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Abstract 

Climate change poses existential threats to global agricultural systems, undermining 

productivity, degrading natural resources, and exacerbating food insecurity across 

vulnerable regions. Climate-smart agriculture (CSA) has emerged as an integrated 

approach to transform and reorient agricultural systems, effectively supporting 

development and ensuring food security under changing environmental conditions. 

This review synthesizes current knowledge on CSA principles and practices, 

examining their dual role in enhancing agricultural productivity while building 

environmental resilience and mitigating greenhouse gas emissions. The analysis 

encompasses sustainable farming methodologies including conservation agriculture, 

agroforestry, integrated crop-livestock systems, and precision nutrient management, 

alongside technological innovations such as remote sensing, Internet of Things (IoT)-

enabled monitoring, climate forecasting tools, and decision-support systems that 

enable data-driven resource optimization. Evidence demonstrates that integrated CSA 

approaches significantly improve soil carbon sequestration, water-use efficiency, yield 

stability, and biodiversity conservation while reducing agriculture's environmental 

footprint. However, widespread adoption faces substantial barriers including 

institutional constraints, technological access limitations, financial hurdles, and 

inadequate extension services, particularly affecting smallholder farmers in 

developing regions. Future progress requires targeted investments in research and 

innovation, supportive policy frameworks, enhanced farmer capacity building, and 

strengthened institutional mechanisms that facilitate technology transfer and practice 

adoption. Achieving sustainable food systems under climate stress necessitates the 

systematic integration of CSA principles into national agricultural strategies and 

global sustainability frameworks. 

 

Keywords: Climate-smart agriculture; sustainable farming systems; precision agriculture; environmental resilience; carbon 
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1. Introduction 

The global agricultural sector stands at a critical juncture, confronted by the intersecting challenges of climate change, population 

growth, and natural resource depletion. With the world's population projected to surpass 9.7 billion by 2050, maintaining food 

and nutritional security in the face of rising climate variability represents one of the most pressing challenges of the twenty-first 

century [1]. Climate change impacts on agriculture are already evident through increased frequency of extreme weather events, 

shifting growing seasons, altered pest and disease dynamics, and accelerating land degradation, collectively threatening crop 

yields and livestock productivity across diverse agro-ecological zones [2]. Traditional farming methods, while historically 
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successful in supporting food production, increasingly 

demonstrate inadequacy in addressing contemporary 

challenges including food scarcity, environmental 

degradation, and climate vulnerability [1]. The agricultural 

sector itself contributes significantly to environmental harm, 

accounting for substantial proportions of greenhouse gas 

(GHG) emissions, water consumption, and land-use change 
[3]. This dual reality—agriculture both vulnerable to and 

complicit in climate change—necessitates transformative 

approaches that reconcile productivity objectives with 

environmental sustainability. 

Climate-smart agriculture (CSA) has emerged as a 

comprehensive framework for addressing these 

interconnected challenges. Conceptually, CSA encompasses 

three interconnected pillars: sustainably increasing 

agricultural productivity and incomes; adapting and building 

resilience to climate change; and reducing or removing 

greenhouse gas emissions where possible [1][3]. Unlike 

piecemeal interventions, CSA adopts a systems approach that 

integrates productivity enhancement with climate adaptation 

and mitigation, recognizing that these objectives must be 

pursued simultaneously rather than sequentially [4]. 

The rationale for sustainable farming systems under climate 

variability extends beyond environmental imperatives to 

encompass socioeconomic dimensions including rural 

livelihoods, food sovereignty, and intergenerational equity. 

Smallholder farmers, who produce a significant portion of 

global food while remaining most vulnerable to climate 

shocks, require context-specific solutions that enhance 

resilience without compromising productivity [5]. This review 

aims to comprehensively examine the principles, practices, 

and technologies constituting climate-smart agriculture, 

evaluate their impacts on productivity and environmental 

outcomes, and analyze barriers and pathways for widespread 

adoption in diverse agricultural contexts. 

 

2. Principles and Framework of Climate-Smart 

Agriculture 

2.1. Productivity Enhancement 

The productivity pillar of CSA addresses the fundamental 

challenge of producing sufficient food, fiber, and fuel for 

growing populations under increasingly constrained 

environmental conditions. Unlike conventional 

intensification approaches that often prioritize yield at the 

expense of sustainability, CSA emphasizes sustainable 

intensification—producing more output from the same land 

area while reducing environmental impacts and enhancing 

natural capital [1, 4]. This involves optimizing input use 

efficiency, reducing yield gaps, and improving the resilience 

of production systems to climate-induced stresses [6]. 

Productivity enhancement within CSA frameworks 

encompasses both genetic and management dimensions. 

Genetic improvement through development and deployment 

of stress-tolerant crop varieties—including drought-tolerant, 

flood-resistant, and heat-tolerant cultivars—provides 

foundational resilience against climate variability [5, 7]. 

