances feed conversion efficiency
and reduces methane emissions by
approximately 25-33%.

Diversifying forests and crops, implementing
varied crop rotations, and managing rangelands
and pastures can maintain or enhance forest
carbon stocks, reduce GHG emissions, and
support climate change adaptation. “This
diversification also improves the nutritional
quality of food. Such interventions increase
overall herd productivity and adaptability to
climate change through diverse land resource

utilization. Common farm practices like adding
soil organic matter (SOM), controlling soil
erosion, improving fertilizer use, managing crops
(e.g., fallow rice), and cultivating drought- and
flood-tolerant varieties significantly contribute to
climate change adaptation and mitigation”.

“Additionally, integrating trees in fields as
windbreaks, live fences, fodder banks, alley
cropping, or improved fallows can sequester
atmospheric carbon in both biomass and soil.
This integration provides fuelwood and other
forest-based commodities, helps prevent the
destruction of natural forests, and supports
climate change adaptation and mitigation” [27]. In
areas prone to drought and heat due to climate
change, agroforestry systems are vital for carbon
sequestration and effective carbon sink creation.

1.2.2 Crop production management

Appropriate management practices in ACP are
crucial for achieving sustainability in the face of
climate change (CC) scenarios. Sustainable crop
production intensification (SCPI) plays a vital role
in this context. SCPI is an approach within ACP
that enhances and preserves natural resources
while minimizing adverse environmental impacts
through the use of natural biological inputs and
processes. This method aids in developing
agricultural systems that are resilient to climate
change (CC). SCPI relies on management
practices that wuphold soil health, avoid
monocropping, and promote the cultivation of
well-adapted, high-yielding varieties using high-
quality seeds or planting materials. It also
involves the integrated management of nutrients,
pests, weeds, and diseases, along with efficient
water management. Consequently, climate-smart
ACP entails sustainable crop production under
CC conditions, ensuring that the crops grown are
less susceptible to climatic variability (CV).
Examples of approaches for CC adaptation and
mitigation can be seen in Fig. 1 [28].

These approaches are discussed below:

Conservation agriculture (CA): This approach
involves minimal or no tillage, direct seeding,
residue management, and crop diversification.
CA can enhance productivity and soil quality,
particularly through the accumulation of soil
organic matter (SOM). It represents a viable
option for achieving safe and intensive
agricultural production (ACP) across diverse
agro-ecological settings by efficiently utilizing
available resources and maintaining soil fertility
[18].
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Fig. 1. Crop production management strategies for CSA [29]

Integrated nutrient management: This method
supplies nutrients from multiple sources,
including inorganic fertilizers, green manure,
biofertilizers, and organic manure, significantly
reducing the reliance on chemical fertilizers and
thus lowering greenhouse gas (GHG) emissions.
It requires site-specific, demand-driven, and
balanced fertilizer and nutrient application.
Utilizing microbes as biofertilizers can also
improve soil fertility and crop productivity.

Mulch cropping and cover cropping: These
practices help maintain soil health and provide
favorable conditions for crop growth, protecting

soil from erosion and suppressing weed
emergence, which reduces the need for
herbicides.

Changing cropping patterns and crop

rotations: Integrating legume crops and millets
into rotations can prevent the build-up of specific
pests, diseases, and weeds, while also
maintaining soil nutrient balance. Millets are
adaptable to various agro-ecological conditions,
require fewer external inputs, and are more
stress-resistant, contributing to climate change
(CC) adaptability and nutritional security [30].

Crop diversification: Diversifying crops and
livestock can enhance resilience by controlling
pest outbreaks, reducing pathogen spread, and
mitigating the impacts of climate variability and
extreme weather events. Switching from rice-
wheat systems to high-value cash crops can
increase farmers' income, reduce water and
fertilizer use, and improve food nutrient value
[31].

Integrated pest management (IPM): IPM
combines various methods, including biocontrol
agents, traps, mulches, soil sterilization,
pesticides, and resistant varieties, to manage
pests effectively.

Integrated weed management: This approach
uses cultural, mechanical, biological, and
chemical methods to control weeds, minimizing
the environmental impact of herbicides.

Efficient water and irrigation management:
Practices such as sprinkler or drip irrigation,
minimizing water conveyance losses, and
reducing evaporation and runoff can optimize
water use in agriculture.
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Organic  agriculture:  Supplying  nutrients
through organic sources and avoiding chemical
inputs can be an effective alternative for
sustainable farming.

Nutrient-use efficient crop varieties:
Cultivating crops that require fewer external
fertilizers can reduce GHG emissions.

