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Abstract: Soil has the capacity to sequester about 50-66% of the 42-78 Giga tons of carbon lost per year. However, the
capacity of the soil to sequester carbon is dependent on soil texture and structure, rainfall, temperature, farming systems, and
soil management practices. Management practices to enhance soil carbon sequestration include; cover cropping, nutrient
management, woodland regeneration, no-till farming, manure, and sludge application, water conservation, and harvesting,
efficient irrigation, and agroforestry, among others. These practices have however been applied in un-integrated manner, this
has led to continuous loss of soil carbon; consequently, there has been a decline in crop yield especially cereals due to climate-
change, soil degradation, pest, and disease burden, among other factors. Yet an increase in soil carbon by one in a degraded
soil could increase cereal yield by up to 40 kg ha™', for example, increase wheat yield by up to 20-40 kg ha™ and Maize up to
10-20 kg ha™ as well as reducing fossil fuel emission by 0.4-1.2 Giga tons of carbon per year. This review paper, therefore,
looks at current ways of sequestering carbon and how these approaches can be improved and integrated to enhance soil carbon
sequestration in cereal-legume cropping systems. There is a need to increase the production of cereals due to the increasing
demand for cereals in sub-Saharan Africa and it is projected that, by 2050, the demand is expected to triple due to global
population increase which is expected to outmatch production due to low soil carbon sequestration and soil fertility.
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Given the diverse contribution of soil fertility to natural

1. Introduction

Soil fertility is the inherent capacity of the soil to provide
plant nutrients in adequate amounts and in suitable
proportions [1]. It can also be referred to as the ability of the
soil to continuously provide nutrients necessary for plant
growth in their available form [2, 3]. While plant nutrition is
a process by which a plant extracts chemical elements and
compounds from the soil/ growth media to support its
metabolism, growth, and reproduction [3].

ecosystem function, it is therefore, imperative to discuss the
role of soil fertility in crop production for human utilization.
However, soil fertility cannot be discussed in isolation of
plant nutrition, which in recent studies have been described
as the management of chemical elements and compounds
necessary for the plant to attain its full growth potential (life
cycle) [4, 5]. These chemical elements are both essential and
non-essential; the essential elements are necessary for
metabolic processes within the plant and are also responsible
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for the completion of the plant’s life cycle. While none
essential elements/nutrients are those whose non availability

does not affect the completion of a plant’s growth cycle [6, 7].

Nutrients that are essential to the plants have been identified
to be seventeen (17) and are further subdivided into macro
and microelements (Table 1). The categorization is premised
on the nutrient in plant tissues as opposed to their
requirement for growth of the plant. Macronutrients are
available in plant tissue at concentrations above 0.2%, while
micronutrients are present at concentrations below 0.01%
usually measured on a dry weight basis. In addition to the
seventeen essential elements, there are also, Carbon (C),
hydrogen (H), and oxygen (O) which are derived from
carbon dioxide (CO,) and water (H,O), and through the
process of photosynthesis, they form carbohydrates. These
chemical elements (C, H, and O) are present in the highest
concentrations of any element in plant tissue. They are,
however, not considered mineral elements and are almost
always available in amounts necessary for their direct use in

complete plant metabolism [1].

Furthermore, macronutrients are subdivided into; primary
macronutrients, which include nitrogen (N), potassium (K),
and phosphorus (P), and secondary macronutrients (calcium
(Ca), magnesium (Mg), and sulfur (S)). The micronutrients
are mainly Copper (Cu), manganese (Mn), iron (Fe), boron
(B), nickel (Ni), molybdenum (Mo), chlorine (CI) and zinc
(Zn). In addition to the eight micronutrients above, there is
also cobalt (Co), sodium (Na), silicon (Si), selenium (Se),
and vanadium (V), these elements improve the crops’ growth
and quality and are referred to as ‘beneficial elements’.

Although Silicon is considered a beneficial element, it has
been reported to aid some metabolic processes responsible
for the completion of the life cycle of many plants outside the
family of Equisetaceae [8, 9]. More studies are therefore
required to establish the role of Silicon in plant nutrition.
Table 1 below gives a summary of the essential and
beneficial elements and their roles in plant growth and
development.

Table 1. Essential nutrient and beneficial elements and their roles in plant growth and development.

