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Abstract

Climate change has been a global pandemic with its adverse impacts affect-
ing environments and livelihoods. This has been largely attributed to anth-
ropogenic activities which generate large amounts of Green House Gases
(GHGs), notably carbon dioxide (CO,), methane (CH,), and nitrous oxide
(N,O) among others. In the Upper East of Ghana, climate change manifests
in erratic rainfalls, drought, high temperatures, high wind speeds, high inten-
sity rainfall, windstorms, flooding, declining vegetation cover, perennial de-
vastating bushfires etc. Practices such as burning farm residues, use of dung
as fuel for cooking, excessive application of nitrogenous fertilizers, and de-
forestation that are prevalent in the region exacerbate the situation. Although,
efforts made by governmental and none-governmental organizations to miti-
gate climate change through afforestation, agroforestry and promotion of less
fuelwood consuming cook stoves, land management practices antagonize
these efforts as more CO, is generated than the carrying capacity of vegeta-
tion in the region. Research findings have established the role of trees and soil
in carbon sequestration in mitigating climate. However, there is limited
knowledge on how the vegetation and soil in agroforestry interplay in mitiga-
tion climate change. It is against this background that this review seeks to in-
vestigate how vegetation and soil in an agroforestry interact synergistically to
sequester carbon and contribute to mitigating climate change in Upper East
region of Ghana. In this review, it was discovered soil stored more carbon
than vegetation in an agroforestry system and is much effective in mitigating
climate change. It was found out that in order to make soil and vegetation in
an agroforestry system interact synergistically to effectively mitigate climate
change, Climate Smart Agriculture practice which integrates trees, and pe-
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rennials crops effectively mitigates climate. The review concluded that tillage
practices that ensure retention and storage of soil organic carbon (SOC)
could be much effective in carbon sequestration in the Savannah zones and
could be augmented with vegetation to synergistically mitigate climate change
in the Upper East region of Ghana.

Keywords

Climate Change, Carbon Sequestration, Agroforestry, Photosynthesis,
Nutrient Mining, Synergistic

1. Introduction

Climate change is the long-term unfavorable changes in temperature and other
weather patterns. Such changes can be caused by natural factors such as variations
in the sun’s activity or massive volcanic eruptions. Predominantly, human activi-
ties have been the cause of climate change since the 1800s, emanating from the use
of fossil fuels such as coal, oil, and gas (Das et al, 2012).

The burning of fossil fuels produces greenhouse gas emissions, behaving as a
blanket wrapped over the Earth, trapping heat from the sun and increasing tem-
peratures. Carbon (IV) oxide and methane (CH,) are the dominant greenhouse
gases causing climate change (Fagodiya et al, 2023). These gases are produced
because of using gasoline as fuel for heating buildings and driving vehicles.
Agriculture, oil and gas enterprises are major methane emitters (Mir et al, 2017).
Lamb et al. (2021) reported that energy, industry, transportation, buildings,
agriculture, and land use are among the major contributors to greenhouse gas
emissions. Anthropogenic activities such as those stated above emit greenhouse
gases such as carbon (IV) oxide (CO,), Methane (CH,), Nitrous oxide (N,O) and
Chlorofluorocarbons (CFC), which are causing an unprecedented warming of
the earth, a phenomenon known as global warming (Warming & Rays, 2011).

The Inter-Governmental Panel on Climate Change (IPCC) reported the global
mean annual temperature at the end of the twentieth century of 0.40°C - 0.76°C
higher than at the end of the nineteenth century, with roughly two-thirds of the
increase occurring in just the last three decades. Climate change is resulting in
severe droughts, water scarcity, severe fires, increasing sea levels rise, flooding,
melting polar ice, catastrophic storms, declining biodiversity and soil fertility,
etc. This has threatened livelihoods with many developing countries becoming
more vulnerable to its impacts.

Numerous findings (IPCC, 2007; Albrecht & Kandji, 2003; etc.) have substan-
tiated the fact that agroforestry systems, even if not purposefully designed for
carbon sequestration, have the tendency to increase carbon stocks in the terre-
strial biosphere. Agroforestry systems are estimated to sequester between 12 and
228 mega grams/hectare (Mg-ha™') with a median value of 95 Mgha™ (Saha &

Jha, 2012). Carbon is stored in the soil, tree biomass, crop biomass, and wood
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products components of an agroforestry system (Albrecht & Kandji, 2003). It
has also been reported that worldwide, soils store more carbon than the amount
of carbon stored in phytomass and the atmosphere (Saha & Jha, 2012). The effi-
cacy of soil carbon sequestration on lands used for agriculture or forestry is
largely determined by land management strategies or use as referred by the
Kyoto Protocol as, “Land Use, Land-Use Change and Forestry (LULUCF)”. The
quantity of carbon stored in an agroforestry system is determined by the inter-
play of structure and function of different components within the systems (Al-
brecht & Kandji, 2003). Agricultural activities have been estimated to release 800
tera g C-yr' globally (Sohi et al., 2010).