Integrated farming systems: Combining crops,
poultry, dairy, and fishery supports sustainable
agriculture and Livelihood, particularly for small
and marginal farmers, while enhancing nutritional
security.

Energy crops for biofuels: Cultivating crops for
biofuel production can reduce the dependency
on fossil fuels.

Reduced fuel consumption: Lowering fuel use

in  mechanical farming operations can
significantly cut GHG emissions.

Improved rice cultivation techniques:
Techniques like the System of Rice

Intensification (SRI) and aerobic irrigated rice
can reduce methane emissions from flooded rice
paddies [32].

Agroforestry: This method can sequester
significantly more carbon compared to traditional
row crops, contributing to carbon sequestration
[33].

Use of fermented organic waste: Applying
compost made from biogas slurry instead of
unfermented waste can reduce methane
emissions from rice cultivation [34].

Adaptation to agroclimatic regions: ldentifying
and repositioning crops sensitive to climate
change in suitable areas, and adjusting cropping
sequences and practices can optimize vyields
under changing conditions [18].

Precision agriculture: Utilizing remote sensing
(RS), geographic information systems (GIS),
sensors, and variable rate applicators to apply
inputs precisely can enhance productivity and
input use efficiency while protecting the
environment.

Protected cultivation: Using technologies like
polyhouses, greenhouses, and shade houses to
control environmental conditions can support
crop growth by managing temperature, moisture,
and pest pressures.

By adopting these practices, farmers can achieve
sustainable agriculture, mitigate climate change
impacts, and ensure food and nutritional security
in the long run.

1.2.3 Soil management

Soil is an essential natural resource for achieving
sustainability in climate-smart agriculture (CSA).
It serves as a medium for plant cultivation,
supplying various nutrients and water necessary
for their growth. Soil also supports biodiversity
and regulates cycles of carbon, oxygen, and
numerous other nutrients. Therefore, effective
soil management is a vital practice in CSA.
Climate change (CC) significantly impacts soil in
various ways, such as through erratic rainfall
patterns and frequent droughts that diminish the
soil's capacity to supply water and nutrients to
plants. Increased risk of soil erosion due to
higher rainfall intensity and accelerated
mineralization of soil organic matter (SOM)
caused by rising temperatures are other effects
of CC. Sequestering soil organic carbon (SOC)
can reduce atmospheric CO:2 levels, thereby
contributing to climate change mitigation. The
management of the soil for CSA can be done in
the following ways:

o Before implementing any climate-smart
agriculture  (CSA) practices for soil
management, it is essential to evaluate
various physical, chemical, and biological
properties of the soil that affect soil health
and soil organic carbon (SOC)
sequestration. This evaluation can be done
through on-site inspections using soil
testing kits or by collecting soil samples
and analyzing them in a laboratory. The
adoption of CSA practices should be
based on the results of these analyses
[35].

e Practicing minimum or no-tillage
significantly lowers runoff rates, enhances
soil water infiltration, and prevents the
creation of a plough pan in the subsoil.
This method also increases soil organic
matter (SOM) and reduces the rate of soil
organic carbon (SOC) mineralization,
which further aids in SOC sequestration.
Consequently, conservation agriculture
(CA) helps reduce greenhouse gas (GHG)
emissions [35]. Implementing crop rotation
within CA, particularly with leguminous
plants, diminishes pest and disease
infestations while enriching soil nutrients. A
study in Parana, Brazil, reported a 90%
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reduction in soil erosion in no-till plots
compared to conventionally tilled plots [36].
Additionally, rice-wheat systems based on
CA produce 10-15% fewer GHG
emissions than conventional systems by
fostering more aerobic soil conditions [31].
In regions with steep slopes, soil erosion
can be mitigated through various methods,
such as planting vegetation along the
slope and building soil and water
conservation structures like tied ridges,
bunds, terraces, and trenches.
Additionally, excess runoff water can be
managed safely by utilizing grassed
waterways, chute spillways, drop inlet
spillways, and other similar techniques
[35].

Numerous agricultural techniques, such as
agroforestry, mixed cropping, cover
cropping, contouring, and strip cropping,
contribute significantly to reducing soil
erosion and enhancing soil organic carbon
(SOC) sequestration.

In arid and semiarid regions, wind erosion
poses a significant challenge, either
removing the fertile topsoil or depositing
sand dunes on productive land. This can
be mitigated by planting drought-resistant
species, implementing rotational grazing,
and establishing windbreaks perpendicular
to the prevailing wind.

Mulching with crop residues is a vital
technique to stabilize soil temperature,
reduce soil water evaporation and nutrient
loss, and enhance soil organic matter
(SOM). This improvement in SOM boosts
soil moisture, biodiversity, structure, and
water infiltration. Mulching also minimizes
soil erosion by protecting soil particles from
the impact of raindrops or runoff and helps
prevent soil salinity and waterlogging
issues [35].