Form taken up by

Nutrient type Element (s) i Role in a plant
Carbon (C) CO, Mediates the process of photosynthesis.
Non-mineral Hydrogen (H) H', OH and H,O D¥rectly p.lay? a role in photosynthesis.
Oxygen (O,) Aids respiration process.

macro nutrients

Nitrogen (N) NH,;" and NO;y

proteins

Mineral

Mediates enzyme controlled activities and is a major component of chlorophyll, amino acids and

Component of adenosine di- and triphosphate (ADP and ATP) which is essential for energy

Macro nutrients

Phosphorus (P)

HPO,* and H,PO,”

Potassium (K) K*
Calcium (Ca) Ca**
Magnesium (Mg) Mg>
Sulfur (S) SO
Copper (Cu) Cu*
Mineral Manganese (Mn)  Mn?" and Mn**

Micro nutrients

Iron (Fe) Fe*" and Fe**
H3B03, BO37 and

Boron (B) B0

Nickel (Ni) Ni**

Molybdenum (Mo) MoO,*

storage and transfer. Is also an important component of deoxyribonucleic acid (DNA) and
ribonucleic acid (RNA). Responsible for the growth and development of plant tissues and seeds.
Mediates metabolic processes such as photosynthesis, enhances plant water use efficiency and
drought tolerance. Aids disease resistance and stem strength.

Responsible for the growth of tissues, cell division and elongation and activation of enzymes
Major component of chlorophyll and is responsible for photosynthesis. Aids protein synthesis as
well as phosphate metabolism, respiration and enzyme activity.

Component of amino acids and is necessary for protein synthesis. Responsible for nodule
formation in legumes and in the development of enzymes, seeds and chlorophyll.

Components of chlorophyll and contributes in enzyme activation.

Activate enzymes and mediate photosynthesis synthesis

Responsible for chlorophyll synthesis and mediates respiration and photosynthesis processes.
Responsible for germination, growth, development of female and male parts of the plant, and
grain. Has been reported to aid the translocation of sugars, starches, N and P.

Components of some enzymes such as urease responsible in N metabolism.

Mediates enzyme aided reactions and metabolic processes that reduces NO;™ to NH,4' in plants
(nitrate reductase) and N fixation by rhizobia.

Chlorine (Cl) Cl Responsible for energy generation in the plant and enzyme controlled functions in the plant

i () 702t Mediates the processes leading to formation of pant growth compounds (hormones), chlorophyll,
carbohydrates and enzyme systems.

Cobalt (Co) Co** Responsible in formation of N complexes and synthesis of vitamin B,

Sodium (Na) Na** Contributes to the functioning of halophytic plants in the absence/limitation of K.

gzrrfef:tl:l Silicon (Si) H4Si04 Mediates activities of photosynthesis regulating enzymes.

Selenium (Se) SeO;? and SeO,>  Essential in animal nutrition.

Vet () VO~ Resp9n51ble for N fixation by rhizobia and in some cases biological oxidation and reduction
reactions.

Source: [1]

It is, therefore, evident that the ability of the soil to support
plant growth is the backbone of crop production, however,
soil fertility has been reported to be declining in sub Saharan

Africa at an alarming rate due to soil erosion, unsustainable
land management practices such as monoculture over use and
poor application method of inorganic fertilizers, overgrazing,
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bush burning, continuous -cultivation and poor tillage
practices [10-13]. The declining soil fertility has affected
crop production especially cereals [14, 15] and the problem is
much felt in the semi-arid regions of sub-Saharan Africa
(SSA) where climate change has become a major bottleneck
affecting crop production especially among small holder
farmers with limited resources and depend on traditional
crops such as finger millet for nutrition and food security.
These traditional crops are to a large extent tolerant to abiotic
and biotic stresses have long shelf life and rich in nutrients,
especially amino acid, iron, zinc, calcium and magnesium
[16-18]. Finger millet has been affected by drought, weed
proliferation and low soil fertility [14, 15]. Low soil fertility
has been attributed to poor agronomic practices that have led
to reduction in Soil Organic Carbon (SOC) which is a major
indicator of soil fertility and plays a key role in soil fertility
and plant nutrition [19]. It is, therefore, imperative to design
strategies to manage soil degradation and enhance Soil
Carbon Sequestration (SOC to attain desirable soil
characteristics, production potentials and a good functional
ecology [20-22] and increased finger millet productivity.

Given the declining levels of SOC in sub-Saharan Africa, a
number of studies have recommended sustainable land
management practices in soil carbon (SOC) sequestration
[10-13]. One of the recommended approaches is legume
integration in cereal production [23, 24], application of a
combination of organic and organic fertilizer and minimum
tillage [25, 26].