It is therefore, indicative that the magnitude of carbon sequestered by an
agroforestry system is the combined effect of the above ground (vegetation) and
the below ground (soil) components of the system. This interaction can be either
antagonistic, additive or synergistic depending on how the above ground and the
soil components of the agroforestry system are managed. However, most re-
searchers treat these components of agroforestry systems as mutually exclusive
in carbon storage in mitigating climate change. There is paucity of knowledge on
how the above ground and the below ground component of an agroforestry sys-
tem complement each other to maximize carbon sequestration. It is against this
background that this review seeks to synthesize the synergistic interaction of ve-
getation and soil components of an agroforestry system in sequestering the ter-
restrial carbon in mitigating climate change.

The review also seeks to explicitly demonstrate how soil and residues in an
agroforestry can be managed to maximize carbon sequestration as well as crops
that can be incorporated in an agroforestry to sustainably store soil organic car-
bon and ultimate carbon sequestration and tillage practices to be adopted to en-

hance carbon sequestration capacities of an agroforestry system.

2. Materials and Methods

2.1. Literature Search

A comprehensive literature review was carried out in this peer review. An initial
scoping research was conducted online in MEDLINE to identify literature relevant
to the topic. A search methodology, identifying keywords, search strings and the
sources of accessible material in Baidu Scholar, SCOPUS, Worldwide Science,
BASE, Microsoft Academic, Google books, CORE, Science Direct, Google Scholar,
and Elsevier BIOBASE, among others to minimize selection bias.

The following approach was used to find scientific research publications: 1)
the keywords including “Carbon”, “sequestration”, “Agroforestry”, “Global
warming, Green House gases”, “methods of carbon capture”, “soil carbon sto-
rage”. Search strings such as land management and carbon sequestration, tillage
and carbon storage” synergy of vegetation and soil in carbon sequestration was
conducted. Also, agroforestry and climate change, tillage and carbon storage,

land preparation and global warming, interaction of vegetation and soil in car-
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bon sequestration, trees and carbon capture soil and vegetation in climate
change were considered to be part of the title and abstract; and 2) scientifically
indexed English papers published between 1983 and 2023 were used. A total of

150 papers were retrieved from the literature search.

2.2. Screening and Selection Criteria

The following variables were taken into account: 1) title, keywords, search strings, 2)
abstract, 3) the journals’ credibility, and 4) content analysis. Fifty (50) suitable litera-
ture sources were retained and considered for this review. Figure 1 below shows the

search methodology employed in identifying relevant literature for this review.

ADVANCE SEARCH

Materials Identified Journal credibility
150

Title and Abstract
Papers filtered Discarded Papers
87 63

Content Analysis Discarded Papers
Papers Retained 37
60

Papers Retained for the review
50

Figure 1. Screening process for selecting literature for review (Gentles et al., 2015).

3. Results
3.1. Agroforestry System (AFS)

International Centre for Research in Agroforestry (ICRAF) refers to agroforestry
as a name for land-use practices that purposely combines trees and crops with or
without livestock on the same piece of land (Nair et al., 2021). Agroforestry also
refers to the intentional introduction or preservation of trees on farms to in-
crease, diversify, and improve production for enhanced social, economic, and
environmental benefits (Atangana et al., 2014). There are normally both ecolog-

ical and economic interactions between trees and crops parts in agroforestry.
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This definition has been helpful in agroforestry’s recognition as a distinct field of
agricultural research (Torquebiau, 2000).

It is approximated 1.6 billion hectares areas of land globally can be turned into
agroforestry (Nair & Garrity, 2012). Agroforestry practices are considered the
best “no regrets” approaches for helping communities adapt and become resi-
lient to the effects of climate change because of their propensity to yield both
economic and environmental benefits (Rao et al, 2007).

Agroforestry is generally practiced with the intention of developing a more
sustainable form of land use that can improve farm productivity and the welfare
of the rural community (Leakey, 1996). The contribution of agriculture to
greenhouse gas (GHG) emissions has been estimated to be as low as 20% for
CO,, 50% for CH, and 70% for N,O when compared to emissions from fossil fu-
els (Bedada & Goshu, 2021). CO, has been singled out as a highest GHGs being
emitted to atmosphere from agriculture (FAO & ITPS, 2015).

