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Abstract

Ethiopia is among the countries vulnerable to the impact of climate change due to its mostly resilient on rain-fed agriculture, but
currently started crop production by irrigation even if it is not done in large, and largely rural population. Carbon farming is an
emerging agricultural practice focused at mitigating climate change by increasing the carbon sequestration potential of
farmlands. Both climate-smart agriculture and carbon farming encloses different approaches such as agroforestry, cover
cropping, and application of bio-char and no-till farming, all of which promotes soil carbon sequestration and improves soil
health; which help capture carbon dioxide from the atmosphere and store it in soil and vegetation. This system not only mitigates
greenhouse gas emission but also fortifies ecosystem resilience through enhancement of soil fertility, water retention and
biodiversity. By incorporating carbon farming into worldwide climate action frameworks, agricultural landscapes can evolve
from being major sources of greenhouse gases to functioning as net carbon sinks. As scalable strategies to address climate
change, carbon farming presents a dual advantage fulfilling the pressing requirements to reduce atmospheric CO; levels while
promoting sustainable agricultural practice and enhancing rural economies. Climate-smart agriculture has emerged as a paradigm
shifting approach aimed at improving agricultural productivity, adapting to evolving climatic conditions, and mitigating to the
emission of greenhouse gas emissions. This review accentuates the significance of climate-smart agriculture and carbon farming
as a crucial strategy for Ethiopia to fulfill its national determined contributions under the Paris agreement, while simultaneously
bolstering the resilience of its agricultural system. By scaling up both approaches, Ethiopia can attain a harmonious equilibrium
between food security and climate change mitigation; ensuring sustainable development for the rapidly expanding population.
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1. Introduction

Agriculture is a fundamental component of Ethiopia’s  85% of the population relies on agriculture, which contributes
economy significantly influencing food security and so-  to 46% of the GDP and 90% of export revenues. Various
cio-economic development. Different scholars [1, 2] reveled, challenges such as soil fertility decline, limited access to
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technology; like seed which significantly influenced the ad-
vancement of agriculture, since the initial documentation of
crops by humans for the past 11,000 years [3], and weak
linkage between different stakeholders and farmers hindered
the agricultural productivity not to be as expected [4].

Climate smart agriculture practice trend is growing even if
its acceptance is not as expected by smallholder farmers, but it
is getting recognition of the need to adapt to climate change
while enhancing agricultural productivity in Ethiopia. Despite
the government’s effort to promote climate smart agricultural
practices, adoption rate among farmers remain low, influ-
enced by different socio-economic factors. Carbon seques-
tration is connected to the process of extraction carbon diox-
ide from the atmosphere and sequestering it in an enduring
carbon reservoir, ensuring its storage is conducted efficiently
and devoid of leakage links [5].

Carbon farming has recently been advocated as a signifi-
cant strategy for the mitigation of climate change through the
enhancement of carbon sequestration or the reduction of
carbon emission. Carbon is a very important element serving
as an indispensable role in existence of life on the earth; con-
stituting fundamental component of human deoxyribonucleic
acid, DNA and it is ubiquitous in our dietary sources [6].

2. Climate-Smart Agriculture Practice
Trend in Ethiopia

The increase in average temperatures, irregularities in pre-
cipitations trends, and heightened intensity and frequency of
droughts, and floods, coupled with erratic rainy seasons, hur-
ricanes, and variation in the concentration of atmospheric CO,,
represents conspicuous indicators of climate change that have
significantly influenced and will persists in affecting the ag-
ricultural sector and productivity [7]. The phenomenon of
climate depreciates the capacity of natural resources to deliver
their services and poised to exert more effects on agricultural
sector. Climate change encompasses a broad spectrum of
detrimental repercussions on agricultural practices [8, 9]. In
similar way [10, 11], stated that, climate change impose an
influence on agricultural productivity within African conti-
nent, with a particular emphasis on Ethiopia, and [12] agri-
cultural practices in Ethiopia are primarily reliant on rainfall
rendering them susceptible to changes in precipitation pat-
terns.

Abegaz A., et al. findings depicted, widely adopted climate
smart agriculture practice (CSAP), includes, soil and water
conservation (61.5%), integrated soil fertility management
(56.5%), and agroforestry (48%) which gives a huge hope to
adopt this technology to mitigate the current pressing climate
issue [13]. In other dimension, practices like improved fodder
and manure management have varying adoption rates, with
improved fodder at 60.1% in some regions of the country [14].
In order to facilitate the establishment of climate-resilient
agriculture and various production systems, nations needs to
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implement strategies to both adapt to and alleviate the re-
percussions of climate change. Enclosed by global, regional,
and specifically African frameworks, Ethiopia serves as an
exemplary case study from which significant insights can be
derived.