Simultaneously, improved agronomic practices including 

optimized planting dates, integrated nutrient management, 

and water-efficient irrigation systems maximize the 

expression of genetic potential under prevailing conditions 
[6]. 

2.2. Adaptation and Resilience Building 

The adaptation pillar focuses on strengthening agricultural 

systems' capacity to withstand and recover from climate 

shocks and stresses. This involves reducing vulnerability to 

climate risks while enhancing the adaptive capacity of 

farming communities and institutions [2, 5]. Adaptation 

strategies operate across temporal and spatial scales, from 

immediate adjustments in farm management practices to 

long-term transformations in agricultural systems and 

landscapes [1]. 

Key adaptation approaches include diversification of 

production systems, adoption of climate-resilient cropping 

patterns, improved water management infrastructure, and 

strengthened early warning systems for extreme weather 

events [2, 5]. Social dimensions of adaptation encompass 

strengthening farmer networks, improving access to climate 

information services, and building institutional capacity to 

support adaptive management [8]. 

 

2.3. Mitigation of Greenhouse Gas Emissions 

The mitigation pillar addresses agriculture's contribution to 

climate change through reducing emissions, enhancing 

removals, and avoiding emissions from land-use change. 

Agricultural mitigation opportunities span three main 

categories: reducing direct emissions from crop and livestock 

production (notably methane and nitrous oxide); enhancing 

soil carbon sequestration through improved land 

management; and reducing emissions from land-use change 

by maintaining existing carbon stocks in forests and other 

ecosystems [3, 9]. 

Carbon and nitrogen management represent critical leverage 

points for mitigation, with integrated strategies 

simultaneously addressing soil organic carbon (SOC) 

sequestration and nitrogen-use efficiency [10]. Practices 

including conservation tillage, cover cropping, biochar 

application, and precision nutrient management demonstrate 

potential for co-optimizing productivity and mitigation 

outcomes [9, 10]. 

 

2.4. Resource-Use Efficiency 

Efficient use of natural resources—water, nutrients, land, and 

energy—constitutes a cross-cutting principle underlying all 

CSA pillars. Resource-use efficiency reduces production 

costs, minimizes environmental externalities, and enhances 

system resilience by reducing dependence on external inputs 

vulnerable to price volatility or supply disruptions [6, 11]. 

Water-use efficiency (WUE), defined as biomass production 

or yield per unit of water consumed, emerges as particularly 

critical given projections of increasing water scarcity and 

competition among agricultural, domestic, and industrial 

users [11, 12]. 

Recent advances in understanding crop WUE highlight 

opportunities for improvement through both management 

interventions and genetic enhancement. Approaches include 

optimizing irrigation scheduling, improving soil water 

holding capacity through organic matter management, 

selecting crop varieties with enhanced drought tolerance, and 

implementing deficit irrigation strategies that maximize 

water productivity [12, 13]. Crop diversification has emerged as 

a key driver of agricultural WUE, with increasing crop 

rotation complexity from two to four species improving 

WUE by approximately 20% through enhanced soil health 

and water retention [14]. 
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2.5. Policy and Institutional Dimensions 

The enabling environment for CSA encompasses policy 

frameworks, institutional arrangements, and governance 

mechanisms that facilitate adoption and scaling of climate-

smart practices [1, 15]. Effective CSA policies integrate  

 

agricultural development objectives with climate action 

goals, provide incentives for sustainable practice adoption, 

and remove barriers to technology access and knowledge 

transfer [5, 8]. 

 
Table 1: Core Principles and Pillars of Climate-Smart Agriculture in Sustainable Farming Systems 

 

Pillar/Principle Core Objectives Key Strategies Measurable Outcomes Enabling Factors 

Productivity 

Enhancement 

Sustainable 

intensification, yield 

gap closure 

Stress-tolerant varieties, 

integrated nutrient management, 

optimized agronomy 

Increased yield per unit area, 

improved input-use efficiency, 

enhanced farm profitability 

Access to improved 

germplasm, extension 

services, input supply chains 

Adaptation and 

Resilience 

Reduced vulnerability, 

enhanced adaptive 

capacity 

Diversification, climate-resilient 

practices, early warning systems, 

risk management 

Yield stability under climate 

stress, reduced crop failure 

frequency, livelihood protection 

Climate information 

services, farmer networks, 

insurance mechanisms 

Mitigation 

GHG emission 

reduction, carbon 

sequestration 

Conservation agriculture, 

agroforestry, precision nutrient 

management, biochar 

Reduced emission intensity, 

increased soil carbon stocks, lower 

carbon footprint 

Carbon markets, mitigation 

incentives, MRV systems 

Resource-Use 

Efficiency 

Optimized input 

utilization, waste 

minimization 

Precision irrigation, variable-rate 

technology, integrated pest 

management 

Improved water productivity, 

nutrient-use efficiency, energy 

conservation 

Technology access, 

infrastructure, knowledge 

transfer 

Policy and 

Institutional 

Enabling environment, 

governance 

coordination 

Integrated policy frameworks, 

institutional capacity, 

stakeholder engagement 

Coherent policy implementation, 

effective service delivery, multi-

stakeholder platforms 

Political will, funding 

mechanisms, institutional 

collaboration 

3. Sustainable Farming Practices for Climate Adaptation 

and Productivity 

3.1. Conservation Agriculture 

Conservation agriculture (CA) represents a paradigm shift 

from conventional tillage-based production systems toward 

approaches that minimize soil disturbance, maintain 

permanent soil cover, and diversify crop rotations [1, 16]. The 

three interrelated principles of CA—minimal mechanical soil 

disturbance, permanent organic soil cover, and species 

diversification—work synergistically to enhance soil health, 

improve water dynamics, and build system resilience [16]. 

No-tillage practices significantly enhance soil carbon 

sequestration and achieve notable reductions in GHG 

emissions compared to conventional tillage systems [10, 17]. By 

maintaining crop residues on the soil surface, CA reduces 

evaporative water losses, moderates soil temperatures, and 

provides physical protection against erosion from wind and 

water [16]. Long-term adoption of CA principles has 

demonstrated improvements in soil organic matter content, 

aggregate stability, and biological activity, contributing to 

enhanced productivity and climate resilience [1, 17]. 

 

3.2. Agroforestry Systems 

Agroforestry—the intentional integration of trees and shrubs 

with crop and livestock production—offers multifunctional 

benefits aligned with CSA objectives. By combining woody 

perennials with agricultural crops and/or animals, 

agroforestry systems enhance resource-use efficiency 

through complementary resource capture and facilitate 

carbon sequestration in both biomass and soils [18, 19]. 

The carbon sequestration potential of agroforestry systems is 

substantial, with estimates suggesting global adoption could 

sequester significant atmospheric carbon while 

simultaneously improving soil fertility and providing 

diversified income streams [18]. Tree components contribute 

to climate adaptation through microclimate moderation, 

windbreak effects, and improved water infiltration, while 

deep-rooted perennial species access water and nutrients 

unavailable to annual crops [19]. Silvopastoral systems 

integrating trees with livestock production demonstrate 

particular promise for simultaneously enhancing 

productivity, animal welfare, and environmental outcomes [1]. 

 

3.3. Integrated Crop-Livestock Systems 

Integration of crop and livestock production at farm or 

landscape scales creates synergies that enhance nutrient 

cycling, diversify income sources, and spread production 

risks [1, 20]. Crop-livestock systems enable efficient utilization 

of crop residues as livestock feed, while livestock provide 

manure that maintains soil fertility and reduces reliance on 

synthetic fertilizers [20]. 

Whole-farm nutrient cycling in integrated systems improves 

nitrogen-use efficiency and reduces environmental losses 

compared to specialized production systems [21]. The spatial 

and temporal diversification inherent in integrated systems 

buffers against climate variability, with livestock providing a 

flexible resource that can be managed in response to changing 

conditions—for example, through destocking during drought 

or utilizing crop residues when forage is scarce [20]. 

 

3.4. Soil Health Management 

Soil health constitutes the foundation of climate-resilient 

agriculture, with healthy soils supporting productive crops, 

regulating water dynamics, and storing carbon that would 

otherwise contribute to atmospheric GHG concentrations [10, 

22]. Comprehensive soil health management integrates 

physical, chemical, and biological dimensions through 

practices including organic matter enhancement, integrated 

nutrient management, and erosion control [22]. 

Carbon and nitrogen management strategies are central to soil 

health improvement and climate mitigation. Global studies 

indicate that integrated C–N strategies boost soil health, cut 

GHG emissions, and improve yields for climate-resilient 

agriculture [10]. Practices including no-till, cover cropping, 

biochar application, precision nutrient management, and 

agroforestry demonstrate significant potential for co-

optimizing SOC sequestration and nitrogen-use efficiency [9, 

10]. 
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Cover cropping between cash crop cycles provides multiple 

soil health benefits including erosion protection, weed 

suppression, nitrogen fixation (when legumes are included), 

and organic matter addition [22, 23]. The subsequent 

incorporation of cover crop biomass contributes to soil 

structure improvement and provides slow-release nutrients 

for subsequent cash crops [23]. 

 

3.5. Water-Efficient Irrigation Systems 

With approximately 70% of global freshwater withdrawals 

allocated to irrigation, improving water-use efficiency in 

agriculture is essential for sustainable water resource 

management under climate change [11, 12]. Water-efficient 

irrigation systems—including drip irrigation, sprinkler 

systems, and precision surface irrigation—significantly 

reduce water application volumes while maintaining or 

improving crop yields [11, 24]. 

Deficit irrigation strategies, which intentionally apply water 

below full crop evapotranspiration requirements during 

drought-tolerant growth stages, maximize water productivity 

by allocating limited water to periods when crop yield is most 

sensitive to water stress [12, 13]. Combined with soil moisture 

monitoring and weather-based scheduling, deficit irrigation 

enables optimization of water-use efficiency without 

catastrophic yield losses [24]. 

Recent advances in understanding crop water relations 

highlight opportunities for improving WUE through both 

management and genetic approaches. Enhancing early crop 

vigor and promoting deeper root systems increase the 

proportion of water transpired by crops rather than lost 

through evaporation or deep percolation [12]. Concurrently, 

traits that enhance carbon uptake—including increased 

mesophyll conductance and improvements to photosynthetic 

biochemistry—offer pathways for increasing biomass 

production per unit of water transpired [12, 25]. 

 

3.6. Crop Diversification and Resilient Varieties 

Crop diversification—including temporal diversification 

through rotation and spatial diversification through 

intercropping and landscape heterogeneity—enhances 

agricultural resilience through multiple mechanisms [14, 26]. 

Diversified systems spread production risks across species 

with differing climate sensitivities, improve pest and disease 

regulation through disrupted host cycles, and enhance 

resource-use efficiency through complementary resource 

capture [14]. 

Analysis of agricultural systems in California demonstrates 

that crop diversification is a key driver of WUE, with 

increasing the number of species planted over six years from 

two to four improving WUE by approximately 20% after 

accounting for crop differences [14]. These improvements 

reflect enhanced soil health, improved water retention, and 

more efficient water use associated with diversified rotations 
[14, 26]. 

Development and deployment of stress-tolerant crop varieties 

provide foundational resilience against climate variability. 

High-yielding varieties adapted to specific stress 

conditions—drought, flooding, salinity, or extreme 

temperatures—enable production maintenance under adverse 

conditions that would compromise traditional varieties [5, 7].  

Participatory variety selection approaches engaging farmers  

in evaluation and selection processes enhance adoption and 

ensure that improved varieties meet local preferences and 

conditions [7]. 

 

4. Technological Innovations Supporting Climate-Smart 

Agriculture 

4.1. Precision Agriculture Technologies 

Precision agriculture (PA) encompasses a suite of 

technologies enabling site-specific management that 

optimizes resource use and minimizes environmental impacts 
[27, 28]. By recognizing and managing within-field variability, 

PA approaches improve input-use efficiency, reduce waste, 

and enhance environmental outcomes compared to uniform 

management practices [1, 27]. 

Key PA technologies include global positioning systems 

(GPS) for precise field operations, variable-rate technology 

(VRT) for differential application of inputs, yield monitoring 

systems for spatial yield mapping, and proximal soil sensing 

for characterization of soil variability [27, 28]. These 

technologies enable farmers to match input applications—

fertilizer, irrigation water, pesticides—to spatially varying 

crop requirements, reducing over-application in low-

productivity zones while ensuring adequate supply in high-

potential areas [28]. 

The integration of ground, aerial, and actuation nodes within 

comprehensive electronic platforms represents the cutting 

edge of precision agriculture innovation. Platforms 

leveraging IoT-enabled sensors and real-time decision 

support systems have been successfully tested in small-scale 

farms, demonstrating capability to automate and optimize 

agricultural processes including water and fertilizer 

application using low-cost, scalable solutions suitable for 

both small- and large-scale enterprises [29]. 

 

4.2. Remote Sensing and Geographic Information 

Systems 

Remote sensing technologies provide critical data inputs for 

climate-smart agriculture, enabling monitoring of crop 

condition, assessment of climate impacts, and targeting of 

interventions across spatial scales [30, 31]. Satellite-based 

sensors offer regular, synoptic coverage suitable for regional 

to global assessments, while unmanned aerial vehicles 

(UAVs) provide ultra-high-resolution data for field-scale 

applications [30]. 

Vegetation indices derived from multispectral imagery—

including the Normalized Difference Vegetation Index 

(NDVI)—enable assessment of crop biomass, nitrogen 

status, and stress detection, supporting precision nutrient 

management and early warning of production shortfalls [30, 

31]. Thermal imagery provides information on canopy 

temperature, enabling detection of water stress and 

supporting irrigation scheduling decisions [32]. 

Geographic Information Systems (GIS) integrate remote 

sensing data with other spatial information—soils, climate, 

topography, land use—to support agricultural planning and 

climate risk assessment [31]. Spatial analysis capabilities 

enable identification of areas vulnerable to specific climate 

threats, targeting of adaptation investments, and monitoring 

of land-use change dynamics relevant to agricultural 

emissions [30, 31]. 
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4.3. Internet of Things and Digital Agriculture 

The Internet of Things (IoT) is transforming agriculture 

through networks of connected sensors that provide real-time 

data on environmental conditions, crop status, and equipment 

performance [33, 34]. Comprehensive precision agriculture 

frameworks integrating IoT sensors, edge computing, 

blockchain-based data management, and computer vision-

assisted statistical modeling enable real-time decision 

making, ensure traceability, and promote sustainability in 

climate-smart agriculture [33]. 

IoT sensor networks monitor critical variables including soil 

moisture, temperature, humidity, solar radiation, and crop 

microclimate, providing data streams that support precision 

irrigation, pest and disease forecasting, and harvest timing 

optimization [33, 34]. Edge computing capabilities process 

sensor data locally, reducing bandwidth requirements and 

enabling real-time responses to changing conditions [33]. 

Blockchain technologies address traceability and 

transparency challenges in agricultural supply chains, 

enabling verification of sustainability claims and facilitating 

participation in carbon markets or premium value chains for 

climate-smart products [33]. Smart contracts automate 

transactions based on verified conditions, reducing 

transaction costs and enabling new business models for 

ecosystem service provision. 

 

4.4. Smart Irrigation Systems 

Smart irrigation technologies integrate soil moisture sensing, 

weather data, and crop models to optimize irrigation 

scheduling and application rates [24, 29]. Automated irrigation 

systems respond dynamically to soil moisture deficits, crop 

water demand, and rainfall forecasts, applying water only 

when and where needed [24]. 

Soil moisture sensors provide real-time feedback on soil 

water status, enabling precise irrigation scheduling that 

maintains soil moisture within optimal ranges while avoiding 

over-irrigation [24, 29]. Tensiometers, capacitance probes, and 

time-domain reflectometry sensors offer varying levels of 

accuracy and cost, enabling selection of appropriate 

technologies for different applications and enterprise scales 
[24]. 

Weather-based irrigation scheduling utilizes 

evapotranspiration (ET) data derived from meteorological 

stations or remote sensing to estimate crop water 

requirements and guide irrigation applications [24, 29]. 

Integration with weather forecasts enables anticipatory 

scheduling that accounts for expected rainfall, reducing 

unnecessary applications and improving water-use 

efficiency. 

 

4.5. Climate Forecasting and Decision-Support Systems 

Climate forecasting tools provide critical information for 

climate risk management in agriculture, enabling anticipatory 

decision-making that reduces vulnerability to adverse 

conditions [2, 8]. Seasonal climate forecasts, while inherently 

uncertain, provide probabilistic guidance on expected rainfall 

and temperature patterns that can inform crop selection, 

planting dates, and input management decisions [8]. 

Crop simulation models integrate climate data, soil 

information, and management practices to predict crop 

growth, development, and yield under alternative scenarios 
[35]. These models support tactical decision-making—for 

example, optimizing planting dates or fertilizer 

applications—and strategic planning for climate adaptation 
[35, 36]. 

Decision-support systems (DSS) synthesize climate 

information, crop models, and economic analysis to provide 

actionable guidance for farm management [29, 35]. Effective 

DSS translate complex scientific information into accessible 

formats that support farmer decision-making, incorporating 

user preferences and constraints while maintaining scientific 

rigor [35]. 

 
Table 2: Technological Interventions Enhancing Productivity and Environmental Resilience in Climate-Smart Agriculture 

 

Technology 

Category 
Specific Technologies Primary Applications 

CSA Pillar 

Addressed 
Implementation Requirements 

Precision 

Agriculture 

GPS guidance, VRT, yield 

monitoring, proximal sensing 

Site-specific input management, 

reduced overlap, input 

optimization 

Productivity, 

Efficiency 

Equipment investment, technical 

skills, data management capacity 

Remote Sensing 
Satellite imagery, UAVs, vegetation 

indices, thermal imaging 

Crop monitoring, stress detection, 

yield forecasting, variability 

mapping 

Adaptation, 

Efficiency 

Data access, analytical capacity, 

validation infrastructure 

IoT and Digital 

Agriculture 

Sensor networks, edge computing, 

blockchain, connectivity 

infrastructure 

Real-time monitoring, automated 

control, supply chain traceability 

Productivity, 

Mitigation 

Network infrastructure, power 

supply, data platforms, 

cybersecurity 

Smart Irrigation 

Soil moisture sensors, automated 

valves, ET-based scheduling, deficit 

irrigation 

Optimized water application, 

reduced losses, improved WUE 

Adaptation, 

Efficiency 

Irrigation infrastructure, sensor 

networks, technical support 

Climate 

Forecasting 

Seasonal forecasts, crop models, 

early warning systems, decision-

support tools 

Risk assessment, planting 

decisions, contingency planning 
Adaptation 

Forecast skill, interpretation 

capacity, communication 

channels 

Genetic 

Technologies 

Stress-tolerant varieties, marker-

assisted breeding, genomic selection 

Climate-resilient cultivars, 

accelerated improvement, trait 

stacking 

Productivity, 

Adaptation 

Breeding infrastructure, seed 

systems, variety testing networks 

5. Environmental and Productivity Impacts 

5.1. Soil Carbon Sequestration 

Soil carbon sequestration represents a critical nexus between 

agricultural productivity and climate mitigation, with 

improved land management practices enhancing soil organic 

carbon (SOC) stocks while simultaneously improving soil 

health and crop performance [10, 22, 37]. Soil carbon fractions—

from transient, labile forms to persistent recalcitrant pools—

play distinct roles in climate mitigation, soil fertility, and 

sustainable land management [37]. 
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Fraction-targeted analysis enables strategic interventions for 

enhancing soil carbon sequestration and climate resilience in 

agricultural systems [37]. Particulate organic matter (POM), 

representing relatively undecomposed plant residues, 

responds rapidly to management changes and contributes to 

nutrient cycling and soil structure. Mineral-associated 

organic matter (MAOM), by contrast, provides long-term 

carbon storage and contributes to cation exchange capacity 

and water retention +. 

Management practices enhancing SOC sequestration include 

conservation tillage, cover cropping, organic amendments 

(compost, manure, biochar), agroforestry, and diversified 

rotations [9, 10, 37]. Meta-analyses indicate that conversion from 

conventional to conservation tillage increases SOC stocks by 

3–8 Mg C ha⁻¹ over decades, with greatest gains in surface 

soils [9]. Biochar applications demonstrate particular potential 

for long-term carbon storage given its recalcitrance to 

decomposition, with mean residence times exceeding 

centuries under favorable conditions [9, 38]. 

 

5.2. Reduction of Greenhouse Gas Emissions 

Climate-smart agricultural practices reduce GHG emissions 

through multiple mechanisms: decreasing direct emissions 

from agricultural activities, enhancing carbon sequestration, 

and avoiding emissions from land-use change [3, 4, 10]. 

Methane (CH₄) emissions from rice paddies and enteric 

fermentation, together with nitrous oxide (N₂O) emissions 

from fertilizer applications, constitute the primary 

agricultural GHG sources targeted by CSA interventions [3, 

10]. 

Precision nutrient management reduces N₂O emissions by 

synchronizing nitrogen availability with crop demand, 

minimizing the period during which mineral nitrogen is 

susceptible to denitrification and nitrification losses [10, 39]. 

Enhanced-efficiency fertilizers incorporating nitrification 

inhibitors or controlled-release coatings further reduce N₂O 

emissions while maintaining crop yields [10, 39]. 

Improved rice management—including alternate wetting and 

drying (AWD), mid-season drainage, and direct seeding—

reduces CH₄ emissions by limiting methanogenesis under 

anaerobic conditions [3, 40]. AWD practices maintain aerobic 

soil conditions during portions of the rice growing cycle, 

reducing CH₄ emissions by 30–70% while maintaining yields 

and reducing water consumption [40]. 

 

5.3. Biodiversity Enhancement 

Climate-smart agricultural practices contribute to 

biodiversity conservation through habitat provision, reduced 

chemical inputs, and improved landscape connectivity [1, 4]. 

Agroforestry systems provide habitat for diverse taxa, 

including birds, beneficial insects, and soil organisms, while 

supporting functional biodiversity that contributes to pest 

regulation and pollination services [18, 19]. 

Reduced pesticide use associated with integrated pest 

management (IPM) and organic production systems benefits 

non-target organisms, including natural enemies, pollinators, 

and soil fauna [41]. Field-edge habitats, buffer strips, and cover 

crops provide refugia and resources for beneficial organisms, 

supporting biological control services that reduce reliance on 

synthetic pesticides [41, 42]. 

Crop diversification at field and landscape scales supports 

biodiversity through increased habitat heterogeneity and 

resource continuity [14, 26]. Diverse rotations provide varied 

resources for soil organisms, while landscape 

diversification—including semi-natural habitats and non-

crop vegetation—supports regional biodiversity and 

ecosystem service provision [26]. 

 

5.4. Water-Use Efficiency 

Improvements in agricultural water-use efficiency (WUE) 

are essential for sustainable water management under climate 

change, enabling continued food production with constrained 

water resources [11, 12, 14]. WUE improvements arise from both 

supply-side interventions—reducing water losses in 

conveyance and application—and demand-side 

interventions—increasing crop production per unit of water 

consumed [11, 24]. 

Agronomic modifications enhancing WUE include 

optimized planting dates that align crop growth periods with 

seasonal water availability, improved soil management that 

increases plant-available water capacity, and selection of 

crop varieties with enhanced drought tolerance or water 

productivity [12, 13, 25]. Deficit irrigation strategies, which 

intentionally subject crops to mild water stress during 

drought-tolerant growth stages, maximize water productivity 

by allocating limited water to periods of greatest yield 

sensitivity [12, 13]. 

Recent evidence demonstrates that crop diversification 

significantly improves agricultural WUE, with increasing 

rotation complexity from two to four species improving 

WUE by approximately 20% [14]. These improvements reflect 

enhanced soil health, improved water infiltration and 

retention, and more efficient water use associated with 

diversified systems [14, 26]. 

 

5.5. Yield Stability Under Climate Stress 

Yield stability—the consistency of crop production across 

varying environmental conditions—represents a critical 

dimension of climate resilience [2, 5, 43]. Climate-smart 

practices enhance stability through multiple mechanisms: 

improved soil health buffers crops against water stress; 

diversified portfolios spread risks across species and 

varieties; and early warning systems enable anticipatory 

management [5, 43]. 