2. Status of Soil Organic Carbon (SOC)
Stocks in Sub-Saharan Africa

The amount of carbon released to the atmosphere in form
of carbondioxide emission is influenced by land utilization
and management practices employed. However, the soil
under good cropping and management systems has the
potential of sequestering carbon ranging from 2344
gigatonne (GT) which is 1 billion tonnes of global organic
carbon [27-29]. Therefore, soil has been reported to be the
largest terrestrial pool of organic carbon [30, 31]. It is
estimated that 300cm’ of soil (30 cm width by100 cm depth)
contains Soil Organic Carbon (SOC) in the range of 684724
Pg and 14621548 Pg, respectively [32].

Therefore, the importance of soil in carbon organic carbon
turn over further underscore the potential role of soil as a
natural carbon sink. This is due to the fact that soil is the
largest SOC pool on the land surface in addition to its ability
to store carbon over long period of time [33]. Top soil (0-30
cm) is reported to store carbon in large quantities
approximated to be twice the amount of carbon (C) in the
atmospheric carbondioxide (CO,) and three times that in
aboveground vegetation globally [28, 32, 33]. However,
global SOC levels vary from region to region, and this is
affected by factors such as rainfall distribution, temperature,
cropping systems, and soil management practices [27, 28].
For example, the annual release of CO, from deforestation as

estimated in the Fourth Assessment Report (AR4) of the
Intergovernmental Panel on Climate Change (IPCC) is
approximately 25% of CO, released from fossil fuel burning
[30, 34]. These impacts negatively the carbon levels in the
soil and has been reported to result in an estimated loss of
78+12 Pg C to the atmosphere annually [27, 29].

3. The Role of Soil Organic Carbon
(SOCQ) in Soil Fertility and Plant
Nutrition

Soil Organic Carbon plays a very important role in soil
fertility management and plant nutrition. SOC plays a role in
soil nutrient turnover and influences the physical and
chemical characteristics of the soil. In the tropics, SOC is the
main cause of soil fertility heterogeneity due to its variation
in quantities [24, 35]. In addition, soil organic carbon plays a
big role in improving soil quality through soil aggregate
stabilization, reduced effect of soil erosion, improvement in
cation exchange capacity, water holding capacity, biological
functioning, and availability of macro and micronutrients
[36]. [19, 24, 35] reported SOC levels to influence positively
or negatively to soil fertility and yield, especially in sub-
Saharan Africa. Soils with low SOC amounts are often low in
fertility and are associated with highly weathered tropical
soils, especially ferralsols which are characterized by high
levels of sesquioxides, and kaolinitic clays and are inherently
low in nutrient retention capacity [37, 38]. Because of the
low levels of SOC, yield response to mineral N fertilizer
application was reported as insignificant [35]. Thus, [39] in
their study on maize response to N and P fertilizer
applications under different SOC levels sought to determine
the optimal SOC concentration for yield response to mineral
N fertilizers. The optimal SOC level for yield response was
observed at SOC > 1.2%, however, the rate at which different
soil management practices/options attain the critical SOC
concentration remains unknown.

4. The Role of Organic and Inorganic
Fertilizer Application on Soil Carbon
Sequestration

4.1. The Role of Organic Fertilizer Application on Soil
Carbon Sequestration

Terrestrial ecosystems, especially soils, are an important
sink of carbon [19]. However, the ability of the soils to
sequester carbon is influenced by various factors such as soil
fertility management practices [40] for example, long-term
application of organic fertilizers sequestered carbon between
1.5 — 2.0 times higher than balanced inorganic fertilizer
under rice-wheat cropping system [41]. Similarly, [42]
reported an increase in soil organic carbon when Farm Yard
Manure (FYM) was applied to the soil over a long period of
time. This was further noted by [40] when manure applied to
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the soil significantly increased carbon and nitrogen levels in
the soil, leading to improved soil physical properties. Also,
biomass carbon was reported to have significantly increased
when organic fertilizer was applied to barley, wheat, beans,
maize, cotton, and rice [43]. These studies were limited to
rice, wheat; maize, beans, barley, cotton, and rice cropping
systems with very limited information on SOC sequestration
studies under finger millet fertilizer application. Given that
finger millet which is one of the major food security and
nutrition crops for smallholder farmers in the semi-arid
tropical regions of Sub-Saharan Africa is threatened by
production constraints like low soil fertility and climate
change [41], there is, therefore, need to assess the effect of
manure application on SOC and soil fertility management in
finger millet production in the semi-arid regions of sub-
Saharan Africa.

