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Abstract
Agriculture is a pivotal player in the climate change narrative, contributing to greenhouse gas (GHG) emissions while offer-
ing potential mitigation solutions. This study delved into agriculture’s climate impact. It comprehensively analysed emis-
sions from diverse agricultural sources, carbon sequestration possibilities, and the repercussions of agricultural emissions 
on climate and ecosystems. The study began by contextualising the historical and societal importance of agricultural GHG 
emissions within the broader climate change discourse. It then discussed into GHG emitted from agricultural activities, 
examining carbon dioxide, methane, and nitrous oxide emissions individually, including their sources and mitigation strate-
gies. This research extended beyond emissions, scrutinising their effects on climate change and potential feedback loops in 
agricultural systems. It underscored the importance of considering both the positive and negative implications of emissions 
reduction policies in agriculture. In addition, the review explored various avenues for mitigating agricultural emissions and 
categorised them as sustainable agricultural practices, improved livestock management, and precision agriculture. Within 
each category, different subsections explain innovative methods and technologies that promise emissions reduction while 
enhancing agricultural sustainability. Furthermore, the study addressed carbon sequestration and removal in agriculture, 
focussing on soil carbon sequestration, afforestation, and reforestation. It highlighted agriculture’s potential not only to reduce 
emissions, but also to serve as a carbon reservoir, lowering overall GHG impact. The research also scrutinised the multifac-
eted nature of agriculture, examining the obstacles hindering mitigation strategies, including socioeconomic constraints and 
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regulatory hurdles. This study emphasises the need for equitable and accessible solutions, especially for smallholder farmers. 
It envisioned the future of agricultural emissions reduction, emphasising the advancements in measurement, climate-smart 
agricultural technologies, and cross-sectoral collaboration. It highlighted agriculture’s role in achieving sustainability and 
resilience amid a warming world, advocating collective efforts and innovative approaches. In summary, this comprehensive 
analysis recognised agriculture’s capacity to mitigate emissions while safeguarding food security, biodiversity, and sustain-
able development. It presents a compelling vision of agriculture as a driver of a sustainable and resilient future.

Graphical abstract

Keywords Greenhouse gas emission · Removal · Agriculture · Carbon pollutants

1 Introduction

As a fundamental pillar of human civilisation, agriculture 
has evolved continuously to satisfy the needs of a grow-
ing global population. Nevertheless, this evolution has not 
unfolded in a vacuum. This relationship is characterised by 
a complex interplay of greenhouse gas (GHG) emissions and 
carbon removal mechanisms [1]. The modern agricultural 
landscape is inextricably linked to the Earth’s changing cli-
mate. As the world confronts the incontrovertible challenge 
of climate change, it becomes imperative to comprehend 
the role of agriculture in both contributing to and mitigating 
GHG emissions.

Owing to technological advancements, intensification of 
production, and globalisation of food systems, agriculture 
has undergone remarkable changes over the past century. 

These changes have not only revolutionised food produc-
tion, but also increased the sector’s environmental footprint, 
which has contributed substantially to global GHG emis-
sions. Agriculture’s complexity results in the emission of 
several GHGs, including carbon dioxide (CO

2
 ), methane 

(CH
4
 ), and nitrous oxide (N

2
O). These emissions originate 

from a variety of agricultural sources, such as enteric fer-
mentation in livestock, manure management, soil manage-
ment practices, energy consumption, and land use alterations 
for cereal cultivation and pastureland expansion.

Agriculture substantially contributes to GHG emissions. 
According to the Inter-governmental Panel on Climate 
Change (IPCC) [2], in 2019, approximately 34% (20 GtCO

2
-

eq) of the total net anthropogenic GHG emissions originated 
from the energy supply sector; 24% (14 GtCO

2
-eq) from 

industry; 22% (13 GtCO
2
-eq) from agriculture, forestry, and 
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other land use (AFOLU); 15% (8.7 GtCO
2
-eq) from trans-

port; and 5% (3.3 GtCO
2
-eq) from buildings (see Fig. 1). 

These statistics demonstrate the undeniable contribution of 
the agriculture sector to climate change.

Agriculture is a source of GHG emissions, but it also 
has the potential to mitigate climate change through carbon 
removal mechanisms. CO

2
 can be removed from the atmos-

phere through agricultural practices such as afforestation, 
reforestation, agroforestry, and soil carbon sequestration [3]. 
This dual position as both a contributor to and a mitigator of 
GHG emissions presents a unique and complex challenge for 
the agricultural sector in addressing climate change.

1.1  Background and importance 
of agriculture‑related GHG emissions

Agriculture plays a crucial role in the global economy, pro-
viding billions of people with food, income, and economic 
opportunities [4]. Nonetheless, it is a significant contribu-
tor to GHG emissions, thereby exerting a substantial influ-
ence on the climate system of the Earth. Understanding the 
dynamics of GHG emissions in the agricultural sector is 
crucial because of the significant implications for mitigating 
climate change.

In agriculture, CH
4
 emitted from enteric fermentation in 

ruminant animals and manure management practices are two 
significant sources of GHG emissions [5]. In the short term, 
enteric fermentation, a natural digestive process in livestock, 
generates CH

4
 , a potent GHG with a substantially higher 

global warming potential than CO
2
 . Manure management 

practices, such as storage and application to cropland, can 
also result in significant emissions of CH

4
 and N 

2
O.

The majority of N 
2
 O emissions result from soil man-

agement practices such as using synthetic fertilisers and 
performing ineffective nutrient management [6]. N 

2
 O is a 

potent GHG with long-lasting climate effects. In addition, 
CO

2
 emitted from agriculture is predominantly attributable 

to land use changes such as deforestation for agricultural 
expansion and energy consumption associated with farm 
operations, including mechanised cultivation and transpor-
tation [7].

The contribution of the agricultural sector to GHG emis-
sions has significant implications for global climate change. 
Climate change, in turn, poses significant threats to agricul-
ture, including altered precipitation patterns, higher temper-
atures, and increased frequency of extreme weather events, 
which can disrupt food production and reduce crop yields 
[8]. On the other hand, agriculture contributes to climate 
change by exacerbating these risks through GHG emissions, 
thereby creating a feedback cycle that aggravates climate-
related difficulties. Agriculture is a significant source of 
GHG emissions, but it also provides opportunities for carbon 
sequestration and emission reduction. Agricultural practices 
such as afforestation, reforestation, agroforestry, and soil 
carbon sequestration have the potential to mitigate climate 
change by removing CO

2
 from the atmosphere [9]. Given 

agriculture’s dual role in both contributing to and mitigating 
GHG emissions, a thorough comprehension of the sources, 
trends, and mitigation strategies related to agricultural emis-
sions is essential. This comprehensive review seeks to assess 
the current state of knowledge in this field by synthesising 
existing research to cast light on the complex relationship 
between agriculture and climate change. The findings of this 
study can introduce strategies and policies that promote sus-
tainable agricultural practices while mitigating the sector’s 
contribution to climate change by addressing this complex 
interaction [10].

In short, recognising the significance of agriculture-
related GHG emissions and their effects on climate change 
emphasises the need for a comprehensive review to 

Fig. 1  Total net anthropogenic 
GHG emissions based on sec-
tors (according to the report 
issued by the Inter-governmen-
tal Panel on Climate Change 
(IPCC) [2] (Climate Change 
2022))
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consolidate existing knowledge, identify research gaps, and 
inform strategies for achieving sustainable agriculture in a 
changing climate. This paper contributes to this effort by 
providing policymakers, researchers, and other stakehold-
ers with insights and recommendations for addressing the 
challenges and opportunities presented by agriculture in the 
context of climate change adaptation and mitigation.

1.2  The need for a comprehensive analysis

Understanding the complex relationship between agriculture 
and GHG emissions is essential to the development of effec-
tive strategies for mitigating and adapting to climate change. 
A comprehensive review of the extant corpus of research in 
this field is necessary to identify trends and knowledge gaps 
and make informed decisions.

This paper investigates and synthesises the data on GHG 
emissions and removals in the context of agriculture. This 
comprehensive review aims to attain the following goals:

• To identify and quantify various sources of GHG emis-
sions in agriculture, including regional and sectoral vari-
ations.

• To evaluate the efficacy and practicability of existing 
and emergent mitigation strategies used in agriculture to 
reduce GHG emissions.

• To examine the potential and limitations of carbon 
removal mechanisms in agriculture, such as soil carbon 
sequestration, afforestation, and innovative technologies.

• To investigate the intricate synergies and trade-offs 
between emission reduction strategies and carbon 
removal mechanisms in the agricultural sector.

• To identify areas where additional research is required 
to further clarify the role of agriculture in mitigating cli-
mate change.

By pursuing these objectives, this exhaustive study seeks 
to provide a thorough and current understanding of the role 
of agriculture in the global dynamics of GHG emissions. It 
will be a valuable resource for policymakers, researchers, 
and other stakeholders, who seek to navigate the complex 
challenges and opportunities presented by agriculture in the 
context of climate change adaptation and mitigation.

2  GHG emissions in agricultural production

Agriculture is a key contributor to global GHG emissions, 
encompassing a spectrum of emission sources that have 
significant impacts on global climate. In this multifaceted 
domain, three primary GHG, i.e. CO

2
 (CO

2
 ), CH

4
 (CH

4
 ), 

and N 
2
 O (N

2
O), are at the forefront, each originating from 

distinct agricultural practices and activities (see Fig. 2). 
Individually and collectively, these emissions exert a sig-
nificant impact on the Earth’s climate system, highlighting 
the urgent need for a comprehensive understanding of their 
origins, magnitudes, and effects. This section delves into 
the complex dynamics of GHG emissions in the agricultural 
sector, providing an in-depth analysis of CO

2
 , CH

4
 , and N 

2
 O 

emissions. By analysing the nuances of each GHG type and 
their agricultural origins, this section lays the groundwork 
for understanding the sector’s climate change implications, 
challenges, and opportunities. The following subsections 
will present the unique characteristics of these emissions, 
casting light on their origins, variability, and contribution 
to the larger climate change landscape.

The following subsections offer insights into the funda-
mental emission sources that influence the agricultural cli-
mate footprint [11]. Through an in-depth analysis of CO

2
 , 

CH
4
 , and N 

2
 O emissions, this study could contribute to a 

more nuanced understanding of the agricultural sector’s role 

Fig. 2  Three primary 
GHG:CO

2
 , CH

4
 , and N 

2
 O, and 

their sources
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in global climate dynamics, ultimately guiding the efforts 
made towards environmentally friendly and climate-resilient 
agricultural practices [12].

2.1  CO
2
 emissions

CO
2
 (CO

2
 ) emissions have been manifested as a multidi-

mensional component of the GHG landscape in the realm of 
agricultural production [13]. These emissions are primarily 
caused by two distinct, yet interconnected, aspects of agri-
culture: energy consumption and land use changes. This sec-
tion discusses the complexities of CO

2
 emissions, shedding 

light on their underlying mechanisms, regional variations, 
and implications for strategies of climate change mitigation 
[14].