Integrated soil fertility management is
crucial in climate-smart agriculture (CSA).
It supplies plants with nutrients from
various sources, including compost,
organic and green manure, crop rotations,
intercropping, and precise amounts of
inorganic  fertilizers.  This  approach
conserves soil and water, leading to
reduced nutrient losses, increased soil
carbon sequestration, enhanced water
retention, minimized soil erosion, improved
nutrient use efficiency, and lower
greenhouse gas emissions.

Precision nutrient management enhances
fertilizer use efficiency by applying

nutrients in the right form, in the optimal
amount, at the appropriate time to match
crop needs, and in the correct location.
Tools for managing nitrogenous fertilizers
precisely include the Leaf Colour Chart,
chlorophyll meters, and optical sensors like
Green Seeker. Additionally, decision
support systems, available as computer or
mobile applications such as Nutrient
Expert and Crop Manager, can aid farmers
in managing nutrients accurately [37].

1.2.4 Water management

Water is a finite natural resource that is
diminishing rapidly due to indiscriminate and
excessive exploitation. The growing population
places tremendous pressure on water resources,
underscoring the need for sustainable water
resource management. Climate change impacts
agricultural water through increased rainfall
variability, higher temperatures, and extreme
weather events such as floods and droughts.
Sustainable water management is thus crucial for
climate change mitigation. Practices like irrigation
scheduling, precision irrigation, efficient drainage
systems, in situ moisture conservation, and
rainwater harvesting structures play significant
roles in contributing to the three npillars of
Climate-Smart Agriculture (CSA). Adaptation
strategies for smart water management in the
context of climate change include: Micro-
irrigation systems: Methods like micro-sprayers,
trickle, or drip irrigation apply water directly to the
plant root system. These systems save 20-48%
of irrigation water, 10-17% energy, 30-40%
labor costs, and 11-19% fertilizer, while
enhancing agricultural crop productivity (ACP) by
20 to 38% [38]. These localized irrigation
methods are not only critical for conserving water
but also reduce energy usage [39] and carbon
emissions. Pressurized micro-irrigation  with
sensor-based scheduling: Utilizing soil moisture
sensors like tensiometers, gypsum or resistance
blocks, frequency domain reflectometry (FDR),
and time domain reflectometry (TDR) for
irrigation scheduling can maintain soil moisture at
field capacity in the root zone, addressing
manual irrigation issues [40]. Wireless sensor
arrays and plant-based sensors like sap flow,
infrared thermometers, trunk diameter variation,
and leaf turgor pressure sensors are also used to
monitor plant water stress, making them effective
adaptation strategies.

Information and communication technology
(ICT): Advances in ICT have led to the
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development of irrigation scheduling and soil
water balance software like BEWARE [41] and
IrriSatSMS [42]. These tools help in scheduling
irrigation for different crops. In water-scarce
regions, regulated deficit irrigation (RDI) or
subsurface irrigation (SSI) can be adopted as a
climate change adaptation measure.

Minimizing water losses: Advanced
technologies such as telemetry systems, remote
sensing (RS), and geographic information
systems (GIS) help minimize water losses during
conveyance, distribution, and application
networks under climate change conditions.

Solar pumps: These pumps are ideal for using
available groundwater with minimal emissions in
areas where groundwater is shallow.

RS and GIS applications: These technologies
are beneficial for various aspects of water
management, including command area
development, cropping pattern mapping, crop
yield projection, flood monitoring, hazard
mapping, and environmental impact assessment
of river interlinking projects. Remote sensing also
aids in identifying groundwater occurrences,
development, storage, and flow direction, as well
as aquifer mapping and potential groundwater
recharge areas.

ICT-based systems: Automated irrigation
systems, crop and agro-meteorology advisories,
and insurance for crops and livestock can help
farmers mitigate the adverse effects of climate
change and variability [43].

Efficient on-farm infrastructure: Land leveling,
minimum or no-tillage, the System of Rice
Intensification (SRI), direct-seeded rice, crop
diversification, appropriate irrigation scheduling,
rainwater harvesting, site-specific soil and water
conservation structures, and improved
agronomic practices enhance on-farm irrigation
efficiency and help arrest the declining water
table, ultimately aiding climate change mitigation
and adaptation.

Rainwater harvesting: This practice in rainfed
areas acts as a drought-proofing strategy.
Integrated  watershed  management and
constructing artificial recharge structures are also
effective adaptation approaches.