4.2. The Role of Inorganic Fertilizer Application on Soil
Carbon Sequestration

Inorganic fertilizers provide readily available nutrients to
plants and therefore have an immediate influence on the
growth of the plant [3]. Nitrogen and phosphorus application
especially in cereals results in vegetative growth and
consequently high biomass production. This in turn
influences the amount of carbon (C) and Nitrogen (N) stocks
in soil [44]. Also, [45] reported that, inorganic fertilizers
application enhanced soil organic matter (SOM and
biological activity in the soil due to increased plant biomass
production and organic matter return to soil in form of
decaying roots, litter, and crop residues.

On the contrary, [46] reported carbon and nitrogen
accumulation in newly cultivated farmland to be influenced
by a combination of organic and inorganic fertilizer
applications. Cereals have been reported to highly respond to
nitrogen-based fertilizer application leading to increased

biomass and hence influencing the SOC levels in the soil [48].

The plant biomass, when returned to the soil, plays a big role
in adding SOC to the soil through the decomposition and
mineralization processes that organic residues undergo [42].

4.3. The Role of Legume-Cereal Integration on Soil Carbon
Sequestration

Legumes play important role in soil fertility and land
degradation mitigation through biological nitrogen fixation
and soil erosion control, thus playing major components of
integrated soil fertility management in sub-Saharan Africa
[51]. Most areas in sub-Saharan Africa and Uganda in
particular, legumes are planted as sole crops and rotated with
cereals where the latter benefits from the residual nitrogen
from the legumes or they are intercropped with cereal,
especially maize [52]. Intercropping is mainly done to
minimize the risk of total crop failure and to maximize
utilization of land and labor in addition to the complementary
benefits associated with growth pattern, aboveground cover,
rooting depth and density, water, and nutrient demand are
often derived from intercropping cereals with legumes [53].

Different legumes fix nitrogen at varying rates and also
generate varying biomass. This biomass contributes to SOC
stocks and enhances soil fertility and grain yield [23].

Studies conducted in West Africa, particularly in Nigeria,
on the effect of rotation of Mucuna pruriens with maize for
soil fertility management in maize production [54, 55]
reported grain yield increase of between 25-50% and
improvement of SOC and soil fertility. In Kenya, [52]
reported a grain yield increase of between 21-24% when
maize was intercropped with Mucuna pruriens. However,
limited studies have been conducted on legume integration
and fertilizer application to enhance soil fertility in finger
millet production, especially in drier areas of the globe.

5. Nitrogen, Phosphorous, and Potassium
Status in Ugandan Soils

Large proportions of the soils in Uganda are highly
weathered and consequently, low in nutrient reserves
especially N, P, K, Mg, Ca, and S. The soils therefore, have
limited capacity to supply nutrients that meet the crops’
growth requirements [43—50]. Some of the soils in Uganda
are acidic, leading to high Aluminum toxicity and this is a
common phenomenon in Ferralsols and Acrisols soils. These
soils constitute more than 70% of Uganda’s total land area on
which most of the crop production is done [50]. The situation
is not any different in the eastern part of Uganda where soils
are characterized by highly weathered Plinthisols, light-
textured Ferralsols and vertisols. These soils are often low
nutrients, especially N and P as a result of their inherent soil
characteristics and high nutrient mining due to poor
agronomic practices coupled with climate change [6]. Given
the above characteristics of the soil and prevailing farming
practices, cereals especially finger millet production in
Uganda has been reported to be declining [15]. There is a
need to address this bottleneck if finger millet yields are to be
enhanced.