2.1.1  Energy use in agriculture

Energy use in agriculture is a major contributor to CO
2
 

emissions. Modern agricultural practices are increasingly 
dependent on energy-intensive technologies such as mecha-
nised machinery, irrigation systems, and transport networks 
[15]. These technologies, which are primarily propelled by 
fossil fuels, have substantially increased the energy require-
ment of the agricultural sector. As a result, the combustion 
of fossil fuels in tractors, harvesters, and transportation fleets 
produces substantial CO

2
 emissions [15]. The extent of CO

2
 

emissions from energy use varies by region and is influenced 
by variables such as the size of agricultural operations, the 
availability of renewable energy sources, and the efficacy of 
energy use. Industrialised agricultural systems typically have 
greater energy consumption and CO

2
 emissions than small-

scale sustainable farming practices that prioritise energy 
efficiency and employ renewable energy sources [16].

2.1.2  Land use changes

Land use changes, including deforestation, afforestation, and 
adjustments in land allocation for agricultural purposes, rep-
resent another significant source of CO

2
 emissions in the 

agricultural context [17]. Carbon contained in trees and 
vegetation is released into the atmosphere as CO

2
 as a result 

of deforestation, which is often caused by the expansion of 
agricultural frontiers. In contrast, initiatives to convert agri-
cultural land into forests or reforest previously deforested 
areas can act as carbon sinks, sequestering atmospheric CO

2
.

The magnitude of CO
2
 emissions resulting from changes 

in land use depends on the extent and rate of deforesta-
tion, land conversion practices, and the likelihood of forest 
regrowth. Regional disparities in land use change dynam-
ics further confound the assessment of CO

2
 emissions, as 

some areas experience more extensive deforestation for 

agricultural expansion while others witness reforestation 
efforts to mitigate these emissions.

Understanding the nuances of CO
2
 emissions resulting 

from energy use and land use changes is crucial to develop-
ing effective strategies for mitigating agriculture-attributed 
climate change. The following sections will examine other 
GHG emissions such as CH

4
 and N 

2
 O in order to provide a 

comprehensive overview of agriculture’s multifaceted func-
tion in the global GHG landscape.

2.2  CH
4
 emissions

CH
4
 emissions are an important and distinctive component 

of GHG emissions in agricultural production. CH
4
 emis-

sions are characterised by their potent warming potential 
and complex sources, which are primarily derived from live-
stock-related activities [18]. This section examines the com-
plexities of CH

4
 emissions, concentrating on two important 

subcategories: enteric fermentation in livestock and manure 
management practices.

2.2.1  Enteric fermentation in livestock

Enteric fermentation within the digestive systems of rumi-
nant animals, such as cattle, sheep, and goats, is one of the 
primary sources of CH

4
 emitted from agriculture. During 

digestion, these animals have a distinct microbial ecosystem 
in their stomachs, where microorganisms decompose fibrous 
plant materials and produce CH

4
 as a metabolic byproduct. 

Although this process is essential for the animals’ metabo-
lism, it results in the emission of CH

4
 into the atmosphere 

through belching [19].
As a type of GHG, CH

4
 has a greater global warming 

potential on a shorter timescale than CO
2
 . As a result, the 

large population of ruminant livestock throughout the globe 
contributes significantly to CH

4
 emissions from enteric fer-

mentation. Diet, livestock management practices, and animal 
genetics can affect the intensity of emissions, making this 
source of CH

4
 emissions the subject of ongoing research to 

devise effective mitigation strategies.

2.2.2  Manure management

Manure management practices in the agriculture sector 
are a significant source of CH

4
 emissions. Rich in organic 

material, manure produces CH
4
 under anaerobic conditions 

during storage and treatment. This CH
4
 production is a con-

sequence of microbial activity that breaks down organic 
compounds within manure [20]. The magnitude of CH

4
 

emissions can be affected by manure management practices, 
such as storage in lagoons, landfills, or mounds. In addition, 
the management and application of manure to cropland can 
result in the emission of CH

4
 and N 

2
O , two potent GHGs. In 
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addition to temperature and humidity, manure management 
practices have a significant impact on the amount of CH

4
 

released from this source [21].
CH

4
 emitted from enteric fermentation and manure 

management in agriculture present unique reduction and 
mitigation challenges and opportunities. Understanding the 
underlying mechanisms, quantifying emissions, and investi-
gating innovative management practices are essential stages 
in developing strategies to reduce CH

4
 emissions from live-

stock production systems while maintaining their viability. 
In the following, the intricate dynamics of N 

2
 O emissions 

and their contributions to the larger agricultural GHG emis-
sions landscape are discussed.

2.3  N
2
 O emissions

N
2
 O, a very powerful GHG that possesses considerable 

global warming potential over extended periods, exhibits 
extensive interconnections with diverse agricultural prac-
tices. The primary sources of N 

2
 O emissions in the agri-

cultural sector are attributed to two main factors: the use 
of fertilisers and the implementation of soil management 
practices [22]. This section aims to elucidate the intricacies 
of N 

2
 O emissions, exploring the unique attributes of various 

sources and their ramifications for sustainable agricultural 
methodologies.

2.3.1  Fertiliser application

The use of both synthetic and organic fertilisers is a signifi-
cant factor contributing to N 

2
 O emitted from the agriculture 

sector. The application of nitrogen, an essential nutrient for 
the growth of plants, is a common practice in agricultural 
settings with the aim of improving crop productivity. Never-
theless, the presence of nitrogen within the soil might result 
in the generation of N 

2
 O through the mechanisms of nitrifi-

cation and denitrification [23].
Nitrification refers to the biochemical process by which 

ammonium (NH
4
+ ) is converted into nitrate (NO

3
− ), an 

oxidised form of nitrogen that may be easily assimilated by 
plants. N 

2
 O may be generated as a byproduct during this 

particular process, particularly in soils characterised by 
heightened nitrogen levels or those exposed to excessive 
wetness be generated as a byproduct during this particular 
process, particularly in soils characterised by heightened 
nitrogen levels or those exposed to excessive wetness [24].

In contrast, denitrification takes place in oxygen-deprived 
environments inside the soil, where the process involves the 
conversion of nitrate into nitrogen gas (N

2
 ) through a sequence 

of intermediary reactions. Notably, one of the intermediate 
products released during this process is N 

2
 O. The aforemen-

tioned process is subject to the effect of several elements, 

including soil moisture, temperature, and the presence of 
organic matter.

The use of efficient strategies in nitrogen management, such 
as precise application techniques and optimal timing, has the 
potential to mitigate the release of N 

2
 O emissions linked to 

the utilisation of fertilisers. Furthermore, the implementation 
of alternate nitrogen sources and the adoption of organic agri-
cultural practices have the potential to mitigate the effects by 
modifying the dynamics of the nitrogen cycle [25].

2.3.2  Soil management practices

The emissions of N 
2
 O resulting from soil management prac-

tices in the agriculture sector span a diverse range of activities 
and approaches. The emissions in question are a result of the 
modification of soils for diverse objectives, such as agricultural 
cultivation, irrigation, and alterations in land use [26].

The introduction of oxygen into the soil by tillage prac-
tices, such as ploughing and cultivation, can have an impact 
on the equilibrium between aerobic and anaerobic condi-
tions. Consequently, this phenomenon affects the likelihood 
of N 

2
O emissions occurring during denitrification processes 

in soils saturated with water [27]. The use of conservation 
tillage and reduced tillage practices has been recognised 
as an effective solution in mitigating N 

2
 O emissions that 

are linked to soil management. These practices are specifi-
cally geared to minimise soil disturbance [28]. Furthermore, 
alterations in land use such as the conversion of forested 
areas into arable land or the transformation of wetlands into 
agricultural fields have the capacity to modify soil character-
istics and nitrogen processes, which may result in heightened 
emissions of N 

2
O.

It is of utmost importance to comprehend the variables 
that dictate the release of N 

2
 O emissions resulting from the 

application of fertilisers and the implementation of soil man-
agement practices. This understanding is crucial in order 
to devise precise and effective tactics for mitigating these 
emissions. The use of sustainable agricultural practices that 
involve the optimisation of nutrient management, reduc-
tion of tillage intensity, and protection of ecosystems can 
effectively mitigate N 

2
 O emissions without compromising 

agricultural production. The following sections examine the 
complex network of interactions and compromises among 
different initiatives aimed at reducing GHG emissions and 
removing carbon in the agriculture sector.

3  Sources and drivers of agricultural 
emissions

The complicated and intricate connection between agricul-
ture and GHG emissions is characterised by a multifaceted 
interplay of many sources and factors that shape the emission 
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patterns in the agricultural sector. This section undertakes 
an analysis to grasp the fundamental sources and underly-
ing processes driving GHG emissions from the agriculture 
sector. The present investigation is structured around three 
fundamental subcategories: Livestock Production, Crop 
Agriculture, and Land Use Changes and Deforestation [29]. 
Each of the aforementioned subsections explores a separate 
aspect of agricultural emissions, elucidating the complex 
nature of emission sources and the underlying variables that 
contribute to them. This study delves into the intricacies 
of agricultural emissions, acknowledging the distinct obsta-
cles and prospects associated with each individual source. 
Gaining an understanding of the sources and factors that 
contribute to these emissions can facilitate well-informed 
decision-making and implement efficient methods for reduc-
ing emissions, which are specifically designed to address 
many components of the agricultural environment.

3.1  Livestock production

Livestock production is a significant contributor to GHG 
emissions in the agriculture sector [30]. This subsection 
examines the intricacies of livestock production, investi-
gating the crucial differences between ruminant and non-
ruminant emissions and analysing the numerous elements 
that impact these emissions.

3.1.1  Ruminant vs. non‑ruminant emissions

The classification of livestock may be generally divided into 
two main categories: ruminants, which encompass cattle, 
sheep, and goats, and non-ruminants comprising poultry and 
pigs. The categorisation of emissions is crucial for compre-
hending their nature, as ruminant animals possess a distinct 
digestive system that produces CH

4
 through enteric fermen-

tation, which notably contributes to emissions. In contrast, 
non-ruminant animals have lower levels of CH

4
 emissions 

as a result of their distinct digestive mechanisms. This dis-
tinction emphasises the significance of taking into account 
emission differences in the cattle industry [31].