Conservation agriculture practices have demonstrated yield 

stabilization effects under drought conditions, with no-till 

and residue retention improving water availability and 

reducing yield variability compared to conventional tillage [1, 

16, 17]. Enhanced soil organic matter increases plant-available 

water capacity, enabling crops to withstand extended periods 

without rainfall [17, 22]. 

Stress-tolerant crop varieties provide yield advantages under 

adverse conditions while maintaining competitive 

performance under favorable conditions [7, 43]. Varieties 

incorporating multiple stress tolerances—for example, 

combined drought and heat tolerance—offer particular 

advantages under compound stress events increasingly 

common under climate change [43]. 

 

6. Challenges and Future Perspectives 

6.1. Socioeconomic Barriers to Adoption 

Despite demonstrated benefits, adoption of climate-smart 

agricultural practices faces substantial socioeconomic 

barriers, particularly among smallholder farmers in 

developing regions [5, 8, 44]. Analysis of adoption constraints 

in Bangladesh identified institutional constraints, economic 
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constraints, and technological constraints as the most severe 

categories impeding CSA adoption [5, 44]. 

Specific barriers include limited awareness and knowledge of 

CSA practices, high costs of adoption, inadequate access to 

credit and insurance, insecure land tenure, and labor 

constraints during transition periods [5, 44, 45]. Poor access to 

extension services and climate information limits farmers' 

capacity to implement climate-smart practices effectively, 

while inadequate farmer organization reduces collective 

action capacity and bargaining power [5, 8, 44]. 

Economic barriers are particularly acute for resource-poor 

farmers facing liquidity constraints and risk aversion that 

discourage investment in unfamiliar practices [45]. The 

upfront costs of adopting conservation agriculture—

including specialized equipment for no-till planting—may 

exceed short-term returns, delaying benefits until soil health 

improvements accumulate over multiple seasons [16, 45]. 

 

6.2. Policy and Regulatory Gaps 

Enabling policy environments are essential for scaling 

climate-smart agriculture, yet significant gaps persist in 

policy frameworks, institutional coordination, and 

implementation capacity [1, 15]. Agricultural policies often 

prioritize production objectives over climate resilience, while 

climate policies may lack agricultural specificity or 

implementation mechanisms [15]. 

Inconsistent policy signals create uncertainty for farmers 

considering investments in climate-smart practices [15]. 

Carbon markets and payment for ecosystem services (PES) 

programs offer potential incentives for mitigation and 

adaptation, but limited market development, high transaction 

costs, and challenges in monitoring, reporting, and 

verification (MRV) constrain participation [9, 10]. 

Integration of climate-smart agriculture into national 

development planning and international commitments—

including Nationally Determined Contributions (NDCs) 

under the Paris Agreement—provides opportunities for 

mainstreaming, but requires strengthened institutional 

capacity and cross-sectoral coordination [1, 15]. 

 

6.3. Technology Adoption Limitations 

Technology adoption in agriculture follows complex 

pathways influenced by technology characteristics, farmer 

attributes, and institutional contexts [28, 45]. Precision 

agriculture technologies, while offering substantial benefits 

for resource-use efficiency, require significant capital 

investment and technical skills that may exceed smallholder 

capacity [27, 28]. 

The digital divide—differential access to information and 

communication technologies—threatens to exacerbate  

agricultural inequalities as farming becomes increasingly  

technology-intensive [33, 34]. Infrastructure limitations 

including unreliable electricity, limited internet connectivity,  

and inadequate technical support constrain IoT and digital 

agriculture adoption in many regions [33, 34]. 

Appropriate technology design that accounts for user 

capabilities and contexts is essential for inclusive innovation 
[28, 45]. Participatory approaches engaging farmers in 

technology development and adaptation can enhance 

relevance and adoption while building local innovation 

capacity [7, 28]. 

 

6.4. Smallholder Farmer Constraints 

Smallholder farmers, who produce a substantial proportion of 

global food while remaining most vulnerable to climate 

change, face particular challenges in adopting climate-smart 

practices [2. 5, 44]. Small farm sizes limit economies of scale, 

constraining returns on investments in mechanization or 

precision technologies [28, 45]. 

Risk management capacity among smallholders is often 

limited, discouraging adoption of practices with uncertain or 

delayed returns [45]. Social protection mechanisms, insurance 

products, and safety nets can reduce risk barriers, but 

coverage remains limited in many regions [2]. 

Gender dimensions of CSA adoption require explicit 

attention, as women farmers face systematic disadvantages in 

access to resources, information, and decision-making that 

constrain their capacity to adopt climate-smart practices [15]. 

Gender-responsive approaches addressing these disparities 

are essential for equitable CSA outcomes. 

 

6.5. Future Research Directions 

Advancing climate-smart agriculture requires sustained 

research investment across multiple domains. Priority areas 

include development of improved stress-tolerant crop 

varieties, refinement of precision technologies for 

smallholder contexts, enhancement of climate forecasting 

skill at seasonal-to-decadal timescales, and improved 

understanding of trade-offs among CSA objectives [4, 35, 43]. 

Integrated assessment frameworks capable of evaluating 

CSA outcomes across productivity, adaptation, and 

mitigation dimensions are needed to guide policy and 

investment decisions [1, 4]. Such frameworks must account for 

heterogeneity across farming systems and contexts while 

providing actionable guidance for diverse stakeholders. 

Scaling climate-smart agriculture globally requires research 

on adoption pathways, institutional mechanisms, and finance 

instruments that accelerate transition to sustainable systems 
[44, 45]. Learning from successful scaling experiences and 

adaptation to local contexts will be essential for achieving 

transformational change in global agriculture. 
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Table 3: Benefits, Limitations, and Implementation Challenges of Climate-Smart Agricultural Practices 
 

Practice/Technology Primary Benefits Limitations 
Implementation 

Challenges 
Enabling Conditions 

Conservation 

Agriculture 

Soil health improvement, 

erosion control, carbon 

sequestration, water 

conservation 

Yield reductions during 

transition, residue 

competition for alternative 

uses 

Equipment access, 

knowledge requirements, 

weed management 

transition 

Secure tenure, equipment 

availability, residue 

management options 

Agroforestry 

Carbon sequestration, 

biodiversity, diversified 

income, microclimate 

moderation 

Extended establishment 

period, management 

complexity, tree-crop 

competition 

Species selection, 

establishment costs, benefit 

timing, regulatory barriers 

Technical support, 

germplasm access, long-term 

site control 

Precision Nutrient 

Management 

Improved N-use efficiency, 

reduced emissions, 

optimized yields 

Technology costs, technical 

complexity, spatial 

variability characterization 

Soil testing access, VRT 

equipment, interpretation 

capacity 

Extension support, input 

supply chains, data 

infrastructure 

Water-Efficient 

Irrigation 

Water conservation, 

improved WUE, reduced 

energy costs 

Infrastructure investment, 

technical requirements, 

maintenance needs 

Capital access, technical 

skills, reliable water supply 

Water pricing/regulation, 

credit access, technical 

support 

Stress-Tolerant Varieties 

Yield stability under stress, 

reduced crop failure, 

climate adaptation 

Yield potential under 

favorable conditions, trait 

trade-offs, adaptation 

specificity 

Seed system development, 

variety testing, replacement 

cycles 

Breeding programs, seed 

multiplication, extension 

systems 

IoT/Digital Agriculture 

Real-time monitoring, 

optimized management, 

traceability 

Technology costs, 

connectivity requirements, 

data management 

Infrastructure access, 

digital literacy, data 

ownership frameworks 

Connectivity investment, 

platform development, 

capacity building 

7. Conclusion 

Climate-smart agriculture represents an essential paradigm 

for transforming agricultural systems to meet the 

interconnected challenges of food security, climate change, 

and environmental sustainability. By simultaneously 

pursuing productivity enhancement, adaptation and resilience 

building, and greenhouse gas mitigation, CSA offers an 

integrated framework that transcends sectoral approaches and 

recognizes the inherent linkages among agricultural, climate, 

and environmental objectives. The evidence synthesized in 

this review demonstrates that diverse sustainable farming 

practices—including conservation agriculture, agroforestry, 

integrated crop-livestock systems, soil health management, 

water-efficient irrigation, and crop diversification—

contribute meaningfully to CSA objectives while generating 

co-benefits for biodiversity, resource conservation, and 

ecosystem services. 

Technological innovations including precision agriculture, 

remote sensing, IoT-enabled monitoring, smart irrigation 

systems, and climate forecasting tools provide unprecedented 

capabilities for optimizing resource use, managing climate 

risks, and verifying sustainability outcomes. The 

convergence of digital technologies with agricultural practice 

creates opportunities for transformative change in how food 

is produced, monitored, and valued. However, realizing this 

potential requires addressing substantial barriers including 

technology access, knowledge transfer, institutional capacity, 

and policy coherence that currently constrain adoption, 

particularly among smallholder farmers in developing 

regions. 

The path forward demands sustained commitment to research 

and innovation, inclusive policy development, strategic 

investment in infrastructure and capacity building, and 

strengthened institutional mechanisms supporting farmer 

adoption and adaptation. Integration of climate-smart 

agriculture principles into national agricultural strategies, 

international development frameworks, and global 

sustainability agendas is essential for achieving the scale of 

transformation required. Sustainable agriculture is not merely  

 

an option but an imperative for ensuring food security, 

climate resilience, and rural prosperity in an increasingly 

uncertain future. The convergence of scientific evidence, 

technological capability, and policy attention creates 

unprecedented opportunity to advance climate-smart 

agriculture as the foundation of sustainable global food 

systems. 
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