A Comprehensive Review of Greenhouse Gas Emissions in Agriculture and Evolving Agricultural
Practices for Climate Resilience

Abstract:

Agriculture is a significant contributor to global greenhouse gas (GHG) emissions, primarily through
methane and nitrous oxide emissions from livestock farming, rice cultivation, and fertilizer use. In
the face of climate change, there is an urgent need to mitigate these emissions and build climate-
resilient agricultural systems. This comprehensive review examines the sources and drivers of GHG
emissions in agriculture, the potential impacts of climate change on agricultural productivity, and
evolving agricultural practices aimed at reducing emissions and enhancing resilience. We explore a
range of strategies, including improved nutrient management, precision agriculture, agroforestry,
and the adoption of climate-smart agricultural practices, which offer opportunities to mitigate GHG
emissions while simultaneously improving soil health, water conservation, and biodiversity. , we
discuss the role of policy frameworks, financial incentives, and international collaborations in
promoting sustainable agricultural practices and fostering climate resilience in the agricultural
sector.

Introduction:

Agriculture is a cornerstone of global food security and livelihoods, but it is also a significant
contributor to climate change. Greenhouse gas (GHG) emissions from agricultural activities,
including livestock farming, crop production, and land use change, account for approximately 10-
12% of total anthropogenic emissions worldwide. With the global population projected to reach 9
billion by 2050, and climate change exacerbating environmental stresses such as droughts, floods,
and heatwaves, there is an urgent need to transform agricultural practices to mitigate emissions and
enhance climate resilience. This review aims to provide a comprehensive overview of GHG emissions
in agriculture, their drivers, and the potential impacts of climate change on agricultural productivity
and food security. We will examine the role of key agricultural practices in contributing to GHG
emissions, such as enteric fermentation in ruminant livestock, synthetic fertilizer application in
intensive crop production, and rice cultivation in flooded paddies. Additionally, we will explore the
synergies and trade-offs between mitigation and adaptation strategies, highlighting emerging
approaches to climate-resilient agriculture that can simultaneously reduce emissions and enhance
agricultural productivity.mDespite the vital role agriculture plays in providing food, livelihoods, and
economic stability for billions of people worldwide, its contribution to climate change cannot be
overlooked. Greenhouse gas emissions from agricultural activities have been steadily rising, driven
by factors such as population growth, changing dietary patterns, and intensification of agricultural
production systems. Methane and nitrous oxide, emitted from livestock digestion, manure
management, and fertilizer application, constitute a significant portion of these emissions,
contributing to the greenhouse effect and global warming. In addition to emissions, agriculture is
also vulnerable to the impacts of climate change, which pose significant risks to agricultural
productivity, food security, and rural livelihoods. Shifts in temperature and precipitation patterns,
increased frequency of extreme weather events, and changing pest and disease dynamics threaten



crop yields, livestock health, and water availability, particularly in regions with limited adaptive
capacity and resources. climate change exacerbates existing environmental pressures, such as soil
degradation, water scarcity, and biodiversity loss, further undermining the resilience of agricultural
systems.

Given the interconnectedness of agriculture and climate change, there is a growing recognition of
the need to transition towards more sustainable and climate-resilient agricultural practices. This
transition requires a paradigm shift in agricultural policies, investments, and practices to mitigate
emissions, enhance carbon sequestration, and build adaptive capacity. it necessitates a holistic
approach that integrates mitigation and adaptation strategies into agricultural development
agendas, balancing the imperative of reducing emissions with the imperative of ensuring food
security and livelihoods for present and future generations. In this comprehensive review, we aim to
explore the complex interactions between agriculture and climate change, examining the sources
and drivers of greenhouse gas emissions in agriculture, the potential impacts of climate change on
agricultural productivity, and evolving agricultural practices aimed at reducing emissions and
enhancing resilience. By synthesizing the latest scientific evidence and insights from multidisciplinary
perspectives, we seek to provide a roadmap for policymakers, researchers, and practitioners to
navigate the challenges and opportunities of sustainable agriculture in a changing climate. Through
collaborative action and collective engagement, we can chart a course towards a more resilient,
equitable, and sustainable food system that safeguards both the planet and its people for
generations to come.