3.1.2  Factors influencing emissions

Numerous elements affect GHGs emitted from the produc-
tion of cattle. In this regard, the most important factors are 
the composition of the diet, feeding practices, animal genet-
ics, and management strategies. CH

4
 emitted by ruminants 

is notably influenced by the kind and nutritional value of 
the forage or feed consumed. Livestock management prac-
tices, including the management of waste and the provision 
of suitable living conditions, are additional factors that 
contribute to the reduction of emissions. Furthermore, the 
implementation of feed additives and dietary modifications 

have the potential to reduce CH
4
 emissions originating from 

ruminant animals [32].
Gaining a comprehensive understanding of the intricate 

aspects of livestock emissions is crucial to devising precise 
methods that effectively enhance livestock production and 
simultaneously mitigate its carbon footprint. By differenti-
ating between emissions from ruminant and non-ruminant 
sources and taking into account various elements that influ-
ence emissions, efforts can be made to promote livestock 
production systems that are more sustainable and capable 
of moderating climate change impacts.

3.2  Crop agriculture

Crop agriculture plays a crucial role in the worldwide pro-
duction of food; although, it is a substantial source of GHG 
emissions [33]. This subsection examines the complex 
dynamics of crop agriculture, specifically addressing two 
key factors: the effects of different types of fertilisers and 
techniques of application, and the influence of tillage prac-
tices on emissions.

3.2.1  Fertiliser types and application methods

Fertilisers play a crucial role in augmenting agricultural 
output; yet, their use can result in the release of N 

2
 O, a 

highly powerful GHG. The emission consequences of dif-
ferent types of fertilisers and application techniques vary. 
Nitrogen-based fertilisers, specifically, exhibit a correlation 
with the release of N 

2
 O, whereby the emission levels are 

subject to several parameters such as the timing and rate of 
application [34].

Opportunities to mitigate emissions can be found through 
advancements in fertiliser formulations and application tech-
nologies. One example of a technology that can improve 
nutrient utilisation efficiency and reduce N 

2
 O emissions is 

the use of controlled-release fertilisers. Moreover, the use 
of precision agricultural techniques enables the utilisation 
of more accurate and effective methods for the application 
of fertilisers, hence mitigating wastage and minimising the 
release of related emissions.

3.2.2  Tillage practices

The act of tillage, which involves the mechanical manipula-
tion of soil to facilitate crop production, has the potential 
to influence GHG emissions through altering the dynamics 
of soil carbon and nitrogen. The use of traditional tillage 
methods, which include regular disturbance of the soil, has 
been seen to expedite the depletion of carbon from soils and 
promote the release of N

2
O through heightened microbial 

activities [35].
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In contrast, conservation tillage practices aim to minimise 
soil disturbance, thereby maintaining soil carbon content and 
mitigating N 

2
 O emissions. No-till and reduced-till practices 

exemplify conservation tillage approaches that foster soil 
health and mitigate emissions. Achieving a harmonious equi-
librium between the imperative for crop production and the 
imperative for emissions reduction within the realm of crop 
agriculture necessitates the adoption of a sophisticated and 
multifaceted strategy. Emissions are greatly influenced by 
the fertiliser types and application techniques, together with 
tillage practices. Through the use of sustainable and appro-
priate agriculture methodologies, it is possible to enhance 
agricultural productivity while simultaneously reducing the 
ecological repercussions associated with crop cultivation.

3.3  Land use changes and deforestation

Land use changes and deforestation are significant compo-
nents of agricultural emissions, exerting a profound influ-
ence on the environmental and climatic consequences of 
agricultural activities. This article discusses the complex 
dynamics of land use changes and deforestation, specifically 
examining two crucial subtopics: the conversion of forests 
into agricultural land and the impacts of peatland draining 
on emissions.

3.3.1  Conversion of forests to agricultural land

The process of transforming forests, especially the tropi-
cal ones, into agricultural land is a significant catalyst for 
the release of GHGs [36]. The aforementioned procedure 
results in the release of substantial amounts of CO

2
 that are 

held inside trees and soil; this makes a large contribution 
to global emissions. Furthermore, deforestation has a det-
rimental impact on the equilibrium of carbon in the Earth’s 
atmosphere, which intensifies the effects of climate change. 
Forest conversion is primarily influenced by several rea-
sons, including the extension of agricultural frontiers. This 
expansion is mostly driven by factors such as population 
increase and the worldwide demand for agricultural goods. 
Policies and economic incentives that promote deforestation 
for agricultural purposes also expedite the process of forest 
conversion.

3.3.2  Peatland drainage and emissions

Peatlands, renowned for their significant carbon storage 
capacity, have a high susceptibility to draining activities 
undertaken for agricultural purposes. Peatlands, upon drain-
age, liberate carbon sequestered inside them in the form of 
CO

2
 and CH

4
 , hence adding to GHG emissions. The drain-

age of peatlands is a matter of significant concern because 
of the dual impact of carbon release and consequences such 

as soil subsidence, heightened flood vulnerabilities, and soil 
degradation [37].

The motivation behind the frequent drainage of peatlands 
is the intention to transform these regions into agricultural 
terrain, with a specific emphasis on rice farming and palm 
oil manufacturing. In some geographical areas, there have 
been historical instances where legislation and economic 
incentives have fostered the promotion of this particular 
practice. The mitigation of emissions resulting from land use 
changes and deforestation necessitates the implementation 
of a comprehensive and multidimensional strategy. Efforts 
aimed at mitigating forest conversion encompass the promo-
tion of sustainable land use practices, enforcement of anti-
deforestation legislation, and encouragement of reforestation 
and afforestation activities. Likewise, the act of restoring and 
conserving peatlands can both cut emissions and safeguard 
these crucial ecosystems. Achieving a harmonious equilib-
rium between the expansion of agricultural activities and the 
preservation of forests and peatlands is of utmost importance 
in mitigating emissions linked to alterations in land use.

4  Impacts of agricultural emissions

The emissions resulting from agricultural operations have 
significant and wide-ranging implications, which extend 
beyond the immediate areas where they are produced. This 
section discusses numerous and diverse consequences of 
agricultural emissions. The primary attention lies on two 
crucial aspects: the direct consequences of these emissions 
on climate change and the complex feedback mechanisms 
that exacerbate the difficulties presented by a shifting cli-
mate [38].

The agricultural sector, which is indispensable for the 
production of food and the sustenance of global lives, exhib-
its an inherent interconnection with the Earth’s climatic sys-
tem. Agricultural practices are responsible for the emission 
of CO

2
 , CH

4
 , and N 

2
 O, which make a substantial contri-

bution to the overall accumulation of GHGs in the Earth’s 
atmosphere. Consequently, the industry has a significant 
impact on the climate change.

4.1  Climate change effects

The emissions resulting from agricultural operations have 
substantial implications for the Earth’s climate system, 
leading to various impacts that have both global and local 
repercussions [39]. This section investigates the impacts of 
agricultural emissions, with a particular focus on two cru-
cial aspects: the varying global warming effects of different 
GHGs and the regional and local climate impacts that these 
emissions engender.
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4.1.1  Global warming potential of different gases

Agricultural emissions comprise a range of GHGs, each with 
unique Global Warming Potentials (GWPs) and atmospheric 
lifespans. The GWPs of these gases are indicators of their 
comparative capacities to trap heat over certain time peri-
ods in relation to CO

2
 . CH

4
 and N 

2
 O, which are commonly 

found in agricultural emissions, have much larger GWPs 
compared to CO

2
 when considering shorter time periods 

[40].
CH

4
 is predominantly generated by enteric fermentation 

in cattle and manure management and is distinguished by its 
significant capacity for inducing short-term global warming. 
Although CH

4
 has a relatively short air lifetime, its GWPs 

over a 20-year period is estimated to be around 84–87 times 
higher than that of CO

2
 . This particular attribute highlights 

the substantial impact it has on the acceleration of climate 
change in the immediate future.

N
2
 O, which is largely emitted as a result of fertiliser 

application and soil management practices, is a very power-
ful GHG with a GWP exceeding 20 times that of CO

2
 . The 

extended atmospheric residence of N 
2
 O contributes to its 

impact on climate over varying temporal scales, exerting 
effect on the Earth’s energy balance through its total radia-
tive forcing.

4.1.2  Regional and local climate impacts

The regional and local impacts of agricultural emissions on 
climate lead to significant impacts on agriculture, ecosys-
tems, and people. These emissions significantly influence 
regional climate patterns, which results in alterations in tem-
perature and precipitation distributions. These alterations 
have the potential to result in modified growing seasons, 
heightened heat stress on agricultural crops and livestock, 
and fluctuations in water supply [41]. Regions that heavily 
depend on rain-fed agriculture are especially susceptible to 
the impacts of shifting precipitation patterns. These changes 
can lead to the occurrence of droughts or floods, hence caus-
ing significant disruptions to both food production and the 
overall lives of the affected population.

Regarding the climate impacts, the effects of agricul-
tural emissions are more noticeable at the local level. The 
impact of elevated temperatures and modified precipitation 
patterns on agricultural productivity encompasses changes 
in crop yields and crop quality and the incidence of pests 
and diseases. The health of livestock can be impaired as a 
result of heat stress and the shifting dynamics of diseases. 
Furthermore, alterations in climatic circumstances have the 
potential to disturb the intricate equilibrium of ecosystems, 
hence affecting biodiversity and the various ecosystem ser-
vices they offer [42].

It is crucial to comprehend the diverse GWPs shown by 
different gases and the regional and local climatic conse-
quences resulting from agricultural emissions in order to 
develop precise and effective mitigation and adaptation 
measures. Through a comprehensive understanding of the 
intricacies associated with these impacts, policymakers, 
researchers, and stakeholders could formulate climate-
resilient agricultural practices and policies that effectively 
address the challenges posed by GHG emissions and, at the 
same time, ensure the preservation of food security and the 
environment. The next part will examine the complex feed-
back loops that magnify the difficulties presented by agricul-
tural emissions within a dynamic environment.

4.2  Feedback loops

The emissions generated by agricultural activities have the 
potential to create feedback loops that exacerbate the dif-
ficulties associated with a shifting climate because of their 
complex interactions with the climate system. The following 
subsection analyses a crucial facet of these feedback loops: 
their consequences for the agricultural sector.

4.2.1  Implications for agriculture itself

The agriculture sector both contributes to GHG emissions 
and experiences substantial effects from the resulting climate 
change. In the agriculture domain, the presence of feedback 
loops gives rise to an intricate interplay of causal relation-
ships, resulting in possible consequences for the production 
of food, livelihoods, and the provision of ecosystem services 
[43].

The phenomenon of soil degradation and fertility loss can 
be intensified by increasing temperatures and changes in pre-
cipitation patterns, resulting in reduced capacity for moisture 
retention. The process of deterioration has the potential to 
result in diminished agricultural productivity and heightened 
vulnerability to erosion, hence compromising the resilience 
of agricultural systems. As a reaction, farmers may choose 
for more rigorous strategies of land management, such as 
heightened irrigation or fertiliser application, which have 
the potential to augment emissions and intensify the feed-
back loop.