3. Carbon Farming Strategies

Carbon farming strategies comprise a diverse array of
practices designed to prove soil carbon sequestration while
alleviating the adverse effect of climate change within the
agricultural sector. These methodologies are progressively
acknowledged for their capacity to enhance soil integrity,
promote biodiversity, and yield economic advantage for ag-
ricultural stakeholders. In relation to mitigation strategies in
the agricultural sector, the world wide technical mitigation
capacity is projected to be in the range of ~ 5500-6000
MtCO,-eq/yr, with the expected contribution from soil carbon
sequestration accounting for 89% [15].

Plants absorb
Co, relea§ed Plants form
from soil carbohydrates
using CO, and
water from

the soil

Soil organisms
release some CO,

Carbohydrates are
exuded by roots to
feed soil organisms

CO, enters the soil carbon pool through
leaf litter, roots, and soil microorganisms

Figure 1. Plants role in carbon sequestration.

Source
(https://www.stopwaste.org/at-home/home-and-community-gardeni
ng/carbon-farming) achieved on 01/11/2024

4. Carbon Farming Reflection through
Different Practices

4.1. Cover Cropping

Utilizing cover crops constitutes a sustainable agricultural
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practice which significantly improves soil vitality, enhance
agricultural productivity, facilitates effective weed control,
and improves soil moisture content. This practice entails the
cultivation of particular crops to envelop the soil, resulted in
plethora of ecological advantages such as enhancement of soil
microbial communities and optimization of nutrient cycling.
Cover crops markedly improve the multi-functionality of soil,
in the context of diminished precipitation, through modifica-
tion in microbial community composition and the intricacy of
network interactions [16]. The decomposition process of
cover crop residue has the capacity to affect the level of ox-
ygen in the soil, which resulted in heightened emissions of
N,O, especially when such residues are combined with ni-
trogen based fertilizers [17]. Leguminous cover crops exem-
plified by crimson, clover have been demonstrated to enhance
nitrogen bio-availability facilitating superior corn yields in
comparison to non-leguminous alternatives such as cereal
type rye [18]. A comprehensive global synthesis revealed that
the implementation of cover cropping typically culminates in
a moderate yield improvement of 2.6%, with leguminous
crops exhibiting a potential yield increase of up to 21.8% in
the absence of fertilization [19]. Cover crops possess the
capacity to inhibit weed proliferation via competitive inter-
actions, physical obstructions, and allelophatic mechanisms,
with specific species demonstrating in a reduced biomass
requirement for effective weed suppression [20]. Although
the implementation of cover cropping presents a multitude of
advantages, there exist persistent challenges concerning the
management of nitrogen availability and potential emission of
greenhouse gases, thereby necessitating a meticulous selec-
tion and management of cover crop species to enhance overall
agricultural outcomes.

4.2. Reduced Tillage

Reduced tillage implementation methodologies encom-
passing conservation tillage, has garnered significant schol-
arly interest due to their prospective advantages in agricultural
systems, specifically in relation to soil integrity, crop
productivity, and ecological sustainability. Nonetheless, the
ramifications of reduced tillage are intricate and can fluctuate
depending on particular circumstances and methodologies
employed. Reduced tillage has the potential to enhance the
soil moisture retention and diminish soil erosion, conse-
quently resulting in enhanced agricultural productivity, as
evidenced by maize research conducted in Ethiopia [21]. It is
important to note that reduced tillage does not invariably lead
to an increase in arbuscular mycorrhizal (AM) fungal diver-
sity with certain investigations indicating a decline in AM
fungal richness when reduced tillage in comparison to tradi-
tional agricultural practices [22].
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4.3. Crop Rotation

Crop rotation strategies are instrumental in carbon farming
initiatives, as they contribute to augmentation of soil organic
carbon (SOC) concentrations and the enhancement of com-
prehensive soil vitality. Empirical studies suggested that
varied crop rotations; that integrate cover crops and organic
amendments, can facilitate heightened SOC sequestration and
bolster resilience in climatic changes. Multi-crop rotations
have demonstrated favorable soil organic carbon (SOC) bal-
ance, exhibiting considerable enhancement in SOC in com-
parison to monoculture rotations, as integrated with organic
amendment such as farmyard manure [23]. The incorporation
of cover crops within rotational system has been associated
with 6-8% improvement in SOC alteration rates, thereby
promoting soil health and mitigating nitrogen leaching phe-
nomena [24]. Specific crop rotations, exemplified by the
wheat-soybean system, facilitates increased microbial diver-
sity enhanced carbon cycling mechanisms, resulting in ele-
vated SOC concentrations attributable to optimized decom-
position process [25]. Crop rotation practice, particularly in
the semiarid regions, enhances water retention and reduces
evapotranspiration, which is imperative in sustaining soil
organic carbon levels during periods of drought [26]. Agri-
cultural systems that combine crop and livestock production,
incorporating leys and cover crops, can realize substantial
increase in SOC, thereby supporting the initiative that aids
and seeks to mitigate carbon emissions [27]. Although crop
rotations confer advantage for carbon sequestration, it is of
paramount importance to account for site specific conditions
and management strategies to maximize their efficacy. Nu-
merous studies indicated that in the absence of meticulous
management, particular crop rotation can fail to deliver the
anticipated soil organic carbon advantages, underscoring the
necessity for customized methodologies in carbon farming.

4.4. Organic Inputs

Organic inputs are integral to concepts of carbon farming,
facilitating the process of soil carbon sequestration while
simultaneously promoting agricultural sustainability. Multi-
tudes of research endeavors underscored the efficacy of or-
ganic methodologies, including the application of
bio-fertilizers, compost, and cover crops, in enhancing soil
quality and reducing greenhouse gas emissions. Numerical
researches suggested that biofilm bio-fertilizers (BFBF) can
sequester as much as 15 tons of stable carbon per hectare per
season; surpassing the efficacy of traditional chemical ferti-
lizers in the preservations of soil carbon reserves [28].
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Table 1. Soil labile carbon (SLC) as percentage of soil organic carbon (SOC) in two practices during three seasons.

SLC (*10° mg kg'%)

Season Practice SOC (*10* mg kg™)

Dry BFBF 1.60 197
2018 CF 1.35 1.48
Wet BFBF 1.93 2.03
2018/19 CF 191 191
Dry BFBF 2.31 2.89
2019 CF 1.77 2.64

Source: [28]

The incorporation of compost and organic fertilizers sig-
nificantly improved soil structure and enhanced soil microbial
activity, which in turn leads to heightened soil fertility and
increased carbon sequestration; however, their initial appli-
cation resulted in elevated greenhouse gas emissions [29].
Researchers indicated that organic farming practices have
enhanced microbial populations and enzymatic activities,
both of which were essential for maintaining soil health [30].
The adoption of carbon farming approaches, including cover
cropping and reduced tillage, fosters biodiversity and aug-
ments ecosystem services, contributing to a more robust ag-
ricultural system [31]. Despite the advantages associated with
organic inputs in carbon farming, challenges persisted con-
cerning their implementation and the necessity for additional
research to optimize these practices across varied agricultural
contexts.

5. Soil Microbe’s Role in Carbon
Sequestration

Soil microorganisms exert huge influence on carbon se-
questration by modulating the dynamics of soil organic car-
bon (SOC) and microbial-derive carbon (MDC). Their bio-
chemical activities promote carbon retention through diverse
mechanisms, such as the transformation of plant-derived
carbon into stable compounds and the synthesis of microbial
necromass. [32] revealed that, soil microbes played a pivotal
role, in mediating the conversion of surface plant carbon into
particulate organic carbon (POC), which has significant im-
plications for the stability of soil organic carbon. As stated by
[33], carbon-fixing microorganisms facilitates the assimila-
tion of carbon via various metabolic pathways, with oxygenic
phototrophs being the predominant group in specific soil
environments. Microbial-derived carbon and soil health ac-
counts nearly 40% of the global soil carbon reservoir, thus
underscoring its critical role in carbon sequestration and the
mitigation of climate change [34-36] found that an increase in
microbial carbon use efficiency (CUE) within organic-rich
soils enhances the potential for carbon sequestration, as active
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microbial assemblages preferentially allocate greater propor-
tion of carbon towards biomass synthesis. The contribution of
microbial necromass carbon (MNC) to soil organic carbon
(SOC) is heterogeneous across different forest ecosystems,
with boreal and temperate forests displaying elevated levels of
microbial necromass carbon [36]. The incorporation of soil
amendments such as bio-char and organic composts signifi-
cantly enhanced microbial diversity and activity, thereby
facilitating an increase in carbon sequestration [37]. Scholars
depicted that these amendments establish conducive envi-
ronments for microbial communities; improved soil micro-
organism’s capacity to stabilize carbon within soil aggregates
[38]. Even though soil microbe’s role in carbon sequestration
has been extensively documented, fundamental challenges
persist regarding the precise quantification of their contribu-
tion and elucidation of intricate interactions within diverse
ecosystems. This complexity accentuates the necessity for
further investigations to refine microbial functionalities for
improved carbon storage.

6. Policy and Economic Considerations in
Carbon Farming

Carbon farming entails substantial economic and policy
implications, especially regarding the mitigation of climate
change. This practice encompasses strategies that improve
carbon sequestration within agricultural and natural ecosys-
tems; however, its execution encounters numerous obstacles,
including market intricacies and regulatory structures. The
operational landscape of carbon farming is situated both in
regulated and voluntary carbon markets, which frequently
exhibit a lack of standardization; complicating the engage-
ment of producers [39]. The financial outlays associated with
the implementation of carbon farming approaches can be
substantial, but, the prospective income generated from car-
bon credits can serve to mitigate these expenditures over time
[40]. Carbon farming in Ethiopia offers a complex array of
prospects for both economic advancement and ecological
sustainability. The amalgamation of agroforestry with carbon
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management methodologies has the potential to improve the
economic conditions of smallholder farmers and simultane-
ously aiding in the mitigation of climate change. The revenue
generated from carbon credits has enhanced economic poten-
tial and financial resources of farmers engaged in multi-strata
agroforestry, with prospective earnings ranging from US$40
to US$100 per ton of CO, sequestered [41]. Initiatives aimed
at participatory forest governance have resulted in a remark-
able 143% increase in the average income of households
within forest-dependent communities; fostering sustainable
practices and minimizing dependence on agricultural expan-
sion [42]. The adaptation of climate-smart agricultural prac-
tices not only serves to mitigate greenhouse gas emissions but
also contributed to the stabilization of crop yields; enhancing
food security [43]. The prevailing policies in Ethiopia pre-
dominantly emphasize economic growth, frequently over-
looking the environmental ramifications associated with ag-
ricultural practices. More comprehensive and integrated
strategies are imperative to harmonize economic and envi-
ronmental objectives [44]. The complicated nature of carbon
farming market, characterized by fluctuating standards and
associated transaction costs, presents significant obstacles for
farmers aspiring to engage in carbon farming [39]. The in-
corporation of carbon farming into pre-existing climate policy
frameworks had multifaceted challenges, enclosed issues
related to the monitoring, reporting and verification standards
[45, 46]. Carbon farming constitutes essential elements of
climate agenda, which aspires to achieve net-zero emissions
by 2050; necessitating comprehensive policy frameworks to
facilitate its advancement [47, 48]. Although carbon farming
confers considerable economic and environmental advantages,
the success of this initiative is dependent of the establishment
of coherent policies that effectively bridge economic devel-
opment with sustainability. Addressing the complexities in-
herent in the market and improving the integration of policies
will be essential for optimizing the potential of carbon farm-
ing within the Ethiopian context.

7. Challenges of Climate-Smart
Agriculture

Climate-smart agriculture (CSA) represents a compelling
strategy pointed at bolstering agricultural dependence and
improving productivity while simultaneously confronting the
challenges posed by climate change. The realization of its
potential encounters various impediments that necessitate
remediation for its successful integration. The lack of une-
quivocal consensus regarding the definition and parameters of
CSA complicates its application across diverse agricultural
settings [49]. The inadequacy of financial incentives coupled
with the absence of robust institutional frameworks obstructs
the widespread implementation of CSA systems [50]. The
incorporation of cutting-edge technologies including preci-
sion agriculture and data analytics remain limited; impending
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the operational efficiency of CSA initiatives [51, 52]. Dif-
ferent scholars, [53, 54] indicated that There exists a pressing
need for further investigation to access the long term outcome
of CSA on productivity and sustainability, particularly within
varied agro-ecological regions.