6. Finger Millet N and P Requirements

Finger millet is a highly resilient crop and has been
reported to grow under relatively harsh environmental
conditions (poor soils and low rainfall) with high Nitrogen
Use Efficiency (NUE) [48]. This attribute, has however not
been fully explored. However, studies conducted by [56]
suggest that finger millet has a unique mechanism through
which small amounts of nitrogen in the soil are maximally
utilized by the crop. This mechanism is associated with the
genetic influence of a wide range of finger millet varieties on
nitrogen utilization within the crop [48]. To maximize the
above benefit of finger millet, a substantial amount of soil
organic carbon is required in the soil to enhance nutrient
turnover [49]. The major nutrients influencing finger millet
yields in the tropic are N and P and N requirements range
from 60-85 kg N ha [57] while P requirements range from
25—-69kg per hectare, depending on the agro-ecological zone
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and soil types. For instance, [58] recommended 60 kg N ha™
on sandy clay loam soil in Kenya while [57] recommended
83 kg N ha on degraded sandy loam soil in eastern Uganda.
On the other hand, [59] recommended 69 kg P ha for sandy
loam and sandy clay soils while [57] recommended 52 Kg P
ha for degraded sandy loam soils in eastern Uganda. These
recommendations were, however, based on sole cropping and
no other cropping systems such as finger millet-legume
integration and intercropping. The effect of legume
integration on finger millet production needs to be
investigated as a potential solution to addressing low soil
carbon sequestration and low soil fertility in finger millet
production.

7. The Role of Nitrogen and Phosphorus
in Finger Millet Nutrition

Nitrogen and phosphorus are key nutrients in plant
nutrition with nitrogen playing a key role in the metabolic
processes such as photosynthesis and growth through cell
division and elongation [62]. In addition nitrogen mediates
cell repair, grain formation and protein synthesis and overall
growth of the plant [63]. Soils with low levels of nitrogen
have been noted to have dwarf crops, inadequate vegetative
cover/growth, pale yellow to yellow leaves, susceptible to
pests and diseases, adversely affected by both short and
prolonged and generally poor yields [63].

Phosphorus on the other hand is responsible for energy
storage and transfer, plant tissue and grain development [64].
It is also a critical component of Deoxy-ribo Nucleic Acid
(DNA) and Ribo Nucleic Acid (RNA) which are major
building blocks in plant growth and development [62]. In
photosynthesis, phosphorus is a major source of energy that
aid metabolic processes leading to energy transfer to the
required parts of the plant [66].

Given the role of N and P in plant nutrient, their
contribution in finger millet is not isolated. However,
information on the direct effect of P fertilizer application on
finger millet is limited but additive and synergistic
interactions between P and N have previously been reported,
with low P leading to low response and uptake of N [65].
This is seen in the study of [66] where they noted finger
millet response to N application to be poor or even negative
in soils deficient in P, leading to low recovery efficiency.
However, identification and exploitation of positive
interactions is key in increasing finger millet returns (yield,
quality, and nutrient use efficiency) from applied N and P
under various agroecologies.

8. Finger Millet Nutrient Use Efficiency

Finger millet has been observed to have relatively high
nutrient use efficiency compared to other cereals [48]. This is
because of the crop’s ability to dense rooting system in dry
and poor soil conditions to maximize moisture and nutrient
absorption and utilization [48, 56]. The high Nutrient Use

Efficiency (NUE) is also attributed to the genetic influence of
a wide range of finger millet varieties on nitrogen utilization
within the crop [48]. Furthermore, NUE [39] has been
associated with the amount of initial SOC in the soil; for
example, if the SOC is >1.2%, then the NUE of finger millet
could be high compared to when the soil organic carbon
(SOC) is < 1.2% (40). Studies comparing the nutrient use
efficiency of finger millet and carbon levels in the soil are
scanty. There is, therefore, a need to determine how soil
carbon levels influence the nutrient use efficiency of finger
millet varieties cultivated in the drier areas of eastern Uganda.

9. Conclusion and Areas of Future
Research

9.1. Conclusion

Soil Organic Carbon (SOC) sequestration is very
important in crop production and in maintaining sound
ecosystem function for sustainable crop production and
environmental management.

It is undoubtedly clear that soil is a major sink for
terrestrial carbon dioxide and a potential climate change
mitigation strategy if sustainably utilized and managed.

Soil carbon is a food source for soil micro-organisms and
an important bacteria metabolite where microbial activity
plays an important role in improving soil structure.

There is limited information on the role of legumes in soil
carbon sequestration in finger millet production in semi-arid
agroecological zones.

Soil Organic carbon plays a big role in plant nutrition in
terms of stabilizing soil conditions such as pH, water
infiltration, nutrient availability, and general soil health.

9.2. Areas of Future Research

There is need to understand the effect of legumes on soil
carbon sequestration and turn in semi-arid agroecologies.

There is a need to understand the factors affecting the
adoption of climate-smart agricultural practices in semi-arid
agro-ecologies.

Assess the Rhizosphere effect on soil carbon turn over and
soil fertility management in cereal production in semi-arid
environment.
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