Moreover, the alteration of climate conditions has the 
potential to disturb the geographical spread of pests, ill-
nesses, and invasive species, thereby presenting health dif-
ficulties for agricultural crops and animals. For example, 
elevated temperatures have the potential to facilitate the 
spread of pests, resulting in detrimental effects on agricul-
tural crops and subsequent reductions in output. In response 
to these issues, farmers may opt to augment their pesticide 
usage, which can further intensify GHG emissions while 
simultaneously resolving pressing agricultural concerns.
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Furthermore, water scarcity and quality are significant 
concerns that arise from changes in precipitation patterns, 
such as the heightened occurrence and intensity of droughts 
and floods [44]. These alterations can have adverse effects 
on the availability of water for agricultural use. The short-
age of water has the potential to impose limitations on the 
irrigation of crops, which adversely influences agricultural 
production. In addition, alterations in water quality can have 
an impact on the overall health of animals. The adaptation 
techniques, such as the development of irrigation infrastruc-
ture or alterations in crop choices, might potentially affect 
energy consumption and GHG emissions.

In addition, alterations to temperature and the duration 
of growing seasons might affect the appropriateness of cer-
tain crops in different places. Farmers may require to make 
adjustments by modifying the types of crops cultivated and 
the timing of planting. These modifications can affect land 
use patterns and contribute to emissions, particularly if 
they entail activities such as deforestation or alterations in 
land management strategies. The interplay between climate 
change and feedback loops might result in economic and 
social vulnerabilities within agricultural communities. The 
potential decline in agricultural yields and animal produc-
tion has the potential to significantly impact both food secu-
rity and the financial well-being of farmers. In light of this 
situation, populations may endeavour to pursue alternative 
means of sustenance or undertake relocation, which might 
possibly result in alterations in land utilisation and environ-
mental consequences.

Therefore, it is crucial to comprehend the intricacies of 
these feedback loops and their impacts on the agricultural 
sector in order to formulate effective approaches to the alle-
viation of and adjustment to the issues presented by agricul-
tural emissions and climate change. Efforts made to mitigate 
these loops should prioritise the promotion of sustainable 
farming practices, the enhancement of resilience, and the 

minimisation of adverse effects on both food production and 
the environment.

5  Mitigation strategies for agricultural 
emissions

In light of the pressing imperative to confront climate 
change, the agricultural industry finds itself at a pivotal junc-
ture. Agriculture has a crucial role in assuring global food 
security and livelihoods; nevertheless, it also constitutes a 
substantial source of GHG emissions [45]. This complex 
situation requires a collaborative endeavour to formulate and 
execute measures aimed at both decreasing emissions and 
promoting the establishment of agricultural systems that are 
sustainable and resilient.

This part of the article discusses a wide range of mitiga-
tion measures specifically designed to reduce GHGs emit-
ted from agricultural operations. These methods comprise a 
range of approaches, spanning from sustainable agricultural 
practices to novel technologies and managerial techniques. 
With a mutual dedication to tackling the issues presented by 
agricultural emissions, these policies possess the capacity to 
revolutionise the sector into an active participant in the battle 
against climate change (see Fig. 3).

5.1  Sustainable agricultural practices

Sustainable agricultural practices are considered a funda-
mental component of mitigating strategies in the agricul-
ture industry [46]. These practices not only promote the 
long-term health and resilience of agricultural ecosystems, 
but also have a significant impact on the reduction of GHG 
emissions. The following subsections discuss three signifi-
cant sustainable agricultural practices: conservation agricul-
ture, agroforestry, and cover Crops.

Fig. 3  Mitigation strategies for 
agricultural emissions summary
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5.1.1  Conservation agriculture

Conservation agriculture is an innovative methodology that 
seeks to revolutionise conventional agricultural techniques 
through its focus on minimising soil disturbance, adopting 
reduced or zero tillage practices, and ensuring the continu-
ous presence of permanent soil cover [47]. Through the prac-
tice of minimising soil disturbance, several benefits may be 
observed. One of such benefits is the reduction of carbon loss 
from soils. In addition, this practice facilitates the sequestra-
tion of carbon by promoting increased organic matter con-
tent in the soil. Moreover, it has been found to boost overall 
soil health. Furthermore, conservation agriculture enhances 
the capacity of soil to retain water, hence diminishing the 
necessity for irrigation and alleviating emissions linked to 
energy-intensive irrigation methods. The aforementioned 
methodology serves as evidence of how the reconsideration 
of agricultural practices might result in favourable outcomes 
for both the environment and the climate.

5.1.2  Agroforestry

Agroforestry is a comprehensive methodology that com-
bines the cultivation of trees and woody plants inside agri-
cultural environments. This practice provides a variety of 
benefits such as the storage of carbon, the enhancement of 
soil quality, and the promotion of biodiversity. Agroforestry 
systems encompass trees that effectively store carbon from 
the atmosphere; that way, they aid in the reduction of GHG 
emissions [48]. In addition, these trees offer vital ecosystem 
services. Agroforestry serves as a comprehensive and sus-
tainable approach to land management, showcasing the inte-
gration of agricultural or livestock cultivation alongside stra-
tegically positioned trees. This practice embodies a holistic 
perspective and offers extensive environmental advantages.

5.1.3  Cover crops

Cover crops (sometimes known as green manure) play a 
crucial role in the implementation of sustainable agricul-
ture systems. Intermediary crops are strategically cultivated 
during the intervals between primary crop seasons in order 
to mitigate soil erosion, optimise nutrient preservation, and 
facilitate the buildup of organic matter within the soil. Cover 
crops provide the additional benefit of carbon sequestration, 
which occurs throughout their development and subsequent 
breakdown; this augments the overall carbon stores in the 
soil [49]. By assuming the role of a living cover over agricul-
tural fields, they serve the purpose of safeguarding against 
soil erosion, enhancing the structure of the soil, and sup-
pressing the growth of unwanted vegetation. Consequently, 
this facilitates the development of farming practices that are 
resilient and contribute to the reduction of emissions [50].

Performing sustainable agricultural practices highlights 
the capacity of agriculture to function as a viable solution, 
rather than a contributing factor, in the ongoing efforts to 
combat climate change. Through the conservation agricul-
ture, agroforestry, and cover cropping practices, farmers 
have the potential to effectively address several objectives, 
including the reduction of emissions, improvement of soil 
health, and enhancement of the overall sustainability of food 
production systems. These practices serve as a prime exam-
ple of the successful integration of agricultural and environ-
mental stewardship, presenting a model for a more sustain-
able and climate-resilient future in the field of farming.

5.2  Improved livestock management

The livestock sector, an essential element of the agricultural 
sector, also serves as a substantial source of GHG emissions, 
mostly owing to the production of CH

4
 . The mitigation of 

emissions stemming from animal agriculture necessitates 
the implementation of a comprehensive strategy that covers 
the enhancement of livestock management practices [51]. 
In the following subsections, two fundamental aspects of 
enhanced livestock management: dietary interventions and 
manure management techniques.

5.2.1  Dietary interventions

Dietary modifications have a crucial role in mitigating CH
4
 

emitted from livestock and preserving animal output. CH
4
 is 

predominantly produced within the gastrointestinal tracts of 
ruminant animals through a naturally occurring phenomenon 
known as enteric fermentation [52]. Dietary interventions 
have the potential to alter the composition of animal diets in 
order to minimise CH

4
 emissions as following: 

1. Scholars have successfully devised CH
4
 inhibitors, such 

as feed additives or supplements, which have exhibited 
the capacity to mitigate CH

4
 emissions originating from 

livestock. Inhibitors operate by modifying the micro-
bial makeup inside the gastrointestinal tract, resulting 
in a decrease in CH

4
 generation. This strategy presents 

a potentially effective method for reducing emissions 
and, simultaneously, maintaining animal feed integrity.

2. The mitigation of CH
4
 emissions can be achieved by 

the improvement of livestock nutrition, which involves 
enhancing forage quality and ensuring balanced diets. 
Enhancing the nutritional composition of livestock diets 
by including high-quality forage and optimising nutrient 
ratios has the potential to enhance feed efficiency, which 
results in reducing the amount of CH

4
 generated per unit 

of feed ingested.
3. Selective breeding programmes focussed on the produc-

tion of livestock with decreased CH
4
 emissions are con-
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sidered a viable and enduring approach to sustainability. 
Through the strategic selection of animals with reduced 
CH

4
 production rates, the livestock business may effec-

tively mitigate emissions over time, all the while safe-
guarding valuable genetic features.

5.2.2  Manure management techniques

Efficient management strategies for manure are crucial not 
only in mitigating CH

4
 emissions, but also in using the rich 

byproducts derived from animal farming which mentioned 
below: anaerobic digestion: the process of anaerobic diges-
tion involves the conversion of animal dung into biogas, 
which serves as a sustainable energy source. This technol-
ogy also contributes to the reduction of CH

4
 emissions that 

occur during the storage of manure. This procedure provides 
a dual advantage by both reducing emissions and offering 
an energy source that can be utilised either on-farm or off-
farm [53].

Composting is a very beneficial method of managing 
manure that serves to stabilise the nutrients present in the 
manure, mitigate the release of odorous emissions, and 
inhibit the production of CH

4
 gas. Composting procedures 

managed efficiently yield a soil amendment abundant in 
nutrients and mitigate emissions resulting from the decom-
position of manure. The manner in which manure is admin-
istered to agricultural areas has a substantial impact on the 
emission of CH

4
 . Precision manure application techniques, 

such as the injection or integration of manure into the soil, 
have been found to result in decreased CH

4
 emissions when 

compared to the conventional practice of surface spreading. 
Furthermore, these practices serve to improve nutrient uti-
lisation efficiency, which makes them harmonised with the 
objectives of sustainable agriculture.

Enhanced livestock management practices not only 
decrease emissions, but also improve animal welfare, 
increase farm output, and enhance resource efficiency. The 
utilisation of dietary treatments and waste management 
strategies serves as a notable illustration of the possibilities 
inherent in sustainable and environmentally conscious prac-
tices in the realm of animal agriculture. By incorporating 
these practices into livestock production systems, the agri-
culture industry may achieve substantial progress in mitigat-
ing its environmental impact and simultaneously satisfying 
the worldwide need for animal-derived commodities.

5.3  Precision agriculture

Precision agriculture is an advanced technology domain that 
aims to mitigate GHG emissions originating from agricul-
tural practices and concurrently improve the efficiency of 
resource utilisation and crop productivity [54]. This sub-
section examines two fundamental components of precision 

agriculture, namely nutrient management and emission-
reducing technologies.

5.3.1  Nutrient management

A fundamental aspect of precision agriculture is the opti-
misation of fertiliser and nutrient delivery to save waste 
and emissions while maximising crop output; this process 
is known as nutrient management. The implementation of 
precision techniques in nutrition management is contingent 
upon the use of data-driven decision-making processes and 
the adoption of customised application methods [55].