Sources and Drivers of GHG Emissions in Agriculture:

Agricultural activities contribute to GHG emissions primarily through the release of methane (CH4)
and nitrous oxide (N20), which have potent warming effects on the atmosphere. Livestock farming,
particularly ruminant livestock such as cattle, sheep, and goats, is a major source of methane
emissions due to enteric fermentation in the digestive tract. Additionally, manure management,
including storage, treatment, and application to soils, can result in methane emissions under
anaerobic conditions. Nitrous oxide emissions, on the other hand, are primarily associated with
synthetic fertilizer application, biological nitrogen fixation in leguminous crops, and organic matter
decomposition in soils. land use change, deforestation, and agricultural expansion into natural
ecosystems release carbon dioxide (CO2) into the atmosphere, further contributing to the
greenhouse effect. In addition to methane and nitrous oxide emissions, carbon dioxide (CO2)
emissions from land use change and agricultural activities also contribute to the greenhouse gas
footprint of agriculture. Deforestation, primarily for agricultural expansion, releases large quantities
of carbon stored in forests into the atmosphere, accounting for a significant portion of global CO2
emissions. land degradation, soil erosion, and peatland drainage associated with agriculture can
further exacerbate CO2 emissions by reducing the carbon sequestration capacity of soils and
ecosystems.

The drivers of greenhouse gas emissions in agriculture are multifaceted and complex, reflecting the
interactions between biophysical, socioeconomic, and institutional factors. Population growth,
urbanization, and changing dietary preferences drive increasing demand for food and agricultural
products, leading to expansion of agricultural land, intensification of production systems, and higher



inputs of fertilizers and pesticides. , globalization, trade liberalization, and market dynamics
influence land use decisions, agricultural practices, and resource allocation, shaping the
environmental footprint of agriculture at local, regional, and global scales. agricultural policies,
subsidies, and incentives can either exacerbate or mitigate greenhouse gas emissions, depending on
their design and implementation. Subsidies for synthetic fertilizers, pesticides, and irrigation
infrastructure may incentivize intensive agricultural practices that contribute to emissions, while
subsidies for conservation practices, agroecological approaches, and renewable energy may
promote more sustainable and climate-resilient agriculture. Additionally, regulatory frameworks,
environmental standards, and carbon pricing mechanisms can influence the adoption of emission-
reducing technologies and practices, providing economic incentives for farmers to mitigate
emissions and enhance carbon sequestration on their lands, the sources and drivers of greenhouse
gas emissions in agriculture are multifaceted and interconnected, reflecting the complex interactions
between natural systems, human activities, and institutional arrangements. Addressing these
emissions requires a holistic approach that considers the socio-economic context, environmental
impacts, and trade-offs associated with different agricultural practices and policies. By
understanding the underlying drivers of emissions and adopting integrated strategies that promote
sustainable intensification, climate-smart agriculture, and low-carbon development pathways, we
can mitigate the environmental footprint of agriculture while safeguarding food security, livelihoods,
and ecosystems for future generations.

Potential Impacts of Climate Change on Agricultural Productivity:

Climate change poses significant challenges to agricultural productivity and food security, affecting
crop vyields, livestock health, and water availability. Rising temperatures, changes in precipitation
patterns, and increased frequency of extreme weather events such as droughts and floods can
disrupt agricultural production systems and exacerbate existing vulnerabilities. shifting climatic
conditions may alter the distribution of pests and diseases, leading to crop losses and reduced yields.
Smallholder farmers, particularly those in low-income countries, are disproportionately affected by
climate change due to limited adaptive capacity and resources to cope with environmental shocks,
changes in precipitation patterns and water availability can have profound effects on agricultural
productivity and water resources management. Droughts, floods, and erratic rainfall can disrupt
planting schedules, reduce crop yields, and compromise water supply for irrigation, particularly in
rainfed agricultural systems. In arid and semi-arid regions, where water scarcity is already a pressing
issue, climate change exacerbates competition for limited water resources among different sectors,
including agriculture, industry, and domestic use. , changes in the frequency and intensity of
extreme weather events, such as hurricanes, cyclones, and typhoons, can lead to crop losses,
infrastructure damage, and soil erosion, undermining agricultural resilience and livelihoods in
vulnerable communities, climate change can alter the distribution and prevalence of pests, diseases,
and invasive species, posing further challenges to agricultural productivity and food security.
Warmer temperatures, increased humidity, and changing precipitation patterns create favorable
conditions for the proliferation of pests and pathogens, leading to outbreaks of diseases such as
plant viruses, fungal infections, and insect infestations. , shifts in temperature and precipitation
regimes can disrupt the natural balance of ecosystems, facilitating the spread of invasive species
that compete with native plants and crops for resources. Invasive pests and diseases can cause
significant economic losses and yield reductions, particularly in monoculture systems with limited
genetic diversity and pest resistance, climate change can exacerbate soil degradation and erosion,
reducing the productivity and resilience of agricultural lands. Extreme weather events, such as heavy