Balancing water and energy efficiency: High-
pressure drip irrigation systems may have lower
energy efficiency compared to gravity-based

systems. Achieving sustainability requires
balancing increased energy efficiency with water
efficiency.

Sustainable water management addresses
issues such as erosion, drainage, irrigation,
flood, and drought. Recognizing the urgency of
conserving and managing water resources, the
Government of India has launched initiatives like
PMKSY (2019) to achieve "more crop per drop"
and "Har Khet Ko Pani" [38].

1.2.5 Livestock management

“The livestock sector contributes to the CC as
well as it is influenced by its effects” [44].
“Eighteen percent of GHG emissions are from
livestock” [45]. “Livestock mainly emits methane
gas through an enteric fermentation process,
which has 25 times more heat-trapping capacity
than CO2. This methane emission from livestock
can be decreased by improving their diet. The
diet can be improved by feeding them with good
quality feed additives as well as by replacing
feeds having low digestibility with that of high
digestibility. Inclusion of higher fats and protein
and providing antioxidants, vitamins, and mineral
supplementations in the livestock diet are
beneficial in CC adaptation and mitigation.
Grazing management through rotational grazing
helps in the restoration of degraded grasslands,
improves soil health, and enhances climate
resilience. Improved varieties of pastures should
be cultivated in grasslands for cattle grazing.
Research developments are in progress for
developing vaccines against methanogens
present in the rumen of livestock, which would
eventually minimize the release of methane gas”
[46]. “Manure also releases GHGs in the
atmosphere. Therefore, better manure
management techniques like composting should
be adopted. Livestock diversification is an
approach in CSA for increasing resistance
against CC-related pests and diseases” [47].
“The breeds having a higher tolerance to
temperature and humidity, resistance toward
diseases, and the ability to survive under low
input conditions should be reared” [48]. “A
regular supply of clean and cool water to animals
is one such strategy. Splashing cool water on
animals during a hot period at regular intervals
can reduce heat stress. The stocking density of
animals should be reduced during the hot period.
Animals should be kept under proper shade as
well-designed shades can reduce the heat load
of about 30-40% on animals. Roofs of cattle
sheds composed of hay or corrugated steel
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sheets are good for shading purposes.
Ventilation and air circulation should be
increased in animal sheds by the use of fans and
open housing system or by increasing the height
of buildings. Plantation of trees around
cattle sheds can provide long-term cooling effect”
[49].

1.2.6 Energy management

Energy is crucial for the agriculture sector, and
the use of non-renewable energy sources like
fossil fuels (FF) is a significant contributor to
greenhouse gas (GHG) emissions, which are
closely linked to climate change (CC). Therefore,
addressing these challenges by incorporating
renewable energy sources is essential. The
substantial demand and extensive use of energy
in agriculture necessitate prudent management
of both renewable and non-renewable energy
sources. Effective energy management focuses
on optimizing energy use in the context of
sustainability, primarily through energy
conservation and efficiency. Globally,
agriculture's energy dependence has shifted
significantly from human and animal power to
tractors, electricity, and diesel power, leading to
a reliance on FF. Agricultural activities are
responsible for approximately 35% of global

Biogas
Extraction
Units

Solar
Operated
Irrigation
Pumps

emissions, predominantly
countries. In recent years, the agriculture
sector has seen a 10.4% growth rate in
energy use, compared to 3.6% in industry and
3.2% in the transport sector [50]. Energy
consumption in agriculture can be
categorized into direct and indirect use. Direct
energy use includes activities such as
pumping and mechanization (tractors, power
tillers), while indirect use involves fertilizers and
pesticides.

from developing

In India, a significant portion of energy used in
agriculture, particularly electricity, is dedicated to
pumping water for irrigation. Therefore,
enhancing the efficiency of pump sets is crucial
for energy conservation. Several activities can
help manage energy efficiently and sustainably in
the context of CC (Fig. 2):

e Increasing the
products to
products can

inventory of bio-based
replace petroleum-based
reduce GHG emissions.

Biomass such as wood, animal dung, and
agricultural waste can be decomposed
anaerobically to produce biogas, which
can be used for heating and
purposes.

lighting

Hydrothermal
Conversion
Tools

Fig. 2. Energy management options for climate-resilient agriculture [29]
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e Laser-aided land leveling has proven to be
a promising technology for mitigating CC.
This technique can save up to 40% of
water, improve fertilizer use efficiency, and
enhance crop yields. It reduces GHG
emissions by minimizing irrigation water
demand, thereby decreasing energy needs
for pumping water.

e Promoting conservation agriculture (CA)
machinery like zero till, Happy Seeder,
seed-cum-fertilizer  drills, raised bed
planters, and laser-guided land levelers
can save energy during various farm
operations.

e Choosing the appropriate capacity of
pumps to meet irrigation requirements and
matching pump sets with water sources
(canals or wells) is essential for saving
energy in a CC scenario.

e Installing variable speed drives (VSDs) on
pumps is an important energy-saving
measure, as they allow pumps to operate
at optimal speeds. Reducing the speed of
a motor by 20% can result in energy
savings of up to 50%.

e Implementing loT-based smart irrigation
systems can optimize irrigation timing and
conditions, which is beneficial for CC
adaptation.

e Replacing synthetic fertilizers with manure
and farm residues can reduce the need for

external inputs, improve crop VYields,
enhance energy efficiency, and
sustain productivity, farm income, and
profits.

e Generating biogas in situ allows the use of
its by-products as liquid organic fertilizer,
which can increase crop yields and reduce
environmental pollution.

In light of CC, it is imperative to promote energy-
smart technologies that can reduce energy
consumption in farming operations and lower
crop water requirements.

1.3 Challenges in CSA
1.3.1 Shortage of agricultural water resources

Water security is fundamental to ensuring food
security. Currently, the scarcity of water
resources for agriculture has become a
significant constraint on global food security and
the sustainable development of Climate-Smart
Agriculture (CSA). It is projected that global
water demand will increase by 55% [51]. This

growing water scarcity is increasingly affecting
agricultural water users worldwide [52]. Long-
term planning and management necessitate a

thorough assessment of agricultural water
resources. For instance, in South Korea,
agriculture in irrigated regions is highly

susceptible to water shortages due to seasonal
variations in rainfall and water quality [53].
Recently, climate variability, including droughts
and heatwaves, has exacerbated the uneven
spatial and temporal distribution of water
resources, leading to a decline in available
agricultural water [54]. Therefore, accurately
estimating the supply and demand of agricultural
water resources in the context of climate change
is becoming increasingly crucial for the
advancement of CSA.

1.3.2 Climate variability and climate change

Human-induced climate change presents
significant challenges to global food production
and the sustainable development of climate-
smart agriculture (CSA). Addressing climate
change, enhancing agricultural productivity, and
reducing greenhouse gas (GHG) emissions
sustainably are shared concerns for the global
community [55]. Climate variability and change
have altered the distribution of agricultural
climate resources such as light, heat, and water.
These changes particularly harm smallholder
agriculture by decreasing crop Yyields and
income, thereby exacerbating food insecurity
[56]. A survey conducted in Ghana revealed that
climate variability significantly impacts
subsistence agriculture, causing 58% of families
to experience food anxiety and preventing 62%
from obtaining their preferred quantity and quality
of food [57]. Climate change directly affects
agriculture by increasing average temperatures,
extending growing seasons, raising the
frequency of hot days and nights, creating more
unpredictable  precipitation  patterns, and
elevating CO:2 levels [58]. In the Indo-Gangetic
Plain, higher —average and  maximum
temperatures, along with increased precipitation
during the growing season, have directly
contributed to a 1-8% reduction in wheat yields.
The growing unpredictability of climate and
environmental factors continues to threaten food
security in many regions [2]. If GHG emissions
persist at their current levels, many countries are
likely to face extreme climatic conditions such as
prolonged droughts, severe droughts, and
intense rainfall, further endangering food security
[59].

244



Mehraj et al.; Int. J. Environ. Clim. Change, vol. 14, no. 7, pp. 234-253, 2024; Article no.|JECC.118121

1.3.3 Agricultural GHG emissions

“Agricultural greenhouse gas (GHG) emissions
pose increasing challenges to the sustainable
development of climate-smart agriculture (CSA).
The use of fossil fuels, changes in land use, and
deforestation have significantly contributed to the
rise in anthropogenic GHG emissions. The
Intergovernmental Panel on Climate Change
(IPCC) highlighted the impact of these emissions
on climate change” [1]. “Such emissions have led
to an imbalance in ecosystems” [60]. “Agriculture
is the second-largest source of global
anthropogenic GHG emissions, accounting for
56% of total non-CO2 emissions” [61]. “It is
estimated that seven countries—Argentina,
Australia, Brazil, Canada, Chile, China, India,
and the United States—are responsible for more
than half of the world's total soil emissions and
49% of global agricultural emissions” [62]. While
agriculture is a major source of GHG emissions,
it also holds significant potential for emission
reduction.  This  necessitates  enhancing
agricultural production efficiency, ensuring food

security, and simultaneously cutting down
agricultural GHG emissions. Various
technologies can effectively curb these

emissions by controlling GHG output (such as
through clean energy alternatives, renewable
energy technologies, and new energy
technologies), increasing GHG absorption (such
as with carbon fixation technologies), and

developing new crop varieties and adjusting
agricultural production structures).

1.3.4 Information resource integration

In the realms of production, management,
transportation, and sales within CSA,
product information and data support are critical.
Ensuring the security of this information
and data is essential for the successful
progression of CSA. Nevertheless, the
development of CSA faces several
challenges regarding information and security,
such as low standardization, fragmented data
collection and organization, and a lack of
precision and efficacy in agricultural data
gathering. Real-time sharing of technological
resources remains challenging, exacerbating the
acute issue of CSA information security.
Ensuring the basic security of agricultural
information has thus become a significant
concern for the sustainable development of CSA.
Additionally, CSA contends with the problem of
information overload in agriculture. If false
information cannot be effectively identified, it will
adversely impact the long-term development of
CSA.

1.4 Government Schemes on CSA

The various schemes of government on Climate

adapting to climate change (such as by smart Agriculture are given in Table 1.
Table 1. Description of various government schemes on CSA
S. No. Name of Scheme Key Points

01 National Innovation
on Climate Resilient
Agriculture (NICRA)

crores.

Launched in February, 2011 by ICAR with an outlay of Rs.350

Aims to enhance the resilience of Indian agriculture, covering

crops, livestock and fisheries to climatic variability and climate
change through development and application of improved
production and risk management technologies.

02 National Mission on
Sustainable
Agriculture (NMSA)

Mission under NAPCC (National Action Plan on Climate Change),
includes programmatic interventions like Soil Health Card,
Paramparagat Krishi Vikas Yojana, Mission Organic Value Chain

Development for Northeastern Region, Rainfed Area Development,
National Bamboo Mission and Sub-mission on Agro-Forestry.
Works through adoption of sustainable development pathway by
progressively shifting to environment friendly technologies,
adoption of energy efficient equipment’s, conservation of natural
resources, integrated farming, etc.

Promotes location specific improved agronomic practices through
soil health management, enhanced water use efficiency, judicious
use of chemicals, crop diversification.

03 The National
Adaptation Fund for

Implemented during 2015-16.
Established to meet the cost of adaptation to climate change for
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Name of Scheme

Key Points

04

05

06

07

08

09

10

11

12

Climate Change
(NAFCC)

Climate Smart
Village

Pradhan Mantri
Krishi Sinchayee
Yojna (PMSKY)
Pradhan Mantri
Fasal Bima Yojna
(PMFBY)

Soil Health Card
Scheme

National Water
Mission (NWM)

Paramparagat Krishi
Vikas Yojna (PKVY)

Biotech-KISAN

Sub-mission on
Agro-forestry

National Livestock
Mission

the State and Union Territories of India that are particularly
vulnerable to the adverse effects of climate change.

Under the NAFCC, various projects have been sanctioned in
different states i.e., Punjab, Himachal Pradesh, Odisha, Manipur,
Tamil Nadu, Kerala, Mizoram, Chhattisgarh, J&K, Meghalaya,
Telangana, Andhra Pradesh etc.

An institutional approach to test, implement, modify and promote
CSA at the local level and to enhance farmers" abilities to adapt to
climate change.

Adopts Portfolio of interventions to tackle the climate challenges of
the agriculture sector that cover the full spectrum of farm activities.
CSVs were piloted in two states of India: Karnal district of Haryana
state and Vaishali district of Bihar state which later spread into
districts of Punjab, Andhra Pradesh and Karnataka.

Implemented from 1 July 2015.

Aims to give more priority on water conservation & the vision to
extend the area under irrigation.

'Har Khet Ko Paani' —main motto for increasing the water efficiency
Introduced in 2016 (kharif season).

Voluntary for States/UTs as well as for farmers keeping in view
their risk perception and financial considerations etc.

Till 2020-21 cumulatively 2,938.7 lakh farmer applications for a
sum insured of Rs. 10,49,342 crore have been enrolled under the
scheme.

Launched in February, 2015.

Providing detailed information on test-based soil nutrient status of
their own land along with recommended dose of fertilizers

The Government of India targeted to issue 10.48 crores of SHCs
since inception of the Scheme.

A Mission for conserving the water sources and minimizing its
wastage, and also to optimize Water Use Efficiency (WUE) by 20
per cent including agriculture sector.

Launched in 2015 under NMSA.

Objective of supporting and promoting organic farming which in
turn result in improvement of soil health.

Launched in 2017.

Scientist-farmer partnership Scheme for agriculture innovation.
Obijective to connect science laboratories with the farmers to find
out innovative solutions and technologies to be applied at farm
level.

So far 146 Biotech-KISAN Hubs have been established covering
all 15 agro-climatic zones and 110 aspirational districts in the
country.

Over two lakhs farmers benefitted so far by increasing their
agriculture output and income.

Over 200 entrepreneurships developed in rural areas.

Launched during 2016-17 with the objective of planting trees on
farm bunds.

Potential to bring sustainability in agriculture by mitigating the
impact of climate change.

Initiated by the Ministry of Agriculture and Farmers Welfare.

Got commenced from 2014-15.

Focusing mainly on livestock development through sustainable
approach ultimately protecting the natural environment, ensuring
bio-security, conserving animal bio-diversity and farmers'
livelihood.
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1.5 Future Directions of CSA

1.5.1 Using advanced internet technology
to ensure agricultural information
security

Application of remote sensing techniques:
Remote sensing technology is extensively
employed across various domains due to its
ability to provide rapid, large-scale, real-time, and
dynamic observations that are also economically
viable. This technology enables the detection
and monitoring of the physical characteristics of
the Earth's surface through data collection from
satellites or unmanned aerial vehicles. The three
primary attributes of remote sensing data are
spatial resolution, spectral resolution, and
temporal resolution [63]. Spatial resolution refers
to the pixel size of an image, influencing the
capacity to discern objects within the imagery.
Spectral resolution pertains to the interval, size,
and quantity of spectral sampling, affecting the
sensor's ability to detect targets within the
electromagnetic spectrum. Temporal resolution
denotes the frequency at which data is acquired.
With ongoing advancements in these resolutions
and improvements in remote sensing algorithms
and products, remote sensing has become a
crucial tool with significant potential applications
in regional-scale CSA. For many years, image-
based remote sensing has been integral to
precise crop management. The advent of
hyperspectral imaging has significantly enhanced
the ability to identify and differentiate crop
nutrients, diseases, and canopy structures [64].
Furthermore, the combination of images, general
reflectometry, and three-dimensional (3D)
mapping of crop spectral dynamics has offered
valuable insights into agricultural
productivity [65]. The integration of a wireless
sensor network on the ground with remotely
operated aerial vehicles can further optimize
fertilizer and pesticide management in the field
[66].

Currently, there are challenges related to the
spatiotemporal resolution of remote sensing
data. High spatial resolution data typically have
low temporal resolution, complicating the
monitoring of dynamic crop changes during peak
growth periods. Conversely, high temporal
resolution data often have low spatial resolution,
resulting in mixed pixels in data fusion.
Enhancing the accuracy of remote sensing
inversion remains a challenge. The future
direction for sustainable CSA development
lies in the fusion of multi-source remote sensing

data. By integrating data with different
spatial and temporal resolutions, it is possible
to achieve more accurate and precise
monitoring of dynamic changes in crop growth,
given the increasing availability of remote
sensing data.

Application of internet of things: The Internet
of Things (loT) is a vast network of
interconnected computing devices, sensors, and
machines that communicate over the internet.
Each device possesses a unique identifier and is
capable of remote sensing and monitoring [67].
In agriculture, 10T is primarily utilized to gather
data via various sensors that measure
environmental and crop parameters such as
temperature, humidity, pH levels, and leaf color.
Research has explored numerous aspects of 0T
application in agriculture, including the evaluation
of l1oT applications [68], the development of loT
architectures for food safety control [69], and the
integration of loT with agricultural UAVs for smart
farming [70]. To advance loT in climate-smart
agriculture  (CSA), several areas require
enhancement: First, 10T systems need high
adaptability and customizability to accommodate
the diverse needs of farmers. Second, efficient
deployment and configuration of 10T systems are
crucial, necessitating reliable network
connections and farm infrastructure, along with
sufficient human and economic resources.
Finally, ensuring the security of 10T systems in
CSA is essential, as the data collected is
valuable and often considered a trade secret by
farmers.

Application of artificial intelligence: Artificial
intelligence (Al) represents a promising avenue
for the future of Climate-Smart Agriculture (CSA).
Al leverages digital computers or other controlled
machines to emulate, enhance, and augment
human intelligence, allowing for the perception of
the surrounding environment and the acquisition
of relevant knowledge. Currently, Al is being
applied across numerous agricultural domains. It
can analyze and synthesize data from various
agricultural  sectors to  facilitate  plant
identification, predict weed presence, forecast
crop vields, estimate greenhouse gas (GHG)
emissions, predict climate patterns, control pests,
and assess risks associated with crop planting
[71]. Specifically, Al can enhance crop yields by
accurately predicting optimal sowing and
harvesting times and monitoring crop health,
while also reducing agricultural input costs
related to fertilizers, chemicals, and irrigation.
This technology can help minimize agricultural
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risks by addressing issues such as insufficient
rainfall, weed proliferation, and disaster-induced
losses. Moving forward, the wuse of Al
technologies should be intensified to collect and
analyze data from diverse sources, including soil,
climate, diseases, and pests. The application of
deep learning techniques can further refine the
accuracy of plant identification, fruit counting,
and crop yield forecasting.

1.5.2 Improvement of cropping patterns and
management techniques

The use of multiple cropping patterns such as
rice-wheat rotation and rice-potato-sesame
cropping exemplifies crop diversification and no-
till agriculture, which can enhance agricultural
productivity and lower greenhouse gas emissions
[72]. Integrating inorganic fertilizers with organic
amendments is a prevalent practice for improving
soil quality and crop yields, especially in soils
with low fertility [73]. To reduce CO2 emissions,
soil protection practices such as utilizing crop
residues, enhancing nitrogen use efficiency, and
minimizing planting are recommended [74]. The
application of crop residues can boost soil
organic carbon levels, thereby increasing crop
yields [75]. These measures also contribute to
water conservation, improved soil structure,
better nutrient cycling, and overall agricultural
productivity, while reducing greenhouse gas
emissions. It is crucial to recognize that carbon
sequestration and loss in soils can vary
significantly across different agricultural systems.
Furthermore, conservation agriculture
techniques, known for their ecological benefits,
have been widely adopted in agricultural
production and are considered vital for
sustainable farming. Advancements in cropping
patterns and management practices are
essential for achieving climate-smart agriculture
in the future.

1.5.3 Carrying out “internet + weather”
service and improving the quality of
agricultural service

Agriculture has progressed towards increased
mechanization and industrialization. As it
continues to evolve, there will be greater
demands on meteorological services. Leveraging
Internet technology to integrate these services
with farmers' needs is essential. By utilizing
technology platforms, a vertical meteorological
service system for agriculture can be
established, connecting growers, transporters,
service providers, and consumers. In the future,

integrating "internet and weather" services will
enhance the quality of agricultural support.
Combining human-computer interaction,
comprehensive meteorological observation, and
automated weather stations will better serve rural
and agricultural development. This approach will
improve weather forecasting, monitoring, and
early warning capabilities, helping to achieve the
objectives of Climate-Smart Agriculture (CSA).

1.5.4 Agricultural weather index-based
insurance

Agricultural weather index-based insurance

employs agrometeorological indicators as

triggers  for  compensation mechanisms,

mitigating the impact of natural risks on

agricultural production. When these indicators
surpass a specified threshold, insurers are
obligated to compensate the insured. This type of
insurance integrates financial instruments into
the risk management of natural disasters,
drawing in social funds to help disperse
agricultural  risks. This approach offers
agricultural producers a novel method for
transferring risk. One of its significant
advantages is the ease of claim settlement and
promotion, which helps overcome issues like
adverse selection and moral hazard associated
with traditional insurance, while also reducing
operational costs [76]. As weather index-based
insurance products continue to develop for
various weather conditions, many developing
countries are beginning to integrate these
products into their agricultural insurance markets.
Currently, there are numerous pilot programs for
weather index-based insurance in these nations.
Looking ahead, agricultural weather index-based
insurance is seen as a key area for the
advancement of Climate-Smart Agriculture
(CSA). To support stable agricultural production,
ensure food security, and achieve CSA
objectives, it is crucial to conduct further
research on evaluation methods and indicator
systems for this type of insurance. Additionally, a
deeper understanding of the causes, processes,
and mechanisms of related disasters is
necessary.

2. CONCLUSIONS

Climate change poses significant threats to both

the environment and human well-being,
particularly in the realm of food security.
Agriculture, vital for many in developing

countries, faces unprecedented challenges due
to climate change's impact on crop production.
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Initially seen as a victim, agriculture is
increasingly recognized as both a contributor to
and a potential solution for climate change.
Climate-Smart Agriculture (CSA) offers strategies
to address these challenges, focusing on
sustainable food production, reduced
greenhouse gas emissions, and enhanced
resilience. Various CSA practices, tailored to

farmers' circumstances, include crop
diversification, efficient water and energy
management, integrated pest and nutrient
management, and the promotion of
climate-smart technologies. However,

widespread adoption of CSA faces obstacles
such as lack of funding, farmer education,
enabling legislation, and clear understanding of
CSA concepts. Overcoming these barriers
requires effective education programs, policy
integration, and financial support at all levels of
governance. Despite challenges, CSA holds
immense potential for sustainable agriculture,
livelihood improvement, and environmental
stewardship.
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