As a means of sequestering carbon, agroforestry has attracted special atten-
tion, according to Kumar and Nair (2011). A major focus of the post-Kyoto
Protocol discussions on climate change is an agenda for reducing the amount of
CO, in the atmosphere by sequestering carbon in terrestrial plant systems (Ge-
bre, 2016). Agroforestry is an environmentally sound and ecologically sustaina-
ble land use that retains carbon through sequestering it. This is expected to have
a major positive impact on limiting the rise in atmospheric CO, levels Kumar
and Nair (2011). Managed agroforestry systems store more carbon, but not as
much as pure forest area (Bedada & Goshu, 2021). A significant amount of ab-
oveground carbon stock, ranging from 10.7 to 57.1 mg C-ha™ on average, is
stored in agroforestry areas such as parklands, home gardens, and woodlots
(Gebre, 2016).

There is an annual increase of CO, at a rate of 3.5 Pg (Pg = 1015 g or billion
tons) to the atmosphere resulting largely from the burning fossil fuels and con-
version of tropical forests to agricultural land (Paustian et al., 2000). According
to Albrecht & Kandji (2003), the C sequestration capacity of agroforestry sys-
tems is estimated to range between 12 and 228 Mg-ha™', with a median value of
95 Mg-ha™" Albrecht & Kandji (2003). With an estimated area of (585 - 1215) x
10° ha suitable for agroforestry, 1.1 - 2.2 Pg C could be stored in the terrestrial
ecosystems over the next 50 years Albrecht & Kandji (2003). Recent research
conducted in a range of AFSs and ecological settings revealed that tree-based
agriculture systems retained more carbon in deeper soil levels than treeless sys-
tems (Nair et al., 2010). According to Nair et al. (2010), system management and
environmental factors have a major impact on how much carbon is sequestered
in AFSs.

Agroforestry contributes to climate change mitigation and adaptation through:

minimizing the destruction of nearby forests for the expansion of agricul-
tural land, thereby lowering greenhouse gas emissions; providing fuelwood,

which is also utilized as substitute for fossil fuel, and harvesting timber that
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would otherwise be taken from the forest (Unruh et al., 1993) and enhanc-
ing soil C through litter, trimming, and root biomass improving agricultur-
al output Albrecht & Kandji (2003). Mbow et al. (2014) demonstrated that
agroforestry systems improve microclimate by decreasing the intensity of
incident solar radiation while improving water conditions, gaseous exchange,

and efficient water use.

3.2. Classification of Agroforestry

Agroforestry system can be categorized depending on vegetation structure, func-
tion of woody perennials in the system, levels of management input, and envi-
ronmental conditions and ecological suitability of the system (Atangana et al.,
2014).

Thus: agrisilviculture - combining trees/shrubs and crops, silvopastoral - keep-
ing pasture/animals with trees and agrisilvopastoral - integration of crops, pas-
ture/animals and trees. There is also a temporal agroforestry system called
Taungya, which involves the cultivation of forestry tree crops and farmers’ sub-

sistence crops on a forest (Hemida et al., 2023).

3.3. Factors Affecting Carbon Sequestration

in an Agroforestry System
3.3.1. The Type of Agroforestry System
There is ample data to indicate that the kind of agroforestry system has a signif-
icant impact on the trees’ source or sink roles. For instance, agri-silvicultural
systems are net sinks of greenhouse gases (GHGs), whereas agro-silvipastoral
systems may be generators of GHGs (Kandji et al., 2006). The vegetative com-
ponent of agroforestry contribute to carbon capture by using CO, for photosyn-
thesis and depositing carbon above ground in tree stem, branches and twigs as
well as underground in roots and the soil (Mahajan et al., 2021). Harvesting the
tree for wood results in the permanent sequestration of the carbon for the life of
products such as building materials or furniture created from the tree (Arehart et
al., 2021).

Geography and tree species in an Agroforestry influence its ability to store
carbon (Lasocki, 2001). Ma et al. (2020) reported that in order to improve bio-
mass C sequestration in agroforestry systems, planting a variety of tree species is
a key technic. A basic agroforestry which includes one specific tree species and a
cash crop is capable of storing an average of, while complex agroforestry system
with multiple tree species, shrubs, bushes and crops stores an average of 80.05
Mg C-ha™' of carbon stock ranging from 71.99 - 85.45 Mg C-ha™' (Toknok, 2013).
Geographical climate also influences the response of soil to agroforestry practic-
es Ma et al. (2020). Additionally, the amount of carbon stored in any agrofore-
stry system is influenced by the structure and function of different parts within
the system (Lorenz & Lal, 2014).

An agroforestry system with diverse tree species is able to sequester much

carbon than a system with a single tree species (Parrotta, 1999). Agroforestry
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such as parklands, home gardens, and woodlots stored a substantial above-
ground C stock of 10.7 to 57.1 Mg C-ha™' with an average 19.4 Mg C-ha™' (Gebre,
2016). Moreover, Ramachandran et al. (2009) have shown that the average ab-
atement rates in tons of CO,-ha™"-year™" are 7.6 for alley farming and 8.7 for im-
proved fallow as indicated in Table 1 below.

Table 2 and Table 3 also indicate the mean above ground carbon sequestra-
tion by agroforestry system types in Africa and the carbon storage potential of

agroforestry systems in different eco-regions of the world, respectively.

3.3.2. Soils

Research has substantiated that soils contain the largest terrestrial carbon (C)
pool that is susceptible to changes in land use and agricultural management
practices (Haddaway et al., 2017). Lal (2011) reported that soils at about 1-m
depth contain approximately 2,500 Gt of C compared to the world biota which
contains 750 Gt of C. Around 12% of soil C is stored in cultivated soils, which
cover around 35% of the planet’s terrestrial surface area (Betts et al., 2007).

Soils have the potential to sequester more carbon but are limited by biocli-
matic factors (United Nations, 2011). These soils are susceptible to different
types of degradation, including wind erosion and other bad management practices
resulting in degradation. Dry lands need to sustainably manage to maintain their
existing SOC levels and foster their SOC sequestration potential (United Nations,

2011). The type of soil is a very important determinant in carbon sequestration

Table 1. The C absorption capacity of different agroforestry models.

No. Agroforestry Model Carbon storage capacity (t-C-ha)
1. Agrisilviculture system (11 years) 26.0
2. Block Plantation (6 years) 24.1-31.1
3. Silvopasture 31.71
4. Agrisilviculture 13.37
5 Agri-horticulture 12.28

Source: Ramachandran et al. (2009).

Table 2. Mean above ground (vegetation) carbon by agroforestry system types in Africa.

Agroforestry system type Mean Variance Number of Observations
Agrisilvicultural 0.88 0.14 5
Homegarden 0.52 0.07 5
Improved fallows 12.95 20.12 17
Shadow systems 2.27 2.36 18
Silvopastoral 0.15 - 1
Woodlots 3.36 1.85 14

Source: Feliciano et al. (2018).
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Table 3. Carbon storage potential of agroforestry systems in different eco-regions of the
world (Murthy et al., 2013).

Potential (megagram,

Continent Eco-region System References
& ¥ Mg C/ha™)
Humid tropical Dixon &
Africa e fropica 29-53 on
high Krankina, 1993
South Humid tropical 39 -102
. P Agrosilvicultural
America  low dry lowlands 39-195
Southeast ~ Humid tropical 12 - 228 Krankina &
Asia dry lowlands 68 - 81 Dixon, 1994
. Humid tropical
Australia 28 - 51
low
Humid tropical
. . 133 -154
North high humid L Schroeder,
. - Silvipastoral 104 - 198
America  tropical low dry 1994
90 -17
lowland
Northern  Humid tropical 1518 Winjum et al.,
Asia low 1992

abilities of soil. Loamy soils, which include a balanced proportion of silt, sand,
and clay, have a significant capacity to store CO, (Six et al., 2006). This is be-
cause of loam well-structured nature and promotes both adequate aeration and
moisture retention thereby high ability to store organic materials (Rodrigues et
al., 2023). Loamy soil provides conducive environmental conditions for biologi-
cal activities promoting organic matter decomposition and thereby, contributing
to carbon storage (Rodrigues et al., 2023).

Clayey soils due to their fine texture, high mineral content as well as high ca-
tion exchange capacity is able to store large amounts of CO, (Schimel et al.,
1994). Sandy soils with their large particle size, rapid drainage, lower water
holding capacity and low mineral content have lower carbon sequestration po-
tential than loam and clay (Bai et al., 2019). Choudhury et al. (2014) reported
carbon stock of 18.75, 19.84 and 23.83 Mg-ha™' in the surface 0.4 m soil depth
observed under zero tillage of 22.32, 26.73 and 33.07 Mgha™ in 15 years in
sandy loam, loam and clay loam soil respectively. This increase was highest in
clay loam (38.8%) followed by loam (34.7%) and sandy loam (19.0%) soil. The
carbon sequestration rate was found to be 0.24, 0.46 and 0.62 Mg-ha "-yr' in
sandy loam, loam and clay loam soil respectively under zero tillage. It is indica-
tive that, fine textured soils have more potential for storing carbon and zero til-
lage practice enhances carbon sequestration rate in soils by providing better
conditions in terms of moisture and temperature for higher biomass production
and reduced oxidation (Gonzalez-Sanchez et al., 2012).

According to Lal (2004), an estimated 25% - 75% of the carbon stocks in soils
worldwide have been lost due to inappropriate vegetation management and til-

lage activities, among other things. Multiple studies investigating the conversion
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of natural forests to croplands discovered a considerable loss of soil carbon
stores (Conant et al., 2001; Guo & Gifford, 2002). Soil organic carbon promotes
climate change adaptation through enhancing physical characteristics of soil and
boosting resistance to climatic extreme events. Land use practices that involve
converting land from annual cropping to forest, grassland or perennial crops
sequester C from atmospheric CO, and greatly contribute to climate change mi-
tigation (Powlson et al., 2011).

Soil status as a net source or net sink of the atmospheric carbon dioxide
greatly depends on management practices. Soil organic carbon loss is worsened
by excessive soil drainage, bad ploughing techniques (e.g. ploughing across con-
tours, deep ploughing), removal of residues and biomass, burning, inadequate soil
amendment practices and soil erosion accelerative practices (Lal, 2011). Practic-
ing recommended management practices (RMP) such as zero tillage farming
with crop residue mulch, integration of forages in the rotation cycle, ensuring a
positive nutrient balance, use of organic manures, turning arable lands to a pe-
rennial land use, and restoration of depleted soils can foster SOC pool.

Activities that promote potential increase in emission of CO, from soil, con-
tribute to an increase in global warming (Rastogi et al., 2002). Land management
strategies and fertilizer use that causes potential increase in emissions of N,0 and
CH, from soils contribute to climate change as well (McDaniel et al., 2019).
Boosting C (as CO,) accumulation in soils leading to soil storage rate of about 3
Giga tons (GT) C/yr (Ontl & Schulte, 2012), prevent CO, increases in the atmos-
phere.

In addition to climate change, SOC plays beneficial vital physical, chemical
and biological roles in the terrestrial biosphere as summarized in Chart 1 below
(Lal et al., 2013).

Soil carbon sequestration is catalyzed by management practices that incorpo-
rate more carbon into the soil and reduce soil respiration (Euliss et al., 2008).
Research has proven that management practices that minimally disturb the soil
and increase biomass production through soil amendments can avert soil carbon
losses through oxidation and erosion. Appropriate land management can foster
increase carbon inputs into the soil and this will consequently lead to apprecia-
ble decadal soil carbon storage due to long turn over times of soil carbon. Con-
servation tillage, which consists of no-tillage or reduced tillage, is one of the
strategies, which promote carbon sequestration by reducing soil respiration (Eu-
liss et al., 2008).

Soil characteristics, climate, land use, and other factors can make soil either a
source or sink of carbon (Eglin et al., 2010). The collective objective of increas-
ing global carbon stocks in forests, grasslands, and crops where human behavior
is oriented toward C storage is projected to improve food security and mitigate
climate change (Paustian et al., 2016). Table 5 below shows the Carbon storage
potentials of soils in different agroforestry systems and climatic zones.

Von Liitzow et al. (2008) identified three soil conceptual C pools based on
their rate of degradation. They included the labile OM with turnover between
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Chemical

* Buffers pH
« Complexes cations Biological
» Immobilises pollutants « Energy for

- Bindsheavy metals biological processes

= * Large store of
nutrients—N, P, S, K, Ca,
= Cu, Zn etc.

oC « Improves soil
resilience

Physical

« Improves soil structural
stability

« Influences water retention
» Mulching reduces water/soil loss
« Buffers soil temperature

Chart 1. Soil Organic Carbon and its importance in Agriculture (Lal et al., 2013).

Table 5. Global Soil Carbon stocks in different agroforestry (AF) systems and Climatic

zones.
Region Agroforestry system Sgoriir(rjl,inMIgu:C-(lﬁ f!;g)a A Soil C (Mg Cha™)
Alley cropping 38.6 5.3
Tropics and Homegardens 40.8 8.7/23.4
subtropics Silvopasture 28.1 -1.8
Windbreaks 30.1 6.3
Alley cropping 17.7 2.2
Homegardens 30.2 10
Temperate
Silvopasture 36.8 0.7
Windbreaks 66.5 0.9

A: Soil C represents additional C sequestered in soils under AF compared to pure crop-
land (or pasture); *A: Soil C of homegardens highly varied between tropical and subtrop-
ical climates (8.7 vs 23.4 Mg C-ha™'); Source: Shi et al. (2018); 1 Mg = 1 metric ton =
1,000,000 grams.

days to a year. The intermediate pool has a turn over within a few years to dec-
ades. The labile and intermediate pools consist of plant, animal, bacterial and
fungal wastes. The stable OM pool has a turn over ranging from decades to cen-
turies. It is derived from labile and intermediate pools and comprises most of the
organic carbon in the soil (Torn et al., 2009). The stable OM also consists of

plant, animal, bacterial, or fungal leftovers, as well as microbial metabolic prod-
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ucts. The stable pool is present in aggregates and/or adsorbed on mineral sur-
faces.