8. Opportunities of Carbon Farming and
Climate Smart Agriculture

Climate-smart agriculture (CSA) and carbon farming con-
stitute essential methodologies in the endeavor to alleviate
climate change while simultaneously bolstering agricultural
sustainability. These strategies are designed to minimize
GHG emissions, enhance soil vitality and secure food avail-
ability amidst the impending challenges posed by climate
change [55]. Other scholars found, carbon farming was cen-
tered on the augmentation of soil organic carbon through
different dimensions such as cover cropping, crop rotations,
which have the capacity to reduce carbon emissions by as
much as 60% in specific geographical areas [56]. By fostering
diverse cropping systems, carbon farming contributes to the
enhancement of biodiversity which is critical factor for the
resilience of ecosystem. Climate-smart agricultural practices,
including nutrient efficient and water-efficient techniques,
can bolster resource utilization by as much as 30% and im-
prove soil health by 20% [57, 58]. Households that imple-
mented CSA exhibit an average annual farm income that is
20.3% greater than that of non-adopters, thereby underscoring
the economic feasibility of these practices and contributing to
enhance food security, as evidenced by a significant propor-
tion of households attaining acceptable food consumption
scores [59]. Other scholars also implied [50, 60] that, CSA
encompasses the implementation of climate-resilient crop
varieties and precision agriculture methods, both of which are
essential for sustaining productivity amidst evolving climatic
conditions.

Although producers implement a range of community
supported agriculture approaches such as the diversification
of crops, application of irrigation techniques, and the man-
agement of soil fertility through integrated practices; which
are essential for effective response to the challenges posed by
climate change. In the context of Ethiopia, although CSA
presents substantial benefits, the necessity for precisely for-
mulated policies and enabling frameworks is critical to miti-
gate prevailing obstacles and to foster enhanced adoption
rates among agricultural practioners.

9. Conclusions

Climate change threatens agriculture globally, especially in
vulnerable regions like Ethiopia. CSA practice such as soil
and water conservation, agroforestry, integrated soil fertility
management, and improved fodder build resilience. Carbon
farming, which sequesters carbon while enhancing soil health
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and biodiversity, is crucial, with soil carbon sequestration
accounting for 89% of agriculture’s mitigation potential. Key
strategies include cover crops, which improve soil health,
productivity, and weed control, and leguminous crops, which
boost nitrogen and yield but require careful management to
minimize emissions. Reduced tillage enhances soil health,
while crop rotation and organic amendments increase soil
organic carbon and resilience, improving microbial diversity
and carbon cycling. Combining crops with livestock also
bolsters SOC and reduces emissions but requires tailored
approaches. Organic inputs like bio-fertilizers, compost, and
bio-char improve soil structure, microbial activity, and carbon
sequestration. Biofilm bio-fertilizer can sequester up to 15
tons of carbon per hectare annually. Soil microorganisms are
critical, converting plant carbon into stable SOC, with mi-
crobial necromass contributing significantly to carbon reser-
voirs. Despite its potential, carbon farming faces challenges
such as high initial costs, regulatory barriers, and market
complexities, though carbon credits offer financial incentives.
In Ethiopia, practices like agroforestry enhance livelihood and
mitigate climate change, but policies focused on economic
growth over environmental concerns hinder progress. Inte-
grated strategies and supportive policies are essential to
achieve net-zero emissions by 2050.

10. The Way Forward

The future direction on carbon farming, CSA practices, and
current climate change mitigation strategies involves a com-
prehensive, multifaceted approach that combines sustainable
agricultural practices with innovative technologies. This
transition is not only critical for combating climate change but
also for ensuring long-term food security, improving liveli-
hoods, and maintaining ecosystem health. Precision agricul-
ture tools, remote sensing, and data analytics can optimize
resource use, monitor carbon sequestration rates, and assess
the impacts of various interventions. Developing drought
resistant and climate resilient crop varieties through bio-
technology and traditional breeding methods can further
strengthen agricultural systems. Policy frameworks and fi-
nancial mechanisms must also evolve to support these transi-
tions. Government and international bodies should implement
clear policies that incentivize carbon farming through subsi-
dies, grants and carbon credit schemes. Establishing robust
monitoring, reporting and verification systems can ensure
accountability and transparency in carbon farming projects.

Capacity building and knowledge-sharing are equally im-
portant; providing training for farmers, particularly in vulnera-
ble regions like Ethiopia, will empower communities to adopt
climate-smart practices effectively. Collaborative research
initiatives which refine these practices, tailoring them to di-
verse agro-ecological contexts and addressing specific chal-
lenges, such as reducing greenhouse gas emissions and en-
hancing microbial carbon efficiency. Finally, achieving these
goals requires a holistic perspective that prioritizes environ-
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mental sustainability alongside economic growth. Coordinated
efforts between governments, private sectors, NGOs, and local
communities can align short-term developmental priorities
with long-term climate mitigation goals, paving the way for a
resilient and sustainable agricultural future.

Abbreviations

CSA Climate Smart Agriculture

SOC Soil Organic Carbon

MNC Microbial Necromass Carbon
CUE Carbon Use Efficiency

CSAP Climate Smart Agriculture Practice
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