rainfall and droughts, can accelerate soil erosion, deplete soil organic matter, and degrade soil
structure, leading to loss of fertility, reduced water holding capacity, and increased vulnerability to
erosion. rising temperatures and changes in precipitation patterns can alter soil microbial
communities, nutrient cycling processes, and soil carbon dynamics, further compromising soil health
and productivity. Soil degradation not only undermines agricultural productivity but also exacerbates
carbon emissions and contributes to the loss of ecosystem services, such as water filtration, carbon
sequestration, and biodiversity conservation, climate change poses significant risks to agricultural
productivity, food security, and rural livelihoods, affecting crop vyields, livestock health, water
availability, and soil fertility. The potential impacts of climate change on agriculture are multifaceted
and complex, reflecting the interactions between biophysical, socioeconomic, and environmental
factors. By understanding the drivers and dynamics of climate change impacts on agriculture, we can
develop adaptive strategies and resilience-building measures to mitigate risks, enhance productivity,
and ensure food security for present and future generations. Through coordinated action,
investments in research, technology transfer, and capacity building, we can build climate-resilient
agricultural systems that sustainably meet the needs of a growing population while safeguarding the
environment and natural resources.

Table 1. Impacts of Climate Change on Agricultural Productivity

Agricultural Greenhouse Gases

Activity Emitted Main Drivers of Emissions

Livestock Farming Methane (CH4) Enteric fermentation in ruminants, feed composition
Nitrous Oxide (N20) Manure management, anaerobic conditions

Crop Production Mitrous Oxide (N2Q) Synthetic fertilizer application, soil conditions
Carbon Dioxide (CO2) Machinery use, land use change, crop residue

burning

Land Use Change Carbon Dioxide (CO2) Deforestation, agricultural expansion, urbanization

Methane (CH4) Wetland conversion, peatland drainage

This table provides a structured overview of different agricultural activities, the greenhouse gases
they emit, and the main drivers or factors contributing to emissions from each activity. It helps to
visualize the sources and drivers of GHG emissions in agriculture, facilitating understanding and
analysis of the complex interactions between agricultural practices and climate change.

Evolving Agricultural Practices for Mitigation and Adaptation:

In response to the dual challenges of climate change and food security, there is growing recognition
of the need to transition towards more sustainable and climate-resilient agricultural systems.
Evolving agricultural practices aim to reduce GHG emissions, enhance carbon sequestration in soils
and vegetation, and improve the adaptive capacity of farming communities to climate variability and
extreme events. Promising mitigation strategies include improved nutrient management, such as
precision application of fertilizers and incorporation of organic amendments, to minimize nitrous
oxide emissions and enhance soil fertility. Agroforestry, the integration of trees and shrubs into
agricultural landscapes, offers multiple benefits, including carbon sequestration, biodiversity
conservation, and microclimate regulation. the adoption of climate-smart agricultural practices, such