To optimize the sustainability of increased carbon storage and extend the time
that this additional carbon remains in the soil, the 4 per 1000 initiative aimed to
increase the size of the intermediate and stable carbon pools (Dignac et al.,
2017). Biotic and abiotic factors influence the storage and release of C from these
pools (Dignac et al., 2017).

OM fluxes from plants to soils C inputs include not only above and below-
ground litter (leaves, branches, stems, roots), but also rhizodeposits and chemi-
cals that are directly delivered to mycorrhizal fungus (Villarino et al., 2021).
Root litter makes up around one-third of the total litter inputs in grassland soils
and half in forest soils (Freschet et al., 2013). Rhizodeposition contributes
appproximately 11% of carbon assimilated by plants and roots assimilate 27% of
that carbon (Zhu et al., 2019).

Recent research proves belowground inputs play a major role in OM, which
contribute to the intermediate to static pools of OM in deeper soil horizons
(Mendez-Millan et al., 2012). Root litter breakdown is determined by root che-
mistry and happens at rate 30% slower than leaf decomposition (Birouste et al.,
2012; Freschet et al., 2013).

Inputs of litter from above ground are partially incorporated into mineral soil
with decomposition rates decreasing with increasing depth (Pries et al., 2018).

The structure of plant species and rooting system are very important charac-
teristics that influence the quantity of carbon fixed into the soil (Luo et al.,
2017). Species with lengthy root density such as monocots as well as annual
which also have high root branching intensity on top soil minimizes surface ru-
noff and therefore reducing carbon loss (Gyssels et al., 2005). Lange et al. (2015)
reported that increased plant diversity enhanced rhizosphere carbon imports.

3.3.3. Processes Affecting Carbon Sequestration in Soils
The amount of carbon stored in the soil is determined by the rate and magnitude
of the under listed processes which are influenced by Agricultural management
practices (Follett, 2001).

Organic production

Through photosynthesis, the permanent vegetation can store significant
amount of CO, thereby serving as a sink for the sequestration of CO,. The car-
bon state of the soil system can be greatly impacted by farming methods and
land use (Rabbi et al., 2014). Atmospheric carbon is sequestered and stored as
carbon compounds in plants making plants the primary source of carbon.

Minimal organic carbon breakdown

Organic residue breakdown and oxidation increase carbon loss resulting in
the production of greenhouse gases. Soil moisture, pH, temperature, chemical
properties, and nutrient status influence this phenomenon. Minimal soil distur-
bance promotes carbon storage thereby improves the physical and chemical

properties of soil and adds to nutrient pools. Appropriate soil management
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techniques protect the soil from erosion and improve microbial populations
(Unger et al., 1991).

Soil erosion

Inappropriate soil and residue handling lead to accelerated water and wind
erosion (Wilson et al., 2004). Soil erosion is a principal cause of soil degradation
because of loss of organic matter, which is the “glue” or adhesive element in soil.
The most effective way to lessen soil erosion is through conservation tillage
(Seitz et al., 2019). The impact of no-tillage methods on improving soil quality
with regard to the carbon content at the upper section of the soil profile is evi-
dent in situations where grasslands are turned to permanent vegetation. Tillage
can result in appreciable carbon loss (as CO, bursts) immediately after tillage
(Reicosky, 1995). Exposed soil organic carbon to aeration as a result of soil ero-
sion emit more CO, Erosion dislodges soil carbon and causes it to aggregate
with soil sediments that is carried away causing loss of soil carbon pool. This
consequently causes loss of soil fertility and aggregate stability. Figure 2 below
illustrates soil carbon loss through erosional processes.

Tillage

Although, tillage provides a number of benefits to farmers, it is also associated
with the loss of carbon from agricultural soils (Haddaway et al., 2017). The
recommendation and adoption of less intensive tillage practices and no tillage

On-site effects
* Depletion of SOC pool
 Preferential removal

« Increased rate of mineralization,
« Acidification of calciferous
layer (35 Pg C-y!)

—

Fate of carbon en route to
depositional state
* Emissions: carbon dioxide,
methane, nitrous oxide
* Burial: in shallow
depressions

Landscape effects
* Breakdown of aggregates and
increase in mineralization
 Exposure of SOC to climatic
elements (2.8 to 4.3 Pg C-y!)

Soil erosion
and carbon
dynamics

epositional site effect:

* Loss by: mineralization,
methanogenesis (0.8 to
1.2 Pg-cy?)

* Gain by: reaggregation,

complexation, deep burial

0.4 10 0.6 Pg-Cy™!)

Figure 2. Fate of Soil Organic Carbon (SOC) transport by erosional processes modified and adapted from Lal
(2003).
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techniques helps prevent the adverse effects of tillage on soil quality and retain
soil organic carbon (SOC) (Haddaway et al., 2017).

Conservation agriculture (CA), which encompasses little soil disturbance,
plant residues retention, and crop rotations has proven to be beneficial to soil
and farmers (Govaerts et al., 2009). A reduction in tillage practices tremendously
reduces emissions, hence, mitigating climate change (Gonzalez-Sanchez et al.,
2012). CO, in the atmosphere is affected by changes in soil C (Schlesinger, 1995).
Agriculture can be one of several potential solutions to the issue of greenhouse
gas emissions if appropriate soil and residue management practices are practiced
(Haddaway et al., 2017).

The oxidation and breakdown of plant residue will accelerate the loss of car-
bon as CO, (Olson et al., 2016). To completely store carbon in the soil system,
there must be very little residue breakdown from conventional tillage and soil
disturbance (Al-Kaisi et al., 2008).

Worldwide, the change in tillage practice from conventional tillage to no-tillage
is effectively conserving soils in arable lands as well as reducing decline of soil
organic matter and improving resilient agrarian systems (Mehra et al., 2018).

Reducing the need for mechanical tillage practices lessens energy consump-
tion and C emissions through the use of fossil fuels (Holland, 2004). Increased
Net Primary Productivity (NPP) through tillage methods may result in the sto-
rage of higher SOC stocks, which could mitigate the effects of climate change
(Virto et al., 2012).

Effects of crop types and farming in carbon sequestration

According to Brakas and Aune (2011), tree crops sequester carbon at a higher
rate than grasslands or annual crops because tree crops accumulate carbon
through their roots, litter, and aboveground biomass, while annual crops only
accumulate carbon through their roots and the retention of crop residue (Ra-
machandran et al., 2009; Jose, 2009).

According to Asbjornsen et al. (2013), perennial crops may be a viable choice
for assisting climate-smart agricultural systems. Research has proven that peren-
nial crops have the propensity to increase soil C stocks than annual crops (Fer-
chaud et al., 2016; Ledo et al., 2020).

Perennial crops in agroforestry systems have the potential to be significant
carbon sinks, whereas annual crops in agroforestry systems under intensive man-
agement are more akin to conventional agriculture, which is a carbon source
(Nair et al., 2010).

Depending on the type of growth, root morphology and physiology, leaf
morphology, climate, soil texture, structure, and aggregation, dominant crop-
ping system, and agronomic interventions during crop growth period, different
plant species have different capacities for sequestering carbon and the amount of
organic carbon (Jarecki & Lal, 2003). The aboveground plant biomass, plant
leaves branches, stem, foliage, fruits, wood, litter-fall and below ground plant
biomass such as dead roots, excretes substances from root exudates including

rhizospheric deposition, and plant microbial biomass C, adding to the SOC
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buildup. Crop management practices that ensures increased nitrogen (N) availa-
bility is more sustainable and fosters C input in the soil ecosystem (Jarecki & Lal,
2003). Reduced tillage together with surface residue retention and integration of
leguminous crops in a rotation reduce surface runoff and erosion and increase N
availability and SOC sequestration (Meena et al., 2020). The application of or-
ganic manure, green manures, growing leguminous crops, cover crops, biologi-
cal N-fixing microbes, and farm and kitchen waste materials adds nitrogen to
the soil, which is essential for agricultural productivity and stores SOC (Meena
et al., 2020). Practicing green manuring with leguminous crops (LGM) im-
proves SOC, makes available nutrients, enhances physical, chemical and bio-
logical properties of soil thereby increasing crop productivity (Meena et al.,
2018). When practiced with no-till farming practices, crop rotations can increase
soil carbon storage, improve SOC concentration, and reduce soil erosion (Lal,
2011). Cover crops have the potential to store more carbon to enhance SOC and

reduce climate change (Lal, 2004).

4. Discussion

Applied organic materials, respiration, plant residue removal and erosion de-
termine the carbon balance in an agro-ecosystem (Brady & Weil, 1996). Tillage
promotes good aeration in the soil, facilitates quick breaks down of organic
matter, enhancing microbial decomposition to occur (Brady & Weil, 1996).
Rapid organic matter decomposition has a positive correlation with CO, emis-
sions, global warming and consequently, climate change (Kirschbaum, 2000). It
is therefore indicative that processes that slow microbial decomposition of or-
ganic matter could be one of the sustainable approaches to sustained soil quality
for agricultural productivity and also, mitigating climate change.

Eliminating soil tillage and inversion, maintaining crop residue cover, and
ensuring proper crop rotation, have proven to improve SOM level and ensure
carbon accumulation and sequestration in soils (Kassam et al., 2012). This has
been termed as a Conservation or Climate Smart Agriculture practice. Funda-
mentally, conservation practices are linked to residue management, i.e., full, par-
tial stubble retention on arable lands (Sommer et al., 2011). Conservation tillage
facilitates surface residues accumulation leading to higher soil organic C storage.

