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ABSTRACT

Recurrent dearth of micronutrients from soils and crops aggravated by the impacts of climate
change has augmented an increase of hidden hunger with over 2 billion people affected across
the globe. This problem is more rampant in developing countries with devastating economic
setbacks, which deprive them from diet diversification. This calls for more interventions in
enriching the cereal crops which are naturally low in micronutrients despite being the source
of staple food for millions of people in African countries. One of the key approaches towards
the drive to reducing malnutrition is biofortification. A two-season pot experiment was carried
out at Gulu University’s Faculty of Agriculture and Environment experimental site. The aim
of the experiment was to explore the effects of soil and foliar application of mineral based
fertilizers (iron and zinc) in biochar amended soils on yield and grain quality of finger millet
grown in allisols and ferralsols. The experiment had eight treatments with four replicates which
were arranged in RCBD in both soil types. The results from the experiment revealed that
biofortification in biochar amended soils improved yield and quality of finger millet in both
soil types. Maximum yield of 50 — 53 g/pot were recorded in both soils with biochar treatments,
sprayed with both iron and zinc compared to the yield of 23.8 g/pot -25.5 g/pot in control.
Similarly, an increase in protein content from 4.67 % to 11 % was also mirrored in treatments
receiving foliar application of both iron and zinc in biochar amended soils. Zinc and iron
content were higher in grains (41.5 - 44.6 mg/100g and 11.3 - 13.3 mg/100g, respectively) from
treatments which had biochar and were foliarly applied with iron and zinc. Soil organic carbon
and moisture content significantly (P < 0.05) influenced Zn and Fe uptake from soil. Overall,
both soil and foliar application methods of mineral fertilizers in biochar amended soils are ideal
in enhancing nutrient availability for crop growth and yield coupled with improved grain

quality.
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CHAPTER ONE

1.0 INTRODUCTION

1.1 Background

Food security and nutrition well-being are sustainable forces for health and development. They
are considered as important indicators for national development. Despite this being the case,
increased demand for more food and prevalence of malnutrition are the major issues affecting
most developing countries. In this regard, efforts towards mitigating food insecurity and
malnutrition should put into consideration dietary quality. Thus, growing of traditional food
crops like finger millets which are best suited to different agro-ecologies poses a potential

successful approach to achieving food and nutrition security (Pragya Singh, 2012).

Finger millet (Eleusine Caracana L) is rich in nutraceuticals as compared to other regularly
consumed major cereals (Ajeeshi et al., 2021). It plays a significant role for millions of people
in sub—Saharan Africa and other developing countries (Bora, 2013). Its wide adaptation to a
eclectic environments, less input requirement and resistance to pests and diseases makes it vital
for present and future human use (Chandra et al., 2016). Finger millet is also drought tolerant
as compared to other major cereals like rice, wheat, barley and maize. This is attributed to its
C4 photosynthesis system and its ability to grow in marginal agro-ecologies (Gebreyohannes
et al., 2021a). In addition, to the aforementioned qualities, finger millets are further associated
with numerous health benefits which include; reducing diabetes, obesity, diarrhea and
osteoporosis (Anitha et al., 2021).These traits are associated with high amounts of calcium and

dietary fiber contained in finger millet.

Millets are produced at an estimated total land area of 33.49 million ha globally with total yield

of 31.74 million tones. Finger millets accounts for 12% (4,018,800) of the total world



production area (Bennetzen et al., 2003). In Uganda, finger millet is grown on about 400000
ha and produces 700000 metric tones (FAO, 2005). It widely grown in northern, eastern and

south-western regions of Uganda.

Finger millet is one of the most important cereal crops in Uganda. It is ranked second after
maize and provides energy to over 80% of Ugandan population (Diego Camps, 2008). Despite
this being the case, its production is constrained by various abiotic stresses leading to decreased
yield and quality over the years. Declining soil fertility is one of the examples of abiotic stress
plummeting its productivity. One of technologies highly regarded as a measure of soil fertility
restoration is use of biochar which is a heterogenous combination of pyrogenic compounds
with varying physical and chemical properties that interact with soil. Biochar helps in soil
fertility restoration through direct addition of nutrients it contains, especially base cations and
phosphorous in addition to improved soil nutrient retention amongst others (Obia et al., 2019).
Because of this, biochar has been reported repeatedly to increase crop yields (Katterer et al.,

2019).

Low micronutrient content of finger millet, which include zinc and iron is another challenge,
which compromises the quality of finger millet grains. It is reported that finger millet contains
2.3 and 3.9 mg/100g mean values of zinc and iron, respectively (Shobana et al., 2013), which
are inadequate to meet daily dietary allowance. According to WHO (2007a), daily dietary
allowance for zinc in children above six months and adults ranges from 3-12 mg/day and for
iron ranges from 11-30 mg/day from infants to adults. Throughout the world, dietary deficiency
of iron and zinc are considered as two of the big five silent killers in humans along with vitamin
A, iodine and selenium deficiencies. Zinc and iron are vital in central, physiological and
structural roles in humans (Connorton & Balk, 2019). Low intake of iron and zinc results in

various health problems which include: Pallor (Anemia), skeletal abnormalities, impaired



physical and mental development, poor immune functions and diarrhea (Subbaiah et al., 2016).
The deficiencies are common among the growing children, pregnant and lactating mothers,
sports men and manual labour workers. Zinc and iron deficiency have affected over 2 billion
people across the globe (Chandra et al., 2020). In Uganda, three quarters of under five children
and half of women of reproductive ages are iron deficient while prevalence of zinc deficiency

ranges from 20-70% in young children and 20-30 % in adults (The Republic of Uganda, 2016).

Additionally, finger millet contains low protein content of approximately 7.3 %, which is
meagre to meet the body demands of 0.66 g/kg of body weight (Bruins et al., 2019). Protein is
essentially required for catalyzing chemical reactions, regulation of gene expression and
immune systems. Its deficiency contributes to protein-energy malnutrition which is currently
on the rise with more than14 million cases across the globe ( Zhang et al., 2022). In Uganda
protein-energy malnutrition is one of the greatest contributors to 60 % of child mortality
expressed in form of edematous malnutrition (kwashiorkor), wasting and stunting (Akugizibwe

etal., 2013).

Considering the risks associated with zinc and iron deficiency coupled with protein-energy
malnutrition to the health of individuals, research to generate novel strategies to enhance Zn,
Fe and protein supplementation remains a crucial nutrition-sensitive matter. One such novel
strategy which has received growing attention is biofortification which is aimed at improving
nutritional value of edible crops (Garg et al., 2018). Biofortified crops increases micronutrient
intake and have a significant positive impact on human health (Praharaj et al., 2021). The idea
of biofortification originated around green revolution period which was 1966-1985. After green
revolution, food systems in most countries improved tremendously but undernourishment still
remained a big challenge. This resulted in high micronutrient shortages in food crops produced

as the emphasis was on quantity and not quality, thus augmenting the malnutrition problem



among consumers. Having this awareness, agricultural systems are shifting to develop nutrient
dense crops in addition to having copious yields as one way of alleviating challenges of hidden
hunger. Thus, micronutrient biofortification has increased exponentially (Szerement et al.,

2022).

1.2 Statement of problem

Finger millet is an important crop to most African communities. Approximately 78 % of finger
millets are consumed as staple food, 20 % as drinks and other uses, and 2 % as livestock feed
(Obilana, 2002). Despite the great value associated with finger millet, its productivity has
remained low and poor soil fertility together with its low micronutrient contents is the major
reason attributed to this (Gebreyohannes et al., 2021b). It is also low in micro nutrients more
specifically zinc and iron with mean values of 2.3 and 3.9 mg/100g, respectively (Shobana et
al., 2013). Additionally, it contains low protein content of approximately 7.3 %. It is in this
regard therefore that soil amendments interpositions are thus vital to improve these prevailing
conditions. This research aimed to expound on the above through biochar and mineral fertilizer
amendment to the soils as there is no clear research done currently on how micronutrient
biofortification can be influenced by biochar application to increase yield and grain quality
parameters of finger millet. The micronutrient biofortification attempts that have been carried
out have focused on other crops other than finger millet. In addition to the above, the behavior
of micro elements in soils in the presence of biochar remains unclear for weathered tropical

soils, which are widespread in Uganda.



1.3 Study objectives

1.3.1 Main objective

The main objective of the study was to determine the effect of biochar and micro-nutrient-
based fertilizer applications on the yields and grain quality parameters of finger millet grown

in two soil types.

1.3.2 Specific objectives

e To determine effect of biochar and micro nutrient-based fertilizers on growth and yield
of finger millet.

e To determine the effects of foliar and soil application of zinc and iron fertilizers on
finger millet quality parameters.

e To determine soil factors influencing effectiveness of biofortification using Zinc and

iron under biochar amended soils.

1.4 Research hypotheses

This research was steered by the following hypotheses;

e Application of biochar would result to increased yield due to improved soil chemical
properties and water availability for the two soil types.

e Both soil and foliar application of zinc and iron with or without biochar would result in
improved finger millet grain quality parameters for the two soil types.

e Improved soil chemical properties and water availability by biochar would result in

higher Zn and Fe contents in millet grains, independent of soil types.



1.5 Justification of the study

Finger millet has potential to boost food and nutrition security, improve people’s livelihoods
and contribute to industrialization. However, many countries have not done enough to increase
its yield and micro-nutrient content. A lot of research done on biofortification have focused on
other crops like maize but a few studies have looked into finger millet, which plays a major
role in providing dietary needs of rural people who constitute 80% of Ugandan population
(Diego Camps, 2008). Accordingly, there is need to investigate alternative interventions which

could enhance its productivity in terms of both quantity and quality.

In addition to promoting food security, it’s also essential to curb micronutrient and protein
energy malnutrition by promoting production of cereals, which are rich in micro and macro
nutrients. Biofortification mostly concentrates on staple food for the people living in rural areas
where it is difficult to have access to commercially fortified food. This process may result in
increased availability of biofortified crop products within their locality hence lack of nutrients
in the food they consume daily can at least be minimized or eliminated entirely. Finger millet
is one the mostly consumed staples and its germplasm is naturally good for accumulation of
iron and zinc through fe and zn homeostasis pathways which facilitate in the acquisition of

iron and zinc in environmentally limiting conditions (Chandra et al., 2020).



CHAPTER TWO

LITERATURE REVIEW

2.1 Finger millet production across the regions

Finger millets are enormously vital in the African Semi-Arid tropics with East Africa being
the largest producer having a total production of 773,500 tones followed by southern Africa

121,000 tones, Central Africa 58,110 tones and North Arica 11,080 tones (Obilana, 2002).

2.2 Advantages of finger millet and its potential to support food and nutrition security

Finger millet is known to save poor farmers from starvation when other crops have failed due
to abiotic factors aggravated by climate change. This is due to its wide adaptation and ability
to grow in diverse weather and soil conditions, marginal, arid and mountainous terrains where
major cereals have low growth ability. According to research carried out in two regions of
Kenya, it was noted that with increasing impacts of climate change, certain crops were more
severely affected than others. In the same season and under the same environmental conditions,
finger millets were able to produce yield while other cereals like maize experienced total failure
(Shibairo et al., 2016). This is attributed to the indigenous nature of the crop to the continent
hence being better adapted to harsh environmental conditions such as irregular rainfall, drought

and increased temperatures.

Availability of ready markets is another advantage associated with finger millet production.
Local markets serve as the main selling points in most rural communities, which have weekly
rotations. This trend enables farmers to sell the crop more frequently and at a double price
compared to other cereal grains. This is majorly attributed to the small size of the grain and

high nutritional content and enables the farmers to make more profits.



Finger millets can be stored for years without being destroyed by weevils. This is because of
its small grain size, which makes it difficult for pests to move within it (Gebreyohannes et al.,
2021a). It is therefore ideal for households who can’t afford to buy insecticides. This quality

makes it a unique crop that can be reserved for famine.

Health benefits of finger millet is another reason attributed to its wide cultivation and
preference. Some of the health benefits associated with finger millet include; lowering blood
glucose through phenolic extracts, which are reported to inhibit alpha glycosidase and alpha
amylase. This is essential in management of postprandial hyperglycemia (Sbobona et al.,
2009). Finger millet has low glycemic value hence being able to last long in the digestive
system. This is a desirable trait for diabetic patients. It is further associated with an increase in
inbuilt resistance against bacterial and fungal infection diseases due to high content of
potassium. The presence of antioxidants reduces risk of heart, kidney problems and cancer. It
is in this regard therefore that this research aimed at increasing iron content for enhanced
hemoglobin levels and zinc content for physical and mental development coupled with

improved immune systems in both children and adults.

2.3 Constraints in finger millet production

Common reported challenges associated with finger millet production include blast diseases,

weed infestation, impacts of climate change, declining soil fertility and lack of improved seeds.

Finger millets are highly susceptible to blast disease infection. It is more prevalent in long rain
season causing great yield losses ranging from 7.32 - 54.07 % depending on cultivar’s

susceptibility (Sasmal, 2016).

High weed infestation increases production labour due to its similarity to certain weeds such

as Eleusine indica, which are closely related (Jayne et al., 2016). Weeding becomes a difficult



and expensive task because of its high resemblance with the weeds as such the crop is weeded

more frequently compared to others.

Lack of high yielding and well adapted varieties also limits its production (Gebreyohannes et
al., 2021a). Most farmers rely on local seeds from their farms or from their neighbors and
relatives usually reserved from previous seasons. This is due to lack of access to improved
seeds and mostly emanating from neglects of finger millet by research community and
extension service providers. Extension workers mostly focus on popular crops like maize and
beans as opposed to traditional crops like finger millet, which are better adapted to the tropical
regions. This concurs with research by Handschuch et al. (2016) who reported that millets in
Africa have been greatly under researched resulting in farmers' limited exposure to improved

varieties.

Despite the fact that this crop is able to adapt to poor growing conditions, the declining levels
of soil fertility has resulted into reduced productivity (Diego Camps, 2008).This research
therefore, aimed at improving soil fertility through biochar application as one way of

augmenting finger millet production.

2.4 Approaches to increasing finger millet yield and quality

A number of interventions are being implemented in regards to improving finger millet
productivity which include breeding programs, mixed cropping, crop rotation, use of organic
and inorganic fertilizers. In regards to improving the grain quality, biofortification has been an

applauded approach and widely adopted by many in addition to breeding programs.

A lot of studies have been done to assess the effect of organic fertilizer alongside inorganic
fertilizer on finger millet growth and yield. Notable improvements in finger millet yields and

soil fertility were observed after application of farm yard manure coupled with NPK (Kumara



et al., 2014). Similar trend was observed by Govindappa et al. (2009) in which there was an
increase in grain yield, weight and straw yield of finger millet after applying FYM at a rate of
7.5 t/ha alongside NPK. Singh et al. (2013) observed an overall increase in plant height, grain
weight, and yields when biochar was applied at the rates of 0, 50 and 100 %/ha coupled with

NPK.

Intercropping of finger millet with legumes such as groundnuts, pigeon peas, soy beans, and
common beans among others is reported to have a positive impact on yields. This is because
legumes have the ability to fix atmospheric nitrogen through nitrogen fixation. Consequently,
finger millet is able to utilize fixed nitrogen as it unable to fix nitrogen on its own
(Thilakarathna & Raizada, 2015). An experiment by Maitra et al. (2000) reported an increase
in finger millet yield under intercropping with groundnuts and pigeon peas compared to the

yields obtained under sole cropping.

Crop rotations helps in improving crop production as residual fertility from the preceding crop
contributes to the growth of the crop that follows. It has been reported that finger millet benefits
more from the residual nourishment stemming from the previous crop more especially when
organic fertilizers are used (Thilakarathna & Raizada, 2015). A study by Ebanyat et al. ( 2010)

in eastern Uganda observed an increase in the yield of finger millet following legume crops.

Breeding program has enabled cultivar development, crop improvement and seed improvement
of various important crops conventionally through selective mating or hybridization. Currently
a number of breeding approaches have been involved. For instance, pure line selection,
hybridization, mutation and molecular breeding which has led to development of different
finger millet varieties across the world. Examples of varieties developed are PLR-1. K-22, Ro-
786 in India, while in Uganda, varieties developed include Gulu-E and Serere-1(Al-Khayri et

al., 2019).

10



Biofortification which is aimed at improving the nutritional value of edible crops through
selective conventional plant bleeding, mineral fertilization (Agronomic) and plant breeding
using genetic engineering (Garg et al., 2018) has been adopted as a measure of increasing
nutrient content in finger millet grains. This study focused on mineral fertilization and how it
can influence grain quality parameters of finger millet when applied either foliarly or through

the soil in a local setting.

2.5 Approaches to fertilizer application and agronomic biofortification

Agronomic biofortification is the application of mineral micronutrient fertilizers to soils or
plant leaves to enhance the concentration of target minerals in edible portions of crops with the
aim of increasing dietary intake of the targeted minerals (Valenca et al., 2017). It is widely
believed that the application of mineral nutrients from external sources increases their
concentration in developing grains as well as improving soluble and mobilizable mineral
elements in the soil. It is an important method especially in Africa and Asia as it is the fastest
and easiest method to supply food grains with essential micronutrients (Aciksoz et al., 2011).
This approach has been widely adopted because it does not require a lot of time and the method
of application is straight forward. Agronomic biofortification by applying Zn and Fe containing
fertilizers represents a useful complementary approach to breeding as breeding programs are

time consuming and expensive.

Other approaches to agronomic biofortification include seed coating, microbial inoculation and
cropping systems. Microbial interventions such as application of plant-growth promoting
rhizobacteria are known to improve micronutrient intake and content in grains. Cropping
systems approaches include intercropping, for example, maize + beans, millet + chickpea
coupled with manure. This approach has been proved to be one of the effective measures in
improving micronutrient availability and uptake in grains (Nayak et al., 2022).

11



Among fertilizer management approaches, foliar application is deemed as the most effective
way of enriching mineral content of cereal grains as compared to soil application. Foliar
application requires less fertilizers than soil application. According to a study by Prasad et al.
(2014) on agronomic biofortification of finger millet using Zn and Ca grown in lateritic soil,
the results showed that foliar application at 1% and 2 % of Fe and Ca, respectively resulted in
increased Ca content of 343 mg/100g, 15.08 mg/100g for iron and 7.32 % for protein in finger
millet grains compared to soil application. Another study by Ebanyat et al. (2010) observed
that soil application of Zn had very little effect on zinc concentration of brown rice as compared
to foliar Zn application which showed a significant increase. Hassan et al. (2012) also observed
an increase in Zn concentration following increased application rates of 5, 10, 15 and 20 mg
Zn/kg of soil and the zinc content in finger millet grains were 43.5, 71.5, 79.5 and 80.4%,
respectively higher compared to control treatments. An upsurge was observed under foliar
application and distinct increase was observed when the application was done at flowering
stage. Another study by Singh et al. (2013) observed an average increase in zinc concentration
by 47.0 mg/kg grain when 0.5% ZnSO4 solution was applied compared to control which had

33.9 mg/kg soil.

Dhaliwal et al. (2010) observed a significant maximum Fe concentration in PR 113 116 (289.2
mg/kg) and PR 113 (234.4 mg/kg) finger millet cultivars when sprayed with 0.5 % and 1 %
levels of FeSO4. 7H20 at tillering stage. Agronomic fertilization works best in a specific
situation or in combination with other strategies like use of organic manures, synthetic
fertilizers and biofertilizers. According to research done on pearl millet, nitrogen fertilization
combined with zinc increased the yield as well as zinc content in pearl millet grains (Prasad et
al., 2014). Grain zinc content significantly varied with zinc and nitrogen rates and a maximum
zinc content was recorded at N application rate of 60 kg/ha. This research therefore expounded

on the above by using biochar fertilizers.
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2.6 Biochar production and composition

Biochar is a carbon rich material produced from pyrolysis of biomass in oxygen limited
environment under temperatures between 300 and 1000 °C (Joseph &Lehmann 2009). Biochar

production is a novel approach that tends to have both agronomic and environmental benefits.

Elements found in biochar include carbon with concentrations ranging between 172 - 905 g/kg,
phosphorous ranging from 2.7 - 480 g/kg, nitrogen from 1.8 - 56.4 g/kg and potassium from
1.0 - 59 g/kg (Lehmann et al., 2009). It also contains other elements like sulphur, hydrogen,
oxygen, base cations and heavy metals in varying amounts (Jacobs & Sovacool,
2012).Variations in amounts of heavy metals contained is attributed to feedstock type and
conditions subjected to during pyrolysis (Joseph et al., 2012). Biochar pH values ranges from
4 to 12 and it’s also dependent on pyrolysis temperatures (Neem et al., 2016). Higher pH values
of biochar are associated with concentration of alkaline elements emanating from pyrolysis

under high temperatures (Mukherjee et al., 2011).

2.7 Impact of biochar on soil properties

Biochar influences plant growth by improving soil physical properties such as bulk density,
water holding capacity and porosity, soil chemical properties which include nutrient retention
and availability, improved CEC, surface area and pH (Abel et al., 2013). It also influences soil
biological properties by increasing diversity and provision of a conducive environment of soil

microbial community (Abujahal et al., 2016).
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2.7.1 Soil chemical properties

Biochar application brings about changes in soil chemical properties which include an increase
in soil pH, CEC, organic carbon and nutrient content (Biederman & Harpole, 2013) coupled

with reduction effect on the content of exchangeable AI** in the soil (Jacobs & Sovacool, 2012).

Soil amendment with biochar has been reported to reduce mobility of toxic elements in acid
soils coupled with increased availability of potassium and phosphorous (Major et al., 2010).

Nutrient availability reduces the costs incurred in buying fertilizers.

Cation exchange capacity (CEC) is useful indicator of soil fertility as it facilitates adsorption
of mineral nutrients and ions such as Na*, Ca?*, Mg?*, K* and NH4*. It is natural inherent
property of any soil as such it is not easily influenced by management (Alkharabsheh et al.,
2021). Despite this being the case, a number of studies have indicated that biochar amendment
can improve the CEC of soil. This trait has been associated with the presence of strong phenolic
and carboxylic functional groups coupled with negative charges on the surface of biochar
particles (Gao et al., 2017). A study by Zhang et al. (2012) reported 21 % upsurge in soil’s
CEC in treatments that had biochar when it was compared to unamended soils. Ndor et al.
(2015) reported a 21 % increase in the CEC of soils from the treatments which had biochar
applied at a rate of 5 mg/kg of soil derived from rice husks and saw dust followed by an upsurge

by 44 and 57%, respectively when the application rate was increased to 10 mg/kg of soil.

Biochar application raises soil pH even though the changes depend on soil type, feed stock and
liming value of biochar (Tian et al., 2017). A study by Martinsen et al. (2015) that used biochar
derived from oil palm and cacao shell reported an increase in soil pH from 4.7 to 5. Castaldi et
al. (2011) also observed an increase in soil pH from 5.1 to 6.39 when biochar was added at a

rate of 60 t/ha. Soil pH influences mobility and availability of nutrients in the soil.
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Melo et al. (2016) reported a reduction of organic pollutants like PAHSs, dioxins, pesticides and
availability of heavy metals under biochar amended soils, which was attributed to biochar’s

large surface area and high adsorption capacity.

A lot of studies have observed an increase in organic carbon content following soil amendments
with biochar. Soil organic carbon is crucial to soil health, fertility and ecosystem services. El-
Naggar et al.(2018) observed an increase in the organic carbon content in sandy soils by a range
of 42 % -72 % in biochar amended soils following biochar application rate of 30 t/ha. Another
research by Jeffery et al. (2011) reported an increase in soil organic carbon content after
application of biochar derived from maize at an application rate of 50, 100 & 200 mg/kg of

soil.

2.7.2 Soil physical properties

Biochar has relatively high surface area as compared to soils. This trait influences soil biochar
interaction and increases total soil-specific surface area in biochar amended soils (Lehmann et
al., 2009). It is assumed that biochar application reduces soil bulk density through; dilution
effect as biochar’s bulk density ranges from 0.08 g/cm? to 0.43 g/cm? which is lower than soils
bulk density which ranges from 1.16 to 2.00 g/cm?®(Chaudhari et al., 2013). A study by Omondi
et al. (2016) concurred with above statement as they observed a decline in soils bulk density
with values between 3 & 31 % in 19 biochar amended soils out of 22 soils. Another study by
Adekiya et al. (2020) registered a reduction in soil’s bulk density by 75 % following the
addition of biochar at 30t/ha when it was compared with untreated soils. Bulk density is an
indicator of soil compaction, which influences water retention, rooting depth, aeration and

movement of nutrients.

Another influence of biochar application on soil physical property is on porosity which

describes the amount of open spaces or pore space that can be found between soil particles.
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Biochar helps to increase soil porosity by decreasing soil compaction and improving soil
aggregation (Blanco-Canqui, 2017). A study by Zhang et al. (2012) found out that biochar
application increased soil porosity and capillarity by 23 and 24 % respectively when it was
compared to soils without amendment. This concurred with the results by Adekiya et al. (2020)
who observed an increase in porosity by 65 % after biochar application rate of 30 t/ha as

compared to unamended soils.

Application of biochar increases soil water retention as a result of increased soil porosity. More
water spaces are available emanating from biochar spaces. A study conducted by Adekiya et
al. (2020) reported an increase in soil and water infiltration rate after biochar application at a
rate of 30 mg/kg of soil. Concurring with the results, Katterer et al. (2019) observed a
substantial increase in water holding capacity after applying biochar at a rate of 100 Mg/ha
compared to untreated soils. Soil water holding capacity indicates the amount of water that a

given soil can retain for crop use.

2.8 Effect of biochar on crop growth and yield

Amendment of soil with biochar influences bioavailability of various nutrients. For example,
potassium is present in the forms which are readily available for the plant uptake. An
experiment by Borchard et al. (2019) observed an increase in maize yields coupled with an
increase in N and Ca in the maize leaves after applying biochar at an application rate of 15 g/kg
of soil. Agegnehu et al. (2015) reported a yield increase ranging between 22 % and 24 % in
pod yield of ground nuts which was grown in wood biochar modified soils applied at a rate of

25 t/ha compared to the yield where inorganic fertilizers were utilized.

Furthermore, biochar helps in altering soil pH which in turn influences nutrient solubility hence

availability. Ferrosols are acidic in nature and biochar addition may help to neutralize the
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acidity. An increase in soil pH due to biochar addition is associated with increased availability
of macro and micro nutrients such as K, P, Ca, Mg (Major et al., 2010). There is also reduction

of aluminium toxicity in acidic soils emanating from an increase in soil pH.

According to a study which was conducted on acidic ferrosol at an application rate of 10 t/ha
resulted in a reduction of ammonium acetate extractable aluminium from 1.93 cmol (p*)/kg of
soil to a very small amount which couldn’t be detected (Van Zwieten et al., 2010). As such the
liming effect of biochar described above helps in alleviating aluminiun stress for better crop

production (Dai et al., 2017).

Improvement in plant growth and yield after biochar application are further associated with
modification of physical and chemical properties of soil emanating from improved soil
structure and water holding capacity. A study by Jeffery et al.( 2011) observed an increase of
28% to 39% changes in productivity in esteem to both crop yield and above ground biomass
when it was planted in biochar amended soils. This was attributed to biochar’s liming effect
which enables nutrient and water availability. This study therefore explored more on the
impacts of biochar and micro nutrient fertilizers on finger millet growth and yield on common

soil types of northern Uganda as biochar’s influence on yields tend to vary between the soil

types.

2.9 Soil factors influencing the efficiency of agronomic biofortification

2.9.1 Soil pH

Soil pH influences the accessibility of micro nutrients in the soil. Zn solubility decreases with
an increase in soil pH due to high adsorptive capacity of the soil solid surfaces emanating from
increased pH dependent negative charges, formation of hydrolyzed forms of zinc and co-

precipitation in iron oxides (S. Singh et al., 2023). When PH is > 8, calcites bound the Zn more
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strongly tumbling its availability to plants. Similarly, Fe solubility increases with a decrease in
soil pH. It is in this regard therefore that this research aimed at determining the pH levels which

are ideal for enhanced uptake of iron and zinc and subsequent accumulation in the grains.

2.9.2 Moisture content

Movement of zinc and iron through diffusion is mired by low soil moisture which reduces their
accumulation in grains (Rengel, 2015). Soil amendments technologies like organic manures
could help to improve availability of micronutrients like zinc and iron hence this study explored
more on how organic amendments like biochar could influence nutrient availability and support
biofortification as most of the researchers have dwelled much on biofortification in soils

supplied with inorganic fertilizers.

2.9.3 Organic matter

Soil organic matter contains humic substances which contributes more than 50% organically
bound carbon in the soil. Humic substances influence soil solution concentration of several
plant nutrients and enhances P, Fe, Zn and Cu solubility thus increasing their availability and

subsequent uptake by plants (Gerke, 2022).

2.9.4 Soil aeration

Aeration is required by micro-organisms that work on decomposition of organic matter to

release plant nutrients, thus enabling its uptake and subsequent accumulation in grains.

2.10 Significance of iron and zinc in human diets

Iron is a key micro nutrient element as it is a component of hemoglobin through which it is
involved in transport and storage of oxygen hence being responsible for the survival of

mankind (Prasad et al., 2014). Clinical symptoms of iron deficiency include fatigue, pallor

18



(Anemia), dizziness, reduced intellectual performance and work capacity (Samson & Fischer,

2022).

Zinc is also essential part of human diet as it plays a key role in physical growth and
neurobehavioral development. It also forms integral component of zinc finger proteins which
help in regulating DNA transcription (Levenson & Morris, 2011). Zinc deficiency symptoms
in children include neurobehavioral disturbances, diarrhea, stunting, anorexia (loss of appetite),
poor immune infections and blepharoconjuctivis among others. Common symptoms in adults
include recurrent infections, chronic non-healing leg ulcers, and hypogeusia (impaired taste

sensitivity) (Brown et al., 2004).

2.11 Nutrition profile of fingermillet

Finger millet is one of the most nutritious cereals crop. It contains carbohydrates, proteins,
dietery fibre and minerals, which include iron, calcium, manganese among others as compared
to maize, polished rice, cassava and plantains. However, its chemical composition is influenced

by environmental and genetic factors.

Proximate composition of finger millet is as follows: Fat - 2.95%, crude protein - 10.50%,
moisture content - 9.33%, fibre content - 18.45%, ash content - 2.52%, carbohydrate - 74.72%
(Okolo et al., 2015). Its mineral composition (mg/100g) is as follows: Calcium - 70.89
mg/100g, Sodium- 19.95 mg/100g, Magnesium - 16.45 mg/100g, Potassium - 9.95 mg/100g,
Copper - 4.73 mg/100g, Chromiun - 9.83 mg/100g, Manganese - 9.95 mg/100g and
Phosphorous - 60.8 mg/100g ( Auda et al., 2018), Zinc 2.3 mg/100g and iron 3.9 mg/100g

(Shobana et al., 2013).
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CHAPTER THREE

METHODS AND MATERIALS

3.1 Study area

The experiment was carried out at Gulu University campus at the Faculty of Agriculture and
Environment experimental site. Gulu University lies approximately 3 kilometers from Gulu
city, northern part of Uganda. The coordinate for the study site is 46'29"” N, 32 17' 56"E. The
study site has two seasons, wet season which starts from March to November peaking in the
months of May and October with an average rainfall amount of 154 mm and 161 mm,
respectively. This is followed by a dry season which starts in December to February. The
district has moderate variations in temperature with highs fluctuating from 26.8 °C - 34.2 °C
and lows ranging from 16.7 °C - 21 °C. The climate is tropical, wet and dry coupled with

relative humidity range of 38 % to 85 %.

3.2 Experimental crop

Naromil 2 (FMS 376) finger millet variety was used for this experiment. This variety is widely
grown in eastern and northern Uganda. It was released by National Agricultural Research
Organization (NARO) of Uganda in 2017 and has since gained popularity for its ability to
withstand the prevailing erratic rainfall conditions. Finger millet is ranked second in terms of
importance in Uganda after maize (Diego, 2008). It is a reliable source of energy to over 80%
of Ugandan population hence the choice of the crop to be used in the experiment so as to

improve its yield and quality.
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3.3 Experimental design

A complete randomized design (CRD) with eight treatments and four replications was used.
The CRD was preferred because of its flexibility with any number of treatments. A factorial
experiment consisting of a three-by-three factor levels was used. These factors were:
application methods of mineral fertilizers, application rate of mineral fertilizers, and biochar.
Application methods used were foliar and soil coupled with application rates of 1.1% for
mineral fertilizers and 10 % volume by volume (1 litre biochar to 9 litres of soil) for soil-

biochar mixtures. The treatment details and layout are presented in table 1 and 2 respectively.

Table 1: The experimental treatments.

TNO. TREATMENT  TREATMENT DETAILS

Tl Control Finger millet grown in soils without zinc/iron and biochar
application.

T2 S+B Finger millet grown in biochar amended soils without zinc/iron.

T3 S+B+Zn Finger millet grown in biochar amended soils with soil

application of zinc.

T4 S+B+Zn foliar Finger millet grown in biochar amended soils with foliar zinc
application.
T5 S+B+Fe Finger millet grown in biochar amended soils with soil

application of iron.

T6 S+B+Fe Foliar Finger millet grown in biochar amended soils with foliar
application of iron.

T7 S+B+Fe +Zn Finger millet grown in biochar amended soils with soil
application of both Zn and Fe.

T8 S+B+Fe+Zn Finger millet grown in biochar amended soils with foliar

foliar application of both Zn and Fe.

TNO- Treatment number, B — Biochar, S - soil, Fe - iron and Z - zinc
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Table 2: The experimental design and layout.

BLOCK 1 BLOCK 2 BLOCK 3 BLOCK 4
S+B+Fe+Zn S+B S+B+Zn foliar Control

S+B+Fe Foliar S+B+Fe+Zn S+B+Zn S+B+Zn foliar
S+B S+B+Fe Control S+B+Fe+ Zn
S+B+Zn S+B+Fe+Zn foliar  S+B+Fe S+B+Fe foliar
S+B+Fe S+B+Zn S+B S+B+Fe+Zn foliar
S+B+Fe+Zn foliar Control S+B+Fe Foliar S+B+Fe

Control S+B+Zn foliar S+B+Fe +Zn Foliar S+B+Zn

S+B+Zn foliar S+B+Fe Foliar S+B+Fe+Zn S+B

B-Biochar, Zn -Zinc, Fe-Iron, S-soil

Spacing of 1 m between columns and rows was used. The experiment was conducted in 2022
and 2023. First experiment was conducted from September to December 2022 which was the
second rainfall season of the year. The second experiment was conducted from January to May

2023 corresponding to the first rainfall season of the year 2023.

3.3.1 Soil management

The experiment was conducted in pots measuring 25 cm in diameter and 25 cm height, using
two soil types collected at a depth of 0-20 cm from common soil types in northern Uganda
(Allisols and ferralsols), classified based on the soil map of Uganda. Potted experiment was
preferred for easy management and control. The collected soil was air dried, crushed and
passed through 5 mm sieve before filling in the pots. 10 litres of ferralsol and allisol soils were
filled in each pot. Biochar made from pigeon pea stems using flame curtain technique (Baronti
et al., 2010) was crushed to <5 mm size before mixing with soil. Crushing increases the surface
to volume ratio and also enhances the desirable effects on soils. Volume to volume biochar
application rate was utilized whereby 1 litre of biochar was added to 9 litres of soil (Adopted
from Obia et al., 2016). The soil (control — 10 liters of soil) and soil-biochar mixtures (10 liters)
were left for a week to allow them get stabilized before planting finger millet after wetting.
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3.3.2 Planting

Plump and healthy finger millet seeds were selected and planted using broadcasting method at
a depth of less than 5 cm in the pots. Excess millet seedlings were uprooted from each pot
leaving 5 plants at the recommended spacing of millet which ranges from 3-5 cm between the
plants at the center of the pot. Thinning was done in phases to ensure successful establishment
of the plants in each pot before discarding the excess plants. In other cases, backfilling was
done whereby finger millet was uprooted and transplanted in pots having similar treatments as
one way of ensuring that all pots maintained the 5 plants having the same growth pattern.

Watering of the finger millets was done to supplement the prolonged dry spells.

3.3.3 Weeding
First weeding was done at three weeks following the emergence of the finger millets. The
second weeding was carried out at six weeks. Hoe weeding was done to remove the weeds

around the pots while hand picking was used to remove the weeds inside the pots.

3.3.4 Fertilizer application

Mineral fertilizers were applied at a rate of 1.1% (equivalent to 1.1 mg of ZnSO4 and FeSOa4
/kg of soil) solution of Zinc and iron sulphate for foliar application and 1.1 mg/kg of soil for
soil application (Adopted from Habibur Rahman et al, 2020). The application of these

fertilizers was conducted at 4 weeks after emergence and at flowering stage.

3.3.5 Harvesting

Naromil finger millet takes approximately 110 days to mature. Harvesting was done when the
grains were hard but before they dry so much to prevent high losses of the grain through
shattering of the finger millet heads. Harvesting was done by cutting off the heads of the finger
millet with a knife and were put in separate envelopes having appropriate labels of each

treatment used. The harvested finger millet heads were dried using solar drier machines until
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constant weight was achieved. The stems were uprooted together with the roots after
harvesting. The roots were thoroughly washed and air dried. Later both roots and above ground

biomass without heads were oven-dried at 60 °C to determine the biomass on dry weight basis.

3.4 Data collection

3.4.1 Objective one: Plant growth and yield
Total biomass that is below and above ground from each treatment were oven dried and

weighed. Grain yield (weight) was determined after solar drying on threshed grains.

3.4.2 Objective two; Finger millet quality parameters

Finger millet grain mineral contents were analyzed using Atomic Absorption
spectrophotometer (AAS) on 2 g of ground millet grains from each treatment. The ground
samples were ashed followed by digestion using 3 % nitric acid followed by measurement of
Fe and Zn contents using AAS. Zinc was analyzed at a wavelength of 213.9 nm and slit size of
0.7 nm while iron was analyzed at a wavelength of 248.9 nm and slit size number 0.2 nm.
Crude protein content was determined by estimating the % nitrogen using micro-kjeldahl
method (Adopted from AACC, 2009), whereby 1g of millet flour was digested with sulphuric
acid in the presence of kjeldhal tablets as a catalyst and N was converted to NHs which was
distilled and titrated back to N using 0.2 m HCL. Crude protein % was calculated by

multiplying N % by a conversion factor of 6.25 as shown below:

] A—Bx1.4007x0.2x 6.25
% Protein = W x100

Where A =Volume (ml) of HCL used for sample titration

B = Volume (ml) of HCL used for blank titration
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W = Sample weight (g)

0.2 = Molarity of HCL

1.4007 = atomic weight of nitrogen

6.25 = was used as a conversion factor based on assumption that food proteins contain about

16 % of nitrogen (Mahre et al., 2018).

3.4.3. Objective three; Soil properties

The two soil types used in the experiment were characterized for basic properties which
included, pH, organic carbon and texture. Soil pH was measured using electronic pH meter at
a soil to water ratio of 1:2.5, organic carbon using Black and Walkley wet oxidation procedure
which quantifies the amount of oxidizable organic matter (Vegard Martinsen et al., 2019).
Excess of potassium dichromate in the presence of sulphuric acid was used to oxidize organic
carbon in the organic matter. The unutilized excess dichromate was back titrated with iron
sulphate from where C content was calculated. Soil texture was determined using hydrometer

method.

Water holding capacity was determined by the use of core rings of known volume which were
labeled according to the corresponding treatments (Mat- et al., 1999). These were driven
manually into the soil (one directly on top of the other) until one was completely submerged
and the second one half way into the soil vertically. A knife was then used to level off the soil
in the bottom ring after scooping it out with a shovel. The uppermost part of the soil was
covered with a piece of cloth and fastened with a rubber band. The rings with soil were
saturated with water in a basin for 24 hours after which they were taken out weighed, recorded
and allowed to drain for 48 hours. The drained samples were then weighed and recorded after

which they were dried in an oven at 105 °C for 24 hours and weighed again.
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Water holding capacity was then calculated from the formula;

Massyer — Massgry
X

WHC % = 100

Mass gy
All analyses were conducted in the labs at the Faculty of Agriculture and Environment and at

Multifunctional laboratory of Gulu University.

3.5 Statistical analysis

The effect of biochar on yield, the effect of application methods as well as soil properties on
the grain mineral and protein content were determined using a combination of multiple

regression models and ANOVA of R software version 4.2.3.

3.6 Ethical considerations

The ethical approval was sought from Gulu University Research Ethics Committee (No. Gurec
- 2022-411(Appendix 11). Permission was obtained from Gulu University, Faculty of
Agriculture and Environment to conduct experimental studies at its site and conduct laboratory
measurements at the faculty and multi-purpose lab. Permission was also obtained from land

owners where the soil samples were collected from.
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CHAPTER FOUR

RESULTS

4.1 Effects of biochar and micronutrient-based fertilizers on finger millet yield

Significant differences were observed among treatments with respect to grain yield in allisols.
Soils with biochar amendments recorded higher grain yield of 42.6 g/pot alongside their
biomass yield compared to unamended soil which had lowest yield of 23.8 g/pot (Appendix 2).
This presented a significant increase of 79 %. Application of micro-nutrient based fertilizers in
addition to biochar had a significant (P < 0.001) effect on yield. The treatments which received
foliar application of both Fe and Zn in biochar amended soil recorded highest yield of 52.6

g/pot representing an increase of 121 % compared to control pots (Figure 1).

In ferralsols, grain and biomass yield were significantly (P < 0.05) influenced by treatments
(Appendix 2). Treatments with biochar application recorded higher yield (44.2g/pot) compared
to control which had 25.5 g/pot (Figure 1). Treatments which received foliar application of iron

and zinc in addition to biochar resulted in a significant yield increase of 99.61%.
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Figure 1: Effect of biochar and micronutrient fertilizers on finger millet grain and
biomass yield. S, soil; B, biochar; Fe, iron; Zn, zinc; fol, foliar. D. Error bars represents
std error of means. Different letters indicate significant differences (P < 0.05). NB: five
plants were maintained per pot before tillering.
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4. 2 Effect of soil and foliar application of zinc and iron in biochar amended soils on millet

quality

4.2.1 Zinc and iron content in millet grains

Biochar and micro nutrient-based fertilizer application had a significant (P < 0.05) effect on
zinc and iron content of finger millet grains in both soil types and seasons (appendix 3). In
allisols, iron content increased by 6 mg/100g and 4.43 mg/100g in biochar amended soils for
season 1 and 2, respectively. Further application of micronutrient-based fertilizers” augmented
iron content in finger millet grains by 8.05 mg/100g in the first season and 9 mg/100g for the
second season. An increase by 9.1 mg/100g and 14.75 mg/100g in grain zinc content was also
registered in season 1 and 2, respectively in biochar treatments over control. Treatments
receiving foliar application of zinc in biochar amended soils recorded higher grain zinc content
of 41.5 mg/100g and 43.65 mg/100g for season 1 and 2, respectively over the rest of the

treatments (Figure 3).

Finger millet grain zinc and iron content was also significantly (P < 0.05) influenced by
treatments in ferralsols (appendix 3). Treatments which had biochar registered high iron
content of 7.6 mg/100g in the first season and 9.7 mg/100g in the second season (Figure 2). A
significant increase of 8.13 mg/100g and 9 mg/100g in finger millet grain iron content was also
observed in treatments which received foliar application of iron in addition to biochar, in season
1 and 2, respectively. Similar trend increase was also observed in terms of grain zinc content.
Biochar treatments recorded higher grain zinc content of 19.25 mg/100g (season 1) and 19.55
mg/100g (season2) over control (Figure 3). Finger millet grain zinc content was further
enhanced by 27.6 mg/100g (season 1) & 32.7 mg/100g (season 2) where zinc fertilizers were
applied foliarly in biochar amended soils compared to control treatments. Overall, there were

significant differences between the soil types and grain mineral content (P < 0.001) in both
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Figure 2: Effect of biochar and micronutrient-based fertilