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ABSTRACT 

Agriculture stands at the crossroads of two urgent global challenges: feeding a rapidly 

growing world population while simultaneously confronting the mounting pressures of 

climate change. Climate-Smart Agriculture (CSA) has emerged as a strategic framework that 

seeks to enhance agricultural productivity and household incomes, strengthen climate 

resilience, and reduce or eliminate greenhouse gas (GHG) emissions where feasible. Without 

transformative adaptation strategies, climate change is projected to reduce global crop 

yields and increase food insecurity, while rising GHG emissions further exacerbate the crisis. 

This article explores the core structures, practices, and technologies underpinning CSA, 

including precision agriculture, regenerative farming, soil and water conservation, 

agroforestry, and digital tools, which together form an integrated pathway toward 

sustainable food production in an era of unprecedented environmental change. 

 

INTRODUCTION:  
 

griculture is a cornerstone of global 

food security and economic 

development, yet faces 

unprecedented challenges stemming from 

climate change (Farah et al., 2025). Rising 

temperatures, erratic rainfall, and extreme 

weather events have disrupted agricultural 

productivity, posing severe threats to food 

security and rural livelihoods worldwide 

(Farah et al., 2025). Climate change directly 

accelerates soil erosion, increases pest and 

disease prevalence, depletes soil fertility, and 

intensifies drought and flood risks, thereby 

weakening food production systems and 
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reducing crop yields and livestock productivity 

(Farah et al., 2025). Projections indicate that 

global food production could decline by up to 

14% by 2050, with the most severe 

consequences expected in Sub-Saharan Africa, 

South Asia, and parts of Latin America (Farah 

et al., 2025). 

These disruptions also extend beyond food 

availability. Climate-induced stressors disrupt 

global supply chains, destabilize trade 

dynamics, and hinder food distribution 

systems, leading to rising food prices, 

restricted market access, and increased 

financial strain on both consumers and 

producers, with disproportionate impacts on 

low-income populations (Farah et al., 2025). 

In Sub-Saharan Africa, agriculture contributes 

approximately 23% of the regional GDP and 

provides livelihoods for over 60% of the 

population, making the region particularly 

exposed to the compounding pressures of 

climate variability and land degradation 

(Olarewaju et al., 2025). 

Adding further urgency to this situation, global 

GHG emissions reached an all-time high of 

57.1 gigatonnes of CO2 equivalent in 2023, a 

1.3% increase compared to 2022, and agri-

food systems alone accounted for 16.2 

GtCO2e in 2022, a 10% increase compared to 

2000 levels (Kabato et al., 2025). Agriculture 

thus occupies a dual and critical position: it is 

both a significant contributor to climate 

change through unsustainable practices and a 

sector that holds immense potential to lead 

mitigation and adaptation efforts (Kabato et 

al., 2025). 

In response, climate-smart agriculture (CSA) 

has been established as a strategic framework. 

The concept was first introduced in a 2009 

report by the Food and Agriculture 

Organization (FAO) and focuses on three key 

goals: enhancing agricultural productivity and 

income sustainably, fostering adaptation and 

resilience to climate change, and minimizing 

or eliminating GHG emissions (Manyike et al., 

2025). The present article traces how these 

goals are translated into tangible agricultural 

structures and practices, from field-level 

technologies to digital tools, and examines the 

barriers and opportunities that shape their 

wider adoption. 

1. Climate-Smart Agriculture and Its 

Role in Mitigating Greenhouse Gas 

Emissions 

The agricultural sector significantly 

contributes to global GHG emissions, 

particularly carbon dioxide (CO2), nitrous 

oxide (N2O), and methane (CH4), accounting 

for one-third of total emissions, with its impact 

expected to grow as food demand rises to meet 

the needs of a projected 9.7 billion people by 

2050 (Kabato et al., 2025). The rising global 

demand for agricultural goods, fueled by rapid 

population growth, has resulted in the 

expansion of farmlands, the adoption of 

energy-intensive production systems, and 

increased reliance on chemical and organic 

inputs, creating a self-reinforcing cycle of 

rising GHG emissions and soil degradation 

(Kabato et al., 2025). To limit global warming 

to 1.5 degrees Celsius, nations must commit to 

cutting GHG emissions by 42% by 2030 and 

57% by 2035, through ambitious action in 

their Nationally Determined Contributions 

(Kabato et al., 2025). Against this backdrop, 

climate-smart agriculture (CSA) has emerged 

as a strategic approach to reshape agricultural 

production systems and food supply chains, 

ensuring sustainability and food security in the 

face of climate change (Kabato et al., 2025). 

CSA technologies have been shown to 

improve energy efficiency, enhance water and 

land management, increase agricultural 

productivity and household welfare, and 

reduce greenhouse gas emissions by enhancing 

carbon storage in soils and biomass (Manyike 

et al., 2025). Evidence from systematic 

reviews confirms that CSA adoption has led to 

a 10.5% increase in productivity, a 29.4% rise 
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in profitability, and a 43% reduction in 

greenhouse gas emissions (Farah et al., 2025). 