Common land preparation methods in the Upper East of Ghana involve ga-
thering all farm residues and burning to have a clean land for ploughing and
other farm operations do not only contribute tremendously to the Green House
effect but also antagonize the contribution of vegetation in mitigating climate
change. These practices deteriorate soil carbon and make soils carbon sources
than sinks.

With almost 79.0% of its inhabitants residing in rural areas and majority of
them in dispersed villages, Ghana’s Upper East region is the least urbanized
(Ghana Statistical Service (GSS), 2014). The region is characterized by unimod-

al/ single rainfall pattern with a long dry season (no rains) seven months in a
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year. Due to this, the vegetation is savannah having sparse short fire resistant
trees such as Vitellaria paradoxa, Parkia biglobosa, Lannea micocarpa, Pilios-
tigma thonningii, Diospyros mespiliformis, Combretum spp, Tectona grandis
with vast grasses understorey. As an agrarian region, livestock such as cattle,
sheep, goats, donkey and birds (chicken, guinea fowls) are also kept dominantly on
subsistence scale. Annual crops such as maize, sorghum, groundnuts, Bambara
groundnuts, millet, guinea corn, rice are grown largely for family consumption.

Despite, efforts by the government and non-governmental organizations to
minimize bushfires in the region, the rainfall pattern coupled with vast dry
grasses in the dry season catalyzes bushfires. Hence, the region records bushfires
on large hectares of land annually (Amoako et al., 2018). This undoubtedly con-
tributes to global warming.

It is therefore, worth noting that if conservation land preparation methods are
not adopted, no matter the hectares of agroforestry systems in the Upper East
region of Ghana, they may not be able to contribute significantly to carbon se-
questration and hence, mitigating climate change since CO, sources might out-
weigh the sinks.

It is logical to deduce from the above findings that no tillage land preparation
methods leads to a buildup of soil organic carbon (SOC), storing substantial
amount of carbon and consequently, sequestrating CO,. Six et al. (2006) re-
ported an increase in SOC stocks of both tropical and temperate soils under no
tillage than with conventional tillage for the 0 - 10 cm layer. Conservation tillage
is another feasible sustainable means of storing SOC and hence, contributing to
CO, sequestration.

Busari et al. (2015) defines Conservation tillage as any tillage system that
leaves at least 30% of the soil surface covered with crop residue after planting to
reduce soil erosion by water splash and runoff. Conservation tillage, which en-
compasses maintenance of surface soil cover through retention of crop residues,
is achievable by practicing zero tillage and minimal mechanical soil disturbance.

Retention of crop residue protects the soil from direct impact of raindrops
and sunlight reducing soil erosion and evaporation, and processes that accelerate
emission of CO, into the atmosphere (Busari et al., 2015). Bullock ploughing
which is one of the land preparation methods in Upper East of Ghana ploughs a
depth of 10 - 15 cm (Acharya et al., 2014) which is characteristic of climate smart
agriculture practices should be a viable option in the savannah in fighting cli-
mate change since the rainfall pattern does not favour perennials growth in-
cluding afforestation. Scharlemann et al. (2014) reported global soils store more
C at average of 1500 Pg C in the top metre lone than vegetation and the atmos-
pheric reservoirs combined.

Most of carbon in grassland ecosystems is stored in soils, where turnover du-
rations are rather long (100 - 10,000 years). As a result, changes in the global
carbon cycle have a major and long-term impact (Schimel et al., 1994). The slow
turnover of the soil organic carbon (SOC) sink makes it a more secure carbon

sequestration mechanism than plant biomass (Lugo & Brown, 1993).
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5. Conclusion

From the results obtained in this review, tillage practices that ensure retention
and storage of SOC could be much effective in carbon sequestration in the Sa-
vannah zones. Practices that enhance the rapid decomposition of soil organic
carbon such as conventional tillage, gathering and burning of farm residues,
bush burning etc. increase the buildup of CO, in the atmosphere. It is therefore,
very imperative to consider soil organic carbon retention as a viable and sus-
tainable approach in fighting climate change in this context since the rainfall
pattern (unimodal) does not favour much vegetative (perennials) growth espe-
cially afforestation.

In the savannah, where annual plants are dominant, carbon sequestration
could be enhanced by undertaking land management practices that ensure these
grasses are not removed from the soil surface for fuels, thatch and other craft
works while promoting bullocks ploughing and or no tillage practices. Promot-
ing bullock ploughing alongside conserving the sparse indigenous and planted
trees while discouraging mechanical ploughing with tractors could enhance CO,
sequestration. This will consequently foster the synergistic mitigation of vegeta-

tion and soil of climate change mitigation in the Upper East region of Ghana.
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