The use of precision agriculture involves the utilisation 
of global positioning systems (GPS) and geographic infor-
mation systems (GIS) to enable farmers to accurately target 
fertiliser treatments. By employing this approach, the occur-
rence of excessive application is minimised, hence mitigat-
ing the potential consequences of nutrient runoff, such as 
the emission of N 

2
 O and the degradation of water quality.

Variable rate technology (VRT) is a technological 
approach that enables the administration of fertilisers at var-
ying rates, taking into account the specific needs of the soil 
and crop. Through the examination of soil nutrient levels and 
the assessment of crop circumstances, VRT systems effec-
tively allocate nutrients in specific locations and at specific 
times, hence enhancing resource utilisation and minimising 
emissions.

The implementation of controlled-release fertilisers, 
which exhibit a steady release of nutrients over a longer 
duration, serves to improve the efficiency of nutrient utilisa-
tion. These fertilisers have the ability to decrease the likeli-
hood of N 

2
 O emissions, which is a powerful GHG linked to 

an excessive amount of nitrogen in soils.

5.3.2  Emission‑reducing technologies

The use of emission-reducing technologies in precision agri-
culture plays a crucial role in mitigating GHG emissions 
and, at the same time, ensures the preservation or enhance-
ment of crop yields. These technologies comprise a range of 
inventions specifically developed to mitigate and minimise 
emissions originating from diverse agricultural operations. 
Advancements in agricultural technology have facilitated 
the emergence of low-emission equipment, shown by the 
integration of cleaner engines in tractors and harvesters. It 
significantly helps mitigate emissions throughout various 
field operations, encompassing activities such as ploughing 
and harvesting [56].

Precision irrigation methods, including drip and micro-
irrigation, are utilised in the agriculture sector to enhance 
water utilisation efficiency. These devices effectively 
mitigate energy-intensive irrigation practices and related 
emissions by providing water directly to the root zone of 
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crops. The use of sensor technologies, including drones and 
ground-based sensors, enables the acquisition of instanta-
neous data pertaining to the well-being of crops, soil con-
ditions, and nutrient demands. Data-driven methodologies 
empower farmers to make well-informed decisions, hence 
optimising the allocation of resources and mitigating emis-
sions [57].

Precision agriculture serves as a prime illustration of 
the amalgamation of technology and data-driven decision-
making in order to augment sustainability and mitigate emis-
sions in the agriculture sector. By implementing enhanced 
strategies of nutrient management and embracing emission-
reducing technologies, this strategy presents a viable path-
way for harmonising agricultural practices with climate 
objectives, all the while ensuring the sustainability of global 
food production.

6  Carbon sequestration and removal 
in agriculture

As mentioned earlier, the agriculture sector not only con-
tributes to GHG emissions, but also addresses climate 
change through carbon storage and removal. This section 
examines the significant role that agriculture plays in the 
process of absorbing and sequestering CO

2
 from the Earth’s 

atmosphere. This part is divided into two subsections: soil 
carbon sequestration and afforestation and reforestation. It 
highlights the measures taken by the agriculture sector in 
order to transition into a net carbon sink [58].

The process of carbon sequestration in agriculture encom-
passes more than just emission reduction; it involves the 
active removal of CO

2
 from the atmosphere, thereby con-

tributing to the overarching objective of attaining carbon 
neutrality. These initiatives utilise the potential of natural 
processes and agricultural methodologies to sequester and 
retain carbon, which offers a hopeful trajectory towards a 
more environmentally sustainable and climate-resilient agri-
cultural future.

The next subsections examine the mechanisms, difficul-
ties, and possibilities pertaining to soil carbon sequestration 
and afforestation/reforestation in the agriculture domain. 
Collectively, these methods provide a potent array of meas-
ures in the battle against climate change; they provide a 
viable path for the agriculture sector to shift from being a 
source of CO

2
 emissions to a means of actively removing it.

6.1  Soil carbon sequestration

The process of soil carbon sequestration harnesses the 
potential of soils to act as a significant storage facility for 
atmospheric CO

2
 . This subsection discusses the possibilities 

and processes of soil carbon sequestration, which can be 

categorised into two essential aspects: the augmentation of 
soil organic matter and the significance of agroecosystems.

6.1.1  Enhancing soil organic matter

Improving soil organic matter is a key approach to the 
sequestration of carbon in agricultural systems. Soil organic 
matter, which consists of the products decomposed from 
plant and animal leftovers, serves the dual purpose of car-
bon storage and enhancement of soil structure, fertility, and 
water retention capacity. The use of cover crops and green 
manure into farming systems serves to improve the content 
of soil organic matter. These agricultural practices involve 
the intercropping of designated crops during intervals 
between cash crop seasons, the integration of crop lefto-
vers into the soil, and the facilitation of the proliferation of 
advantageous microbes [59].

The implementation of reduced tillage practices, includ-
ing reduced or no-tillage methods, serves to minimise 
soil disturbance. This approach effectively safeguards soil 
organic matter by mitigating its exposure to breakdown. This 
methodology effectively increases the capacity for carbon 
sequestration and also preserves the integrity and fertility 
of the soil. Crop rotation is a well-recognised agricultural 
practice that involves the systematic alteration of plant spe-
cies in order to boost the content of soil organic matter. 
This is achieved by introducing a variety of organic lefto-
vers into the soil, thereby diversifying the types of nutrients 
supplied. These rotational practices mitigate the potential 
for soil depletion and enhance carbon sequestration on a 
broader scale.

6.1.2  Role of agroecosystems

The contribution of agroecosystems to the sequestration of 
soil carbon extends beyond the scope of specific farming 
practices, encompassing the wider ecological environment 
in which agricultural activities are performed. The promo-
tion of biodiversity and enhancement of ecosystem services 
are facilitated by the presence of diverse agroecosystems, 
which encompass various agricultural practices such as 
mixed cropping and agroforestry. These systems not only 
enhance the process of carbon sequestration, but also con-
tribute to the improvement of soil health, pest control, and 
overall agricultural resilience [60].

In addition to their capacity for carbon absorption, con-
servation tillage methods offer advantages such as less soil 
erosion and enhanced water quality. The aforementioned 
benefits at the agroecosystem level highlight the diverse 
advantages associated with farming practices that prioritise 
carbon. Agroecosystems that are specifically constructed for 
the purpose of soil carbon sequestration generally demon-
strate enhanced resilience to adverse climatic conditions.
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The improvement of soil organic matter has been found 
to have a positive impact on the water-holding capacity 
of soil, hence providing a protective mechanism for crops 
during periods of drought and floods. This aligns with the 
objectives of climate adaptation, as it contributes to the resil-
ience of agricultural systems in the face of changing climatic 
conditions. The process of soil carbon sequestration has the 
dual purpose of mitigating climate change and bolstering 
soil production and resilience. Through the implementa-
tion of strategies aimed at increasing soil organic matter 
and promoting diversified agroecosystems, the agricultural 
sector has the capacity to function as a carbon sink, thereby 
making significant contributions to both climate mitigation 
efforts and the achievement of sustainable food production 
goals. The following subsection focuses on another crucial 
element of carbon sequestration, namely afforestation and 
reforestation within agricultural landscapes.

6.2  Afforestation and reforestation

The implementation of afforestation and reforestation prac-
tices in agricultural landscapes is considered a strategic 
method for carbon sequestration [61]. These practices utilise 
the inherent ability of trees and forests to trap and store CO

2
 . 

This subsection examines the complexities of afforestation 
and reforestation initiatives, specifically emphasising two 
key aspects: agroforestry systems and carbon stocks in tree 
plantations.

6.2.1  Agroforestry systems

Agroforestry systems involve the deliberate integration of 
trees and woody plants into agricultural landscapes, which 
can result in a mutually beneficial cohabitation of food pro-
duction and carbon sequestration. These systems generate a 
wide range of environmental, social, and economic advan-
tages. Carbon sequestration refers to the process by which 
trees within agroforestry systems effectively collect and 
retain carbon within their biomass and the soil [62]. The 
integration of agricultural and forestry components amplifies 
the total potential for carbon sequestration in comparison 
with conventional monoculture farming practices. Agrofor-
estry landscapes play a crucial role in promoting biodiversity 
as they serve as habitats and sources of sustenance for a wide 
array of plant and animal species. The presence of various 
ecological resources contributes to the overall resilience of 
ecosystems and provides essential support for pollinator 
populations, ultimately leading to positive impacts on crop 
output.

Taking erosion-control measures, such as cultivating 
trees and woody plants, can effectively mitigate soil ero-
sion through the stabilisation of soil particles facilitated by 
their intricate root systems [63]. The use of erosion-control 

measures safeguards the integrity of precious topsoil and 
mitigates the occurrence of sedimentation in aquatic envi-
ronments. The inclusion of trees in agroforestry systems has 
been found to provide microclimates that effectively allevi-
ate temperature fluctuations and, consequently, bring about 
advantageous conditions for the growth of crops and the 
well-being of animals. The provision of shade by trees has 
the potential to mitigate heat stress experienced by animals, 
and the presence of protected circumstances can prolong the 
growing seasons of specific crops.

6.2.2  Carbon stocks in tree plantations

The cultivation of trees with the primary objective of carbon 
storage, as shown by tree plantations, provides a focussed 
strategy for the mitigation of carbon emissions. One of the 
objectives of tree planting is to optimise the process of car-
bon sequestration in a compressed time period. Rapidly 
expanding tree species has the capacity to amass consider-
able biomass, which enables the sequestration of enormous 
quantities of CO

2
 [64].

Tree plantation can provide lucrative wood and biomass 
resources through sustainable harvesting practices [65]. The 
incorporation of harvested wood products has the potential 
to mitigate emissions by serving as a substitute to resources 
that have a high carbon footprint. Silvopasture, a practice 
that involves the integration of tree plantations with live-
stock grazing, is a synergistic approach that combines the 
benefits of carbon sequestration with livestock productivity. 
In this system, trees play a significant role in providing shade 
and food for cattle. It presents a land use alternative that is 
both economically feasible and environmentally advanta-
geous [66].

Long-term carbon storage is facilitated by the retention 
of a significant part of carbon inside wood products over 
extended periods, spanning decades, or even centuries. The 
potential for agriculture to contribute to mitigating climate 
change is exemplified by afforestation, reforestation, and 
agroforestry systems. These solutions provide a dual advan-
tage as they improve the process of carbon sequestration and 
also encourage sustainable land use. This alignment with 
the wider objectives of climate mitigation and agricultural 
sustainability is noteworthy. The following section exam-
ines the incorporation of various solutions for mitigating and 
removing carbon in the framework of agricultural policies 
and practices.

7  Challenges and barriers to mitigation

The endeavour to mitigate GHG emissions in the agricul-
ture sector is not devoid of intricacies and challenges. The 
agriculture sector has considerable potential for mitigating 
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emissions, adopting carbon sequestration practices, and 
improving sustainability. However, it also faces many obsta-
cles that hinder its advancement [67]. In this regard, the 
present section discusses the intricate and diverse terrain of 
barriers to mitigation. The section is separated into two sep-
arate, yet interrelated, subsections, namely socioeconomic 
constraints and policy and regulatory challenges.

The aforementioned problems highlight the need for 
adopting a comprehensive and nuanced strategy to address 
agricultural emissions reduction and carbon sequestration. 
Overcoming these obstacles necessitates the collective effort 
of many stakeholders, the implementation of inventive agri-
cultural methodologies, and the establishment of efficient 
policy and regulatory structures. By acknowledging the 
obstacles that the agriculture sector encounters in the frame-
work of climate change mitigation, better-informed, fair, and 
efficient strategies could be formulated, which effectively 
negotiate the intricacies of this crucial industry.

7.1  Socioeconomic constraints

The adoption of mitigation techniques in agriculture is sig-
nificantly hindered by socioeconomic restrictions. The afore-
mentioned limitations, which are frequently interconnected 
with specific circumstances at the local and regional levels, 
have an impact on the ability of farmers and communities 
to actively participate in initiatives aimed at reducing emis-
sions and sequestering carbon [66]. This section covers two 
significant aspects of these limitations: smallholder farmers 
and the accessibility of technology.

7.1.1  Smallholder farmers

Smallholder farmers, who constitute a substantial propor-
tion of the worldwide agricultural labour force, encounter 
distinctive obstacles when it comes to the implementation 
of mitigation practices. Smallholder farmers frequently have 
constraints in regard to their access to financial capital, land, 
and technology, resulting in restricted resources at their 
disposal. This limitation hampers their capacity to allocate 
resources towards the development and implementation of 
technology aimed at lowering emissions, embracing sustain-
able practices, and engaging in afforestation and reforesta-
tion initiatives. A large number of smallholder farmers face a 
dearth of resources and opportunities to acquire information 
and expertise pertaining to climate-smart farming practices. 
The implementation of mitigation and carbon sequestration 
measures may be impeded because of smallholders’ poor 
awareness of their advantages and methodologies [68].

Risk aversion is a characteristic that may be observed in 
smallholders as a result of their dependence on agriculture 
as a means of sustenance and ensuring food security. The 
act of engaging in novel practices or technology may be 

seen as inherently precarious, particularly in the absence 
of safeguards or support systems. Market access is a sig-
nificant challenge for small-scale farmers in regard to gain-
ing entry into markets and obtaining equitable prices for 
their sustainably produced agricultural goods. This phe-
nomenon has the potential to deter investments in mitiga-
tion strategies that have the capacity to raise production 
expenses.

7.1.2  Access to technology

The availability of technology considerably facilitates miti-
gation measures in the agriculture sector. However, differ-
ences in access to technology might further amplify existing 
inequities. The use of advanced emission-reducing technol-
ogy and precision agricultural instruments may pose a sig-
nificant financial burden for a considerable number of farm-
ers because of their high costs. The expenses associated with 
adoption might serve as a hindrance, especially for farmers 
with limited resources. Rural regions, characterised by a 
dominant agricultural sector, frequently have deficiencies 
in infrastructure, such as limited internet connectivity and 
unreliable electrical provision. The presence of infrastruc-
tural gaps is a significant obstacle to the widespread use of 
digital technology and data-driven practices [69].

Capacity building is essential for farmers to acquire the 
necessary skills and knowledge to properly utilise emerging 
technologies. The lack of educational and extension services 
may impede the adoption of practices aimed at lowering 
emissions. Disparities in technology innovation and adapt-
ability might give rise to a digital divide, resulting in dif-
ferential access to cutting-edge solutions among farmers.

To effectively tackle socioeconomic restrictions, it is 
imperative to adopt customised strategies that take into 
account the unique obstacles encountered by small-scale 
farmers and the inequalities in technology accessibility. The 
use of strategies that foster inclusion, facilitate knowledge-
sharing, and encourage capacity development can effectively 
empower agricultural communities to surmount these chal-
lenges and actively engage in endeavours related to climate 
mitigation and adaptation.

7.2  Policy and regulatory challenges

The implementation of an enabling policy and regulatory 
framework is crucial for the reduction of GHG emissions in 
the agriculture sector [70]. However, successfully navigat-
ing the intricate landscape of laws and regulations poses 
a unique set of challenges. This article examines two key 
components of policy and regulatory challenges, i.e. land 
use planning and incentive mechanisms.
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7.2.1  Land use planning

Land use planning is an iterative and comprehensive process 
that entails the methodical evaluation and administration of 
land resources with the ultimate aim of attaining sustainable 
development. The process includes the discovery, analysis, 
and allocation of land resources. The function of land use 
planning is of paramount importance in shaping the structure 
of agricultural landscapes and their potential to reduce emis-
sions and absorb carbon.

Agricultural regions may face conflicts arising from com-
peting land uses such as urbanisation, industrialisation, and 
infrastructure development. The potential limitations on the 
allocation of land for carbon sequestration endeavours, such 
as afforestation and reforestation, may arise owing to land 
use conflicts. The absence of adequate zoning and land use 
regulations might possibly impede the advancement and 
execution of carbon sequestration practices, which shows 
that they lack the essential incentives and facilitation. The 
implementation of clear and well-structured policies is cru-
cial to promoting sustainable practices of land management 
and establishing designated areas for afforestation, reforesta-
tion, and conservation [71].

Insecure land tenure systems can discourage enduring 
investments in afforestation and sustainable practices of 
land management. Farmers may demonstrate hesitancy in 
embracing carbon sequestration practices in the absence of 
land ownership or secure land rights.

7.2.2  Incentive mechanisms

Incentive mechanisms include a variety of tactics and sys-
tems employed to stimulate individuals or groups to adopt 
desired behaviours or attain certain outcomes. The imple-
mentation of effective incentive frameworks is essential to 
encouraging the engagement of farmers and landowners in 
climate mitigation initiatives. Financial incentives, such 
as subsidies, grants, and carbon credit programmes, can 
encourage the adoption of emission-reducing technologies 
and practices that facilitate carbon sequestration. However, 
significant disparities may exist in the structure and inclusiv-
ity of these incentives [72].

Policy coherence is a concept that pertains to the lack 
of incongruities or contradictions across agricultural, envi-
ronmental, and climatic policies. These inconsistencies 
might impede the effectiveness of mitigation measures. 
The achievement of improved mitigation measures can be 
facilitated by aligning policies to provide a comprehen-
sive framework. Monitoring and verification are essential 
components that ensure the mitigation activities comply 
with set criteria and standards. The aforementioned sys-
tems exhibit a tendency to use a substantial quantity of 

resources and require careful planning and execution in 
their design and implementation [73]. The efficacy of 
incentive schemes is augmented when they are comple-
mented with public awareness campaigns that underscore 
the benefits of embracing environmentally sustainable 
practices. The development of mindfulness can function 
as a catalyst for the voluntary participation of farmers and 
landowners in efforts to mitigate environmental impacts.

The successful settlement of policy and regulatory 
challenges requires a collaborative effort including gov-
ernmental entities, policymakers, and other stakeholders. 
Efficient land use planning, thorough regulatory frame-
works, and suitably designed incentive systems have the 
potential to provide the necessary support for agriculture 
to become a substantial contribution to climate change 
mitigation. By overcoming these challenges, it is possible 
to fully harness the potential of agriculture as a method of 
mitigating climate change and also ensure the long-term 
sustainability and resilience of food production systems.

8  Synergies and trade‑offs in agricultural 
emissions reduction

In the agriculture sector, the endeavour to reduce emis-
sions and sequester carbon is a multifaceted undertaking 
characterised by the convergence of several possibilities, 
difficulties, and repercussions. In light of climate change, 
it is imperative to study the interconnections and trade-
offs associated with reducing agricultural emissions while 
agricultural systems undergo adaptation. This section 
examines the complex interaction of several elements that 
contribute to emissions reduction techniques. It is organ-
ised into three key parts: food security and emissions 
reduction, alignment with sustainable development goals, 
and conservation of biodiversity.

Agriculture is not an independent industry, but rather a 
fundamental component of worldwide food systems, econ-
omies, and ecosystems. The implementation of measures 
aimed at reducing emissions and fostering sustainability 
in the agriculture sector can result in positive outcomes 
not only for the environment, but also for society and the 
economy. Therefore, it is essential to investigate the poten-
tial synergies that exist between the reduction of agricul-
tural emissions and larger social objectives and also to 
recognise the potential trade-offs that may arise. Through 
a comprehensive analysis of these characteristics, it is pos-
sible to strategically plan a trajectory that optimises the 
beneficial effects of mitigating agricultural emissions on a 
global scale, particularly in relation to sustainability, food 
security, and biodiversity preservation.
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8.1  Food security and emissions reductions

The complex interconnection between food security and 
emissions reduction in the agriculture sector highlights 
the necessity for a well-balanced strategy that addresses 
climate change and simultaneously guarantees universal 
access to safe, nutritious, and enough food. Tables 1 and 2 
show, respectively, the synergies and trade-offs in the food 
security and emission reductions. Achieving a harmonious 
equilibrium between food security and carbon reductions 
necessitates a comprehensive and contextually tailored 
methodology. Through the identification of synergies and the 
mitigation of trade-offs, policymakers and stakeholders can 
devise solutions that not only address the challenges posed 
by climate change, but also enhance the resilience of food 
systems, decrease vulnerabilities, and foster equal access to 
food. The adherence to principles of sustainability and social 
fairness is crucial in ensuring the long-term effectiveness of 
efforts to reduce emissions in the agricultural sector, leading 
to beneficial and enduring effects for the environment and 
society.

8.2  Sustainable development goals alignment

The sustainable development goals (SDGs) established by 
the United Nations provide a comprehensive framework 
for addressing a range of global concerns such as cli-
mate change and sustainable agriculture. This subsection 
examines the correlation between SDGs and agricultural 
emissions reduction, emphasising the potential synergies 
and trade-offs that emerge in this complex framework. 
Tables 3 and 4 show the synergies and trade-offs in SDGs, 
respectively.