Carbon sequestration, the process of capturing 

and storing carbon in soil, plants, or 

ecosystems, is a key strategy for reducing 

atmospheric CO2 levels (Kabato et al., 2025). 

With 40% of the world's agricultural land 

already degraded, sustainability alone is 

insufficient, and there is a necessary shift 

toward regenerative agricultural practices to 

restore degraded soil and water by improving 

soil health, enhancing biodiversity, and 

increasing carbon sequestration, thus ensuring 

long-term agricultural resilience (Kabato et al., 

2025). 

2.  Precision Agriculture: Technology-

Driven Farm Management 

Precision agriculture (PA) is an advanced 

management approach that involves collecting, 

processing, and analyzing temporal, spatial, 

and individual data to enable informed 

decision-making that enhances resource 

productivity, efficiency, profitability, quality, 

and the sustainability of agricultural systems 

(Kabato et al., 2025). Advanced precision 

agriculture technologies integrate cutting-edge 

tools to enhance crop productivity, optimize 

resource use, and minimize environmental 

impacts, making them a vital component of 

climate-smart farming (Kabato et al., 2025). 

Precision agriculture technologies, including 

the Internet of Things (IoT), GPS-guided 

machinery, remote sensing, drones, sensors, 

and robots, monitor field variability and 

enhance crop yields through data-driven 

decision-making (Kabato et al., 2025). 

Site-specific nutrient management (SSNM) is 

essential for optimizing fertilizer application 

and enhancing crop productivity by aligning 

nutrient inputs with crop requirements and soil 

nutrient supply (Kabato et al., 2025). Despite 

improvements in developed countries, the 

global nitrogen use efficiency (NUE) remains 

at 55.47%, indicating that nearly 44.53% of 

applied nitrogen is lost through leaching, 

volatilization, and denitrification, underscoring 

the need for region-specific nitrogen 

optimization strategies (Kabato et al., 2025). 

Studies have found that variable rate 

technology (VRT) can save up to 24.30% in 

nitrogen fertilizer use for groundnut crops, and 

reduce the total environmental footprint of 

wheat production by 12.2% per ton, 

highlighting both the efficiency and 

sustainability improvements associated with 

precision nitrogen management (Kabato et al., 

2025). 

Precision agriculture also plays an important 

role in water management. High-efficiency 

irrigation (HEI) technologies and rainwater 

harvesting have significantly improved crop 

survival rates and yield stability in drought-

prone regions (Farah et al., 2025). Soil 

conservation techniques, including cover 

cropping, crop rotation, conservation tillage, 

and improved irrigation practices, have 

demonstrated positive effects on soil health, 

carbon sequestration, and water retention, 

making them critical tools for sustainable 

agriculture (Farah et al., 2025). 

3.  Regenerative Agriculture and 

Agroforestry as Structural 

Frameworks 

Climate-smart regenerative agriculture offers a 

promising solution for restoring degraded 

agroecosystems, though its development is still 

in the early stages (Kabato et al., 2025). 

Regenerative agriculture (RA) focuses on soil 

health and carbon sequestration through 

practices such as minimizing soil disturbance, 

preserving living roots, increasing 

biodiversity, and reducing synthetic chemicals 

(Kabato et al., 2025). Integrating multiple 

CSA practices enhances soil health and 

productivity more effectively than 

implementing a single practice alone, while 

also improving food security, particularly for 
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vulnerable farming communities (Kabato et 

al., 2025). 

Crop rotation and diversification are vital 

strategies for enhancing soil fertility, reducing 

pests, and improving nutrient and water use 

efficiency, while sustainably increasing food 

production and minimizing GHG emissions 

and reliance on synthetic inputs (Kabato et al., 

2025). A meta-analysis found that diversifying 

crop rotation increases food production, 

reduces net GHG emissions, and improves soil 

health (Kabato et al., 2025). 

Agroforestry, the intentional integration of 

trees into farming systems, is another 

foundational CSA structure that enhances food 

security and climate resilience. In Sub-Saharan 

Africa, agroforestry interventions, such as 

minimum tillage combined with vegetative 

barriers of leguminous species, have been 

demonstrated to reduce soil erosion by up to 

50%, enhance soil water retention, and 

stabilize yields during dry spells (Olarewaju et 

al., 2025). Evidence from Ethiopia further 

confirms that localized agroforestry 

interventions can preserve crop performance 

even under climate stress (Olarewaju et al., 

2025). Biochar application is another 

complementary structural tool within CSA 

frameworks, improving soil health, water 

retention, and carbon sequestration while 

reducing N2O emissions (Kabato et al., 2025). 

4.  Digital Tools and Technologies 

Enabling Climate-Smart Farming 

The integration of digital technologies in CSA 

represents a transformative structural layer that 

amplifies the impact of field-level practices. 

Digital Agriculture (DA) is transforming 

traditional farming practices through the 

integration of advanced technologies and data-

driven processes, with key innovations 

including artificial intelligence, big data 

analytics, remote sensing, precision 

agriculture, blockchain, and the Internet of 

Things (Sithole et al., 2026). These 

technologies aim to address challenges in 

agricultural production, focusing on improving 

productivity, sustainability, and resource 

optimization (Sithole et al., 2026). The use of 

digital tools in the agricultural sector enhances 

farmers' resilience to harsh climatic conditions, 

improves productivity in terms of both yields 

and income, and breaks the limitations faced 

by farmers in market access and participation 

(Sithole et al., 2026). 

Specific digital tools play distinct roles in 

scaling CSA. Remote sensing acquires 

information about crops, soil, and 

environmental factors over large areas using 

satellites, aircraft, or drones (Sithole et al., 

2026). Precision Agriculture (PA), as a branch 

of digital agriculture, aims to optimize inputs 

such as fertilizers, seeds, and water, and to 

maximize yields for specific areas, often 

relying on technologies like GPS and GIS 

(Sithole et al., 2026). Digital technologies can 

connect diverse groups of stakeholders, 

including farmers, extension workers, 

organizations, and governments, to better 

collaborate, communicate, and gather 

information about the agricultural sector, for 

example on prices, markets, inputs, and 

products (Mollel et al., 2025). For smallholder 

farmers, who represent the backbone of food 

production across many developing regions, 

digital agronomy services can help accelerate 

the scaling of CSA practices, particularly for 

those most vulnerable to the unfolding climate 

crisis affecting their farming systems and 

livelihoods (Mollel et al., 2025). AI-driven 

tools can deliver context-specific information 

at scale, incorporating weather predictions, 

soil analysis, and crop health diagnostics to 

maintain optimal farm productivity (Mollel et 

al., 2025). Through hyper-localized AI-

powered tools, context-specific information 

can be delivered at scale to improve the 

adoption of CSA, while incorporating weather 

predictions, soil analysis, and crop health 
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diagnostics (Mollel et al., 2025). Developing 

countries that successfully adopt such digital 

tools stand to benefit from increased national 

GDPs and expanded employment 

opportunities, with the creation of conducive 

environments for small businesses including 

smallholder farmers (Sithole et al., 2026). 

5.  Barriers to Adoption and the Path 

Forward 

Despite the documented benefits of CSA 

structures and practices, their widespread 

adoption remains constrained by a complex set 

of socioeconomic, institutional, and 

infrastructural barriers. Farmers face several 

challenges in adopting CSA practices, 

including a lack of awareness about CSA 

options, the technical complexity of certain 

methods, limited access to credit and 

government support, insufficient weather and 

climate data, high illiteracy rates among 

smallholder farmers, and the incompatibility of 

some practices with their preferred crops 

(Kabato et al., 2025). CSA practices face 

barriers such as financial constraints and 

inadequate infrastructure, which limit their 

large-scale adoption (Farah et al., 2025). 

In Sub-Saharan Africa, the adoption of 

sustainable agricultural practices remains 

limited, largely because of financial 

constraints, weak institutional frameworks, 

and inadequate infrastructure (Olarewaju et al., 

2025). Inadequate infrastructure, such as poor 

road networks, limited irrigation, and lack of 

postharvest storage, constrain market 

participation and elevate transaction costs for 

rural farmers (Olarewaju et al., 2025). The 

digital divide also compounds these 

challenges: despite the rapid growth in phone 

and internet access in Africa, many 

smallholder farming communities lack 

effective access to the phone and internet 

services necessary for effective digital 

agronomy delivery (Mollel et al., 2025). 

Addressing these barriers requires systemic 

interventions. Policy interventions such as 

carbon pricing, climate-resilient subsidies, and 

trade liberalization can mitigate climate risks 

and promote sustainable agricultural practices 

(Farah et al., 2025). Widespread adoption 

faces socio-economic and technological 

barriers, requiring supportive policies, 

financial incentives, and capacity-building 

initiatives to accelerate the transition to 

climate-smart technologies (Kabato et al., 

2025). CSA research has also revealed a 

notable shift in recent years from foundational 

concepts to practical applications, reflecting 

the field's maturation in response to challenges 

in agricultural sustainability and climate 

change mitigation (Manyike et al., 2025). 

Future research should prioritize the socio-

economic impacts of CSA practices on 

household income and food security, ensuring 

equitable implementation across regions 

(Manyike et al., 2025). 

CONCLUSION 

Climate-smart agricultural structures represent 

an integrated and multi-layered response to the 

dual challenge of feeding a growing global 

population and mitigating the impact of 

climate change. From precision nutrient 

management and regenerative soil practices to 

agroforestry, water-smart irrigation, and digital 

agricultural tools, the evidence base for CSA 

continues to grow, demonstrating that well-

implemented practices can simultaneously 

raise productivity, strengthen resilience, and 

reduce greenhouse gas emissions. However, 

translating this knowledge into widespread 

farmer practice requires coordinated action 

across policy, finance, technology, and 

governance. The transition to sustainable food 

systems demands that science, institutional 

support, and grassroots engagement converge 

to ensure that climate-smart agricultural 

structures reach all farmers, particularly the 

smallholders who are most vulnerable to the 

crisis. 
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