as conservation agriculture, diversified cropping systems, and integrated pest management, can
enhance the resilience of farming systems to climate variability while reducing emissions and
improving productivity.In addition to soil management, agroforestry practices play a crucial role in
both mitigating greenhouse gas emissions and enhancing climate resilience in agriculture.
Agroforestry involves the integration of trees and shrubs into agricultural landscapes, providing
multiple benefits such as carbon sequestration, biodiversity conservation, soil erosion control, and
microclimate regulation. Agroforestry systems, such as alley cropping, windbreaks, and silvopastoral
systems, can sequester significant amounts of carbon in biomass and soils, thereby offsetting
emissions from other agricultural activities. trees and agroforestry practices can enhance soil
fertility, moisture retention, and nutrient cycling, improving the productivity and resilience of
farming systems to climate variability and extreme events. , the adoption of climate-smart
agricultural practices, such as conservation agriculture, diversified cropping systems, and integrated
pest management, offers opportunities to enhance resilience and sustainability in agriculture while
reducing emissions. Conservation agriculture emphasizes minimal soil disturbance, permanent soil
cover, and crop rotation, which improve soil health, water retention, and carbon sequestration while
reducing greenhouse gas emissions from tillage and land degradation. Diversified cropping systems,
such as intercropping, crop rotation, and mixed farming, enhance biodiversity, reduce pest and
disease pressure, and improve ecosystem resilience to climate variability. Integrated pest
management combines biological, cultural, and chemical control methods to manage pests and
diseases sustainably, reducing reliance on synthetic pesticides and minimizing environmental
impacts.

the adoption of climate-resilient crop varieties and livestock breeds can enhance the adaptive
capacity of farming systems to changing climatic conditions and emerging pests and diseases.
Breeding programs and genetic selection techniques can develop crop varieties and livestock breeds
with improved tolerance to heat, drought, salinity, and pests, enabling farmers to maintain
productivity and livelihoods in the face of climate variability and extreme events. , the integration of
indigenous and traditional knowledge systems with modern agricultural practices can enhance local
adaptation strategies, leveraging farmers' expertise and experiences to develop context-specific
solutions to climate change challenges, evolving agricultural practices offer promising pathways to
mitigate greenhouse gas emissions, enhance carbon sequestration, and build resilience to climate
change in agriculture. By integrating soil management, agroforestry, conservation agriculture, and
climate-smart agricultural practices into farming systems, we can reduce the environmental
footprint of agriculture while improving productivity, livelihoods, and ecosystem services. However,
achieving widespread adoption of these practices requires supportive policy frameworks, financial
incentives, capacity building, and knowledge sharing mechanisms to empower farmers, foster
innovation, and promote sustainable development in agriculture. Through collaborative efforts and
concerted action, we can transform agricultural systems into resilient, adaptive, and sustainable
food production systems that contribute to climate change mitigation and adaptation goals while
ensuring food security and livelihoods for present and future generations.

Policy Frameworks and International Collaboration:

Effective mitigation and adaptation in agriculture require a supportive policy environment, financial
incentives, and international collaboration to scale up sustainable practices and promote knowledge
exchange. Policy frameworks, such as national climate action plans, agricultural subsidies, and



carbon pricing mechanisms, play a critical role in incentivizing climate-smart agricultural practices
and fostering innovation in the agricultural sector. , international initiatives, such as the Paris
Agreement and the United Nations Sustainable Development Goals (SDGs), provide platforms for
global cooperation and coordination on climate change mitigation, adaptation, and capacity building
in agriculture.

Financial incentives and support mechanisms are essential for facilitating the adoption of
sustainable agricultural practices and promoting climate resilience among farmers. Government
subsidies, grants, and incentive programs can incentivize farmers to adopt climate-smart agricultural
practices, such as agroforestry, conservation agriculture, and renewable energy technologies, by
providing financial support for investments, training, and capacity building. innovative financing
mechanisms, such as carbon markets, payment for ecosystem services, and green bonds, can
mobilize private sector investment in sustainable agriculture and incentivize emission reductions and
carbon sequestration on agricultural lands. , international development assistance, climate finance,
and technology transfer mechanisms can support the implementation of climate-resilient
agricultural projects in developing countries, where the impacts of climate change are most acutely
felt and adaptation resources are limited. In addition to financial incentives, policy coherence and
coordination across different sectors and levels of governance are essential for mainstreaming
climate resilience into agricultural development agendas. Integrated land use planning, zoning
regulations, and environmental safeguards can prevent land degradation, deforestation, and loss of
biodiversity while promoting sustainable land management practices and climate-resilient
agriculture. , cross-sectoral collaboration between agriculture, forestry, water resources, and
environmental ministries can facilitate the adoption of integrated approaches to land use planning,
resource management, and climate change adaptation, ensuring synergies and minimizing trade-offs
between competing land uses and development priorities.

international collaboration and cooperation are essential for addressing the transboundary nature of
climate change impacts and fostering global solidarity in the fight against climate change.
Multilateral agreements, such as the Paris Agreement under the United Nations Framework
Convention on Climate Change (UNFCCC), provide a framework for countries to coordinate their
efforts, set emission reduction targets, and mobilize resources for climate action, including
mitigation and adaptation in agriculture. , international research networks, knowledge sharing
platforms, and capacity building initiatives can facilitate the exchange of best practices, lessons
learned, and technical expertise in sustainable agriculture and climate resilience, enabling countries
to learn from each other's experiences and accelerate progress towards shared goals.

policy frameworks and international collaboration are critical for mainstreaming climate resilience
into agricultural development agendas, mobilizing financial resources, and fostering global
cooperation in the fight against climate change. By aligning national policies, incentives, and
investments with climate goals, governments can create an enabling environment for sustainable
agriculture, promote innovation, and empower farmers to adopt climate-smart practices.
international cooperation, knowledge sharing, and capacity building can enhance adaptive capacity,
foster innovation, and promote South-South and North-South collaboration in addressing the
complex challenges of climate change in agriculture. Through collective action and solidarity, we can
build a more resilient, sustainable, and equitable food system that safeguards both the planet and



its people against the impacts of climate change while ensuring food security, livelihoods, and
prosperity for all.

Conclusion:

In conclusion, agriculture plays a pivotal role in both contributing to and mitigating climate change.
Addressing the dual challenges of food security and climate resilience requires a holistic approach
that integrates mitigation and adaptation strategies into agricultural policies, practices, and research
agendas. By embracing sustainable and climate-resilient agricultural practices, we can reduce
greenhouse gas emissions, enhance carbon sequestration, and build the adaptive capacity of
farming communities to withstand the impacts of climate change. However, achieving these goals
will require concerted efforts from governments, policymakers, researchers, farmers, and civil
society to promote innovation, investment, and knowledge sharing in agriculture. Through collective
action and collaboration, we can create a more sustainable and resilient food system that safeguards
both the planet and its people against the threats of climate change.

In conclusion, agriculture stands at the intersection of climate change mitigation, adaptation, and
sustainable development, playing a critical role in both contributing to and mitigating the impacts of
climate change. Greenhouse gas emissions from agricultural activities, including livestock farming,
crop production, and land use change, constitute a significant portion of global emissions,
contributing to the greenhouse effect and climate warming. Moreover, climate change poses
significant risks to agricultural productivity, food security, and rural livelihoods, affecting crop yields,
livestock health, water availability, and soil fertility. However, amidst these challenges lie
opportunities for transformative change towards more sustainable and climate-resilient agricultural
systems. Evolving agricultural practices, such as improved soil management, agroforestry,
conservation agriculture, and climate-smart agricultural practices, offer pathways to mitigate
emissions, enhance carbon sequestration, and build resilience to climate change in agriculture. By
integrating these practices into farming systems, we can reduce the environmental footprint of
agriculture while improving productivity, livelihoods, and ecosystem services. Furthermore,
supportive policy frameworks, financial incentives, and international collaboration are essential for
enabling the transition to sustainable agriculture and fostering climate resilience among farmers.
Governments, policymakers, researchers, and civil society must work together to create an enabling
environment for sustainable agriculture, promote innovation, and empower farmers to adopt
climate-smart practices. Moreover, international cooperation, knowledge sharing, and capacity
building are critical for addressing the global nature of climate change impacts and fostering
solidarity in the fight against climate change. In conclusion, by embracing sustainable agricultural
practices, promoting policy coherence, and fostering international collaboration, we can build
climate-resilient agricultural systems that sustainably meet the needs of a growing population while
safeguarding the environment and natural resources for future generations. Through collective
action and shared commitment, we can create a more resilient, equitable, and sustainable food
system that contributes to global efforts to mitigate climate change, ensure food security, and
promote inclusive and sustainable development for all.
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