The convergence of emissions reduction in the agriculture 
sector with the SDGs is a viable avenue for achieving com-
prehensive and sustainable development. The achievement 
of optimal synergies while minimising trade-offs necessi-
tates meticulous strategic planning, active engagement and 
cooperation among relevant parties, and a steadfast dedi-
cation to the ideals of fairness and inclusiveness. Through 
acknowledging the interdependence of global development 
objectives, it is possible to construct a prospective scenario 
wherein the reduction of agricultural emissions plays a role 

Table 1  Synergies in food security and emissions reductions

Field Description

Sustainable practices Numerous solutions aimed at reducing emissions, such as conservation agriculture and agroforestry, have the 
potential to improve soil health and fertility. These practises not only facilitate the sequestration of carbon 
but also enhance crop yields, therefore, making a valuable contribution to food security

Reduced food loss and waste The mitigation of post-harvest losses and food waste can provide substantial reductions in emissions linked to 
the production and disposal of unconsumed food. The implementation of strategies aimed at enhancing food 
distribution and storage systems is in line with the objective of reducing emissions

Diversified diets The promotion of diverse and balanced diets that integrate a greater proportion of plant-based meals has the 
potential to mitigate emissions linked to cattle agriculture. The implementation of dietary changes has the 
potential to provide favourable health effects, while also mitigating the environmental impact associated 
with agricultural practises

Table 2  Trade-offs in food security and emissions reductions

Field Description

Yield variability Certain emissions reduction practises, such as the implementation of decreased tillage or adoption of organic farming 
methods, have the potential to result in fluctuations in crop yields. Although the aforementioned practises have the 
potential to be environmentally sustainable over an extended period, it is important to acknowledge that short-term 
variations in crop yields may provide obstacles to ensuring food security, particularly in areas that are already suscep-
tible to vulnerabilities

Resource competition Resource rivalry can arise when there is a conflict for land and water resources between endeavours focussed on food 
production and those aimed at carbon sequestration, such as afforestation. Achieving a balance between these conflict-
ing objectives is crucial in order to safeguard food production without compromising emissions reduction efforts

Cost implications The implementation of emissions reduction practises might entail some expenses, which can be either absorbed by 
farmers or transferred to consumers. It is of utmost importance to ensure that the impact of these expenses on food 
accessibility is not disproportionately borne

Livelihoods Impacts on Livelihoods: The move away from high-emission agricultural practises, such as animal farming, might 
potentially have consequences for livelihoods in some circumstances. One potential approach to tackle this situation 
involves the implementation of strategies aimed at offering other sources of income and opportunity for communities 
that are impacted
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in fostering a society characterised by fairness, adaptability, 
and environmental sustainability.

8.3  Biodiversity conservation

The preservation of biodiversity in agricultural systems is 
a crucial factor to be taken into account in efforts made to 
achieve emissions reduction. This subsection examines the 
complex connection between biodiversity conservation and 
agricultural emissions reduction, highlighting the synergies 
and trade-offs that exist in this dynamic interaction. Tables 5 
and 6 show the synergies and trade-offs in the biodiversity 
conservation, respectively.

The interdependence of biodiversity protection and emis-
sions reduction is evident since their respective results hold 
significant consequences for global sustainability. Achieving 
a harmonious equilibrium among these goals requires the 

implementation of a holistic strategy that takes into account 
the ecological, social, and economic aspects of agriculture. 
Including biodiversity protection into emissions reduction 
plans may lead to a future in which agricultural practices 
are both climate-smart and conducive to the flourishing and 
varied ecosystems that underpin food systems.

9  Future outlook and research directions

The review of the literature on mitigating agricultural 
emissions and enhancing carbon sequestration reveals 
that it is still difficult to achieve a certain conclusion in 
this regard. The future trajectory of sustainable agricul-
ture hinges upon our capacity to engage in innovative 
practices, adapt to changing circumstances, and foster 
successful collaboration. This section focuses on future 

Table 3  Synergies in sustainable development goals alignment

Field Description

SDG 2 SDG 2, often known as Zero Hunger, may be effectively advanced through the reduction of agricultural emissions. This can 
be achieved by advocating for the adoption of sustainable agricultural practises that not only contribute to food security but 
also improve nutritional outcomes. The implementation of several strategies aimed at enhancing soil health, mitigating food 
loss and waste, and promoting the cultivation of crop types tolerant to climate change significantly contribute to the attain-
ment of the Zero Hunger goal

SDG 13 SDG 13, also known as Climate Action, is advanced by the reduction of emissions in the agricultural sector. This endeavour 
aligns with the urgent urgency to address climate change and its associated consequences as outlined in SDG 13. The objec-
tives of climate mitigation and adaptation are congruent with sustainable agricultural practises, afforestation, and reforesta-
tion endeavours

SDG 15 SDG 15 (Life on Land) encompasses endeavours focussed on the preservation of biodiversity, frequently interconnected with 
initiatives aimed at mitigating emissions. These conservation efforts are in line with the objectives of SDG 15, which seeks 
to safeguard, rehabilitate, and foster sustainable terrestrial ecosystems. The use of agroecological practises and afforestation 
has been found to have a positive impact on the overall health of terrestrial ecosystems

SDG 1 & SDG 8 The promotion of sustainable agriculture has the potential to generate job opportunities and mitigate poverty, so harmonising 
with the objectives outlined in SDG 1 (No Poverty) and SDG 8 (Decent Work and Economic Growth). The promotion of 
rural livelihoods and provision of support to smallholder farmers can serve as effective emissions reduction initiatives that 
have the potential to contribute to equitable economic growth

Table 4  Trade-offs in sustainable development goals alignment

Field Description

SDG 9 SDG 9, which focuses on Industry, Innovation, and Infrastructure, highlights that the implementation of emissions reduction 
technologies and practises may necessitate significant expenditures in innovation and infrastructure. This allocation of resources 
towards emissions reduction initiatives has the potential to divert funds from other development objectives. The act of maintaining 
equilibrium between these investments and other competing goals is of utmost importance

SDG 7 SDG 7, which focuses on inexpensive and clean energy, highlights the potential implications on the accessibility of inexpensive and 
clean energy due to the energy demands associated with certain emissions reduction technologies, such as bioenergy production or 
the use of electric farm gear. Thorough strategic planning is necessary in order to achieve energy equity

SDG 6 SDG 6, which pertains to clean water and sanitation, posits that the implementation of sustainable agriculture practises has the poten-
tial to influence both water use and the overall quality of water resources. Ensuring a harmonious equilibrium between the reduction 
of emissions and the protection of water resources is of utmost importance in order to prevent inadvertent repercussions on the 
accessibility of clean water

SDG 10 SDG 10, often known as “Reduced Inequalities,” underscores the crucial need of ensuring that activities aimed at reducing emissions 
do not further worsen pre-existing disparities. When formulating strategies, it is crucial to take into account the possible effects on 
vulnerable and marginalised populations, and to actively strive towards reducing any existing gaps
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outlook and research directions for mitigating agricul-
tural emissions, developing a scenario where progress is 
driven by improvements, innovations, and multidiscipli-
nary collaboration.

Under this overall subject, this section discusses three 
crucial subsections: progress in emission measurement 
and monitoring, innovations in climate-smart agriculture, 
and collaborative efforts across sectors. Collectively, these 
domains offer a look into the dynamic field of agricultural 
emissions research and application, elucidating the promis-
ing opportunities and obstacles that lie on the horizon.

The efficacy of agriculture as a climate mitigation strat-
egy relies on the successful incorporation of advanced sci-
entific knowledge, technological advancements, and policy 
frameworks into agricultural practices, alongside the culti-
vation of collaborative alliances that surpass conventional 
limitations. In this sense, the present section establishes the 
groundwork for a sustainable and resilient agricultural tra-
jectory in light of the challenges posed by climate change.

9.1  Advancements in emission measurement 
and monitoring

The successful pursuit of mitigating agricultural emissions 
and improving carbon sequestration relies heavily on the 
capacity to precisely measure, monitor, and evaluate the 
effectiveness of these efforts. This subsection looks into the 
dynamic terrain of advancements in emission measurement 
and monitoring in order to provide insights into the cutting-
edge equipment and procedures that can significantly trans-
form our comprehension of agricultural emissions. These 
advancements are illustrated in Fig. 4 and summarised as 
follows:

• Remote Sensing and Satellite Technology: The progress 
made in remote sensing and satellite technologies has 
provided unparalleled opportunities for the surveillance 
of agricultural emissions on a regional and global level. 
Satellite-derived sensors have the capability to identify 

Table 5  Synergies in biodiversity conservation

Field Description

Ecosystem services The provision of ecosystem services is heavily reliant on biodiversity, since it plays a pivotal role in supporting 
agricultural activities. These services encompass essential functions like as pollination, natural pest control, and 
the maintenance of soil fertility. The implementation of conservation initiatives aimed at preserving biodiver-
sity has the potential to not only improve agricultural output but also effectively reduce emissions

Carbon sequestration The implementation of emissions reduction measures, such as afforestation and agroforestry, demonstrates a 
congruence with the objectives of biodiversity conservation. Forested regions and diversified agroecosystems 
function as ecological niches for a broad spectrum of organisms, so playing a crucial role in the conservation 
and maintenance of biodiversity

Resilience to climate change The resilience of ecosystems to climate change is typically enhanced by their biodiversity, which enables them to 
better withstand and adapt to the consequences of climate change, including extreme weather events and insect 
outbreaks. The use of biodiversity-enhancing practises has the potential to mitigate the negative impacts of 
climate change on agriculture

Genetic diversity The preservation of genetic variety in agricultural and animal species is of utmost importance for ensuring food 
security and for adaptability to evolving environmental circumstances. Biodiversity conservation endeavours 
have the potential to save the wild counterparts of cultivated plants and domesticated animals, so ensuring the 
preservation of valuable genetic reservoirs

Table 6  Trade-offs in biodiversity conservation

Field Description

Land use changes Land use changes can occur as a result of emissions reduction initiatives, such as afforestation, which may have implica-
tions for current agricultural areas and ecosystems. It is imperative to achieve a harmonious equilibrium between these 
alterations and endeavours in biodiversity conservation in order to prevent the loss of habitats

Pesticide use The utilisation of pesticides in intensive agricultural practises has the potential to have adverse impacts on biodiversity. 
The task of minimising dependence on pesticides while still sustaining agricultural output is a complex undertaking 
that needs meticulous oversight and strategic planning

Invasive species The implementation of some mitigation measures has the potential to unintentionally introduce invasive species or pests, 
hence causing detrimental effects on local ecosystems. In order to mitigate these unexpected outcomes, it is imperative 
to employ vigilance and conduct comprehensive risk assessments

Habitat fragmentation Habitat fragmentation is a consequence of land use changes that are often implemented to achieve emissions reductions. 
This phenomenon poses a significant risk to many species as it might result in their isolation and vulnerability. The 
implementation of landscape design is of utmost importance in order to effectively manage this danger
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alterations in land utilisation, crop vitality, and vegeta-
tion coverage; therefore, they can offer significant schol-
arly perspectives into sources of emissions, patterns, and 
prospective avenues for mitigation. These technologies 
provide the monitoring of events in near real-time, allow-
ing for a swift reaction to emergent difficulties.

• IoT and Sensor Networks: The advent of the Internet of 
Things (IoT) has facilitated the emergence of a novel 
epoch in precision agriculture, as it facilitates the imple-
mentation of sensor networks throughout agricultural 
fields. The sensors are responsible for gathering data 
pertaining to several aspects, including soil conditions, 
concentrations of GHGs, patterns of weather, and the 
development of crops. When combined with data analyt-
ics and artificial intelligence, IoT-based monitoring sys-
tems enable farmers to make decisions based on data, 
leading to a reduction in emissions and an increase in 
production [74–76].

• Data Integration and Modelling: The progress in data 
integration and modelling techniques has augmented the 
capacity of simulating and forecasting the consequences 
of measures taken to reduce agricultural emissions. The 
use of integrated models that incorporate many elements 
such as climate, land use, and socioeconomic variables 
allows for a more complete evaluation of mitigation strat-
egies. These models facilitate the identification of opti-
mal techniques for reducing emissions and sequestering 
carbon. This aids policymakers and researchers in their 
decision-making processes [77, 78].

• Blockchain Technology and Transparency: The utili-
sation of blockchain technology is increasingly being 
recognised as a means to augment transparency and 
traceability in agricultural supply chains. Through the 

systematic recording of emission data at every step of 
production and distribution, blockchain technology plays 
a crucial role in promoting accountability and facilitating 
emissions reduction across the whole value chain. Being 
provided with access to verifiable information, consum-
ers and stakeholders can make educated decisions that 
align with sustainable practices [79].

• Advancements in Measurement Techniques for Future 
Applications: In contemporary laboratory settings, novel 
measuring methodologies are progressively enhancing 
our capacity to accurately estimate agricultural emis-
sions. The advent of novel technologies such as laser-
based spectroscopy and portable gas analysers has facili-
tated the acquisition of real-time, on-site data pertaining 
to GHGs. These approaches offer significant insights into 
areas with high emissions and facilitate the implementa-
tion of focussed measures for reducing them.

The key to making informed decisions, tracking pro-
gress, adapting tactics, and refining regulations lies in the 
advancements made in emission measurement and monitor-
ing. By adopting these advanced technologies and practices, 
a more sustainable and resilient agricultural sector could be 
developed, which assumes a crucial role in the mitigation 
of climate change and the guarantee of food security for an 
expanding global population.

9.2  Climate‑smart agriculture innovations

Given the dynamic nature of climate change, it is imperative 
for the agriculture sector to undergo a transformation that 
prioritises resilience, sustainability, and adaptability. This 
subsection concentrates on the innovations in the domain 
of Climate-Smart Agriculture, whereby revolutionary meth-
odologies and technologies are reshaping the trajectory of 
agricultural practices. The development of climate-resilient 
crop varieties shows potential through the use of advanced 
crop breeding techniques, including precision breeding and 
gene editing. The primary objective of these improvements 
is to augment the capacity of crops to withstand severe tem-
peratures, drought, and pests, hence facilitating their growth 
and development in the face of shifting climatic circum-
stances. Climate-resilient cultivars provide a vital means of 
safeguarding food security.

Precision agriculture utilises data-driven technologies, 
e.g. GPS, remote sensing, and artificial intelligence, in order 
to optimise farming practices. From the implementation of 
precise irrigation management to the use of variable rate 
fertilisation, these technological advancements contribute 
to the enhancement of resource efficiency, the mitigation 
of emissions, and the augmentation of agricultural yields. 
Digital farming platforms help farmers make informed deci-
sions with considering data-driven insights.Fig. 4  Main advancements in emission measurement and monitoring
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Agroecological practices, including organic farming, 
permaculture, and regenerative agriculture, enhance biodi-
versity, soil health, and carbon sequestration. These meth-
odologies highly emphasise promoting sustainability and 
resilience, demonstrating a strong alignment with objectives 
aimed at reducing emissions. Agroecological technologies 
are playing a transformative role in the restructuring of agri-
cultural systems, fostering a heightened level of alignment 
with the natural environment [80].

Carbon farming practices, such as the use of cover crop-
ping, conservation tillage, and the application of organic 
soil amendments, are primarily centred on enhancing the 
accumulation of soil organic carbon. In addition to carbon 
sequestration, healthy soils also enhance nutrient cycling 
and water retention. The use of novel strategies for soil 
health management has been shown to effectively enhance 
both the emissions reduction capacity and the productivity 
of agricultural systems.

Livestock management has witnessed notable advance-
ments, encompassing the implementation of feed addi-
tives aimed at mitigating CH

4
 emissions, the adoption of 

enhanced breeding tactics, and the use of precision nutrition 
techniques. These developments both reduce emissions asso-
ciated with livestock and improve animal health and produc-
tion. Integrated agricultural methods involve the integration 
of crop and animal production, resulting in the reduction of 
waste and the optimisation of resource use. These systems 
imitate natural ecosystems, promoting the development of 
resilience and biodiversity. The implementation of integra-
tion and diversification strategies in agriculture contributes 
to the long-term viability and environmental soundness of 
agricultural practices. The technologies related to Climate-
Smart Agriculture provide a viable approach to effectively 
tackle the challenges of reducing emissions, ensuring food 
security, and enhancing resistance to the impacts of climate 
change. As society grapples with the implications of global 
warming, it becomes more evident that innovative strategies 
and technologies will be important in determining the trajec-
tory of agriculture. These transformational methods have 
significant potential in promoting the long-term viability of 
the agricultural sector and preserving the welfare of both 
farmers and consumers.

9.3  Cross‑sectoral collaboration

The reduction of GHG emissions and the storage of carbon 
in the agriculture sector are complex issues that are inter-
connected with other sectors, including energy, transporta-
tion, forestry, and conservation. This subsection examines 
the significance of cross-sectoral collaboration in tackling 
the intricate array of difficulties linked to the influence of 
agriculture on climate change and summarises the results 
in Fig. 5.

The promotion of cross-sectoral collaboration facilitates 
the development of interdisciplinary research that surpasses 
conventional limitations. The synergy of agricultural sci-
entists, climate specialists, ecologists, and social scientists 
facilitates a comprehensive understanding of the many 
dimensions pertaining to the mitigation of emissions and 
the sequestration of carbon. The act of sharing knowledge 
expedites the advancement of comprehensive plans in this 
regard.

To formulate effective policies, it is imperative to incor-
porate agriculture in comprehensive climate and sustainabil-
ity frameworks. The establishment of collaborative partner-
ships among agriculture ministries, environmental agencies, 
and climate policy authorities aids in taking coherent and 
coordinated initiatives. To effectively address climate 
change, it is imperative that policies promoting emissions 
reduction and carbon sequestration be in accordance with 
both domestic and global climate objectives.

Public–private partnerships are of great significance in 
expediting the implementation of emissions reduction tech-
nology and practices. The mobilisation of resources, shar-
ing of best practices, and promotion of innovation may be 
achieved through the collaboration of governments, industry, 
and civil society. These collaborations play a crucial role in 
expanding the scope of climate-smart agriculture activities.

In addition, the establishment of collaborative efforts 
within agricultural supply chains is crucial in mitigating 
emissions across the whole production-to-consumption 
process. Retailers, processors, and consumers are integral 
stakeholders in the promotion and endorsement of sustain-
able and environmentally friendly farming practices. Efforts 
such as the implementation of sustainable sourcing practices 
and the establishment of certification programmes facilitate 
the reduction of emissions.

Furthermore, the establishment of a collaborative rela-
tionship between the agricultural and conservation sectors 
is of utmost importance in order to effectively safeguard 

Fig. 5  Cross-sectoral collaboration
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biodiversity and carbon-rich ecosystems. The integration of 
agroforestry, reforestation, and conservation initiatives that 
incorporate agricultural practices has the potential to yield 
simultaneous advantages in regard to mitigating emissions 
and safeguarding habitats.

Climate change is also a significant global challenge 
that highlights the need for international cooperation. It is 
imperative for nations to collaborate in order to synchro-
nise emissions accounting systems, facilitate the exchange 
of technology and experience, and provide assistance to 
poorer countries in the adoption of climate-smart agriculture 
practices. International collaboration is a crucial component 
in the pursuit of global objectives of emissions reduction. 
Cross-sectoral collaboration beyond the boundaries of con-
ventional disciplines and sectors acknowledges that the intri-
cate issues associated with reducing agricultural emissions 
necessitate solutions that incorporate several perspectives 
and approaches.

By cultivating collaborations that connect agriculture 
with climate action, sustainability, and conservation, a revo-
lutionary and resilient agricultural sector can significantly 
contribute to global efforts made to reduce emissions.

10  Conclusions

Given the increasing climate-related difficulties, the agricul-
tural sector occupies a pivotal position since it is intricately 
linked to both the underlying issue and the potential resolu-
tion. The present study examined the GHG emissions and 
removals in the agricultural sector, which provided insights 
into the complex nature of this sector’s contribution to cli-
mate change mitigation. During this investigation, a sub-
stantial amount of information was discovered, highlighting 
the capacity of agriculture to serve as a viable solution to 
climate-related challenges. Considering aspects such as the 
origins of GHG emissions in agricultural production, the 
complexities of carbon sequestration, and the intricate inter-
play of synergies and trade-offs, the significance of agricul-
ture in mitigating global climate change is evident.

The future of the agriculture sector is on a terrain char-
acterised by the presence of novelty, cooperation, and flex-
ibility. This industry is on the verge of a transformation 
by advancements in emission measuring and monitoring, 
innovations in climate-smart agriculture, and more cross-
sectoral collaborations. These advancements present a prom-
ising outlook for a future in which the goals of reducing 
emissions and ensuring food security are not conflicting, 
but rather interconnected aims. Nevertheless, the path of 
this transformation is not devoid of obstacles. The progres-
sion of smallholder farmers and the welfare of vulnerable 
populations might be hindered by socioeconomic limitations 
and legislative obstacles. The need for cautious navigation 

arises from the possible trade-offs that may exist between 
emissions reduction and other important objectives such 
as food security, biodiversity protection, and sustainability. 
However, when confronted with these obstacles, the shared 
dedication of individuals and groups involved worldwide 
provides motivation for progress. The impetus for change is 
evident, including various stakeholders such as farmers who 
embrace sustainable practices, governments that formulate 
enabling legislation, academics who advance the frontiers 
of knowledge, and consumers who advocate sustainability. 
In summary, the extensive examination of GHG emissions 
and removals for agriculture presents a multifaceted depic-
tion of an industry on the verge of a significant change. This 
statement urges us to acknowledge agriculture not only as 
a contributor to GHG emissions, but also as a significant 
source of creative and inventive solutions. This statement 
calls upon individuals to acknowledge and accept the intri-
cate nature, unpredictability, and potential advantages that 
characterise the agricultural environment in a global climate 
that is getting progressively warmer.

By leveraging the potential of information, technology, 
and collaborative efforts, it is possible to guide the agricul-
ture sector towards a future characterised by sustainability 
and resilience. This future involves not only the provision 
of food for the global population, but also the promotion of 
environmental well-being and the preservation of the climate 
for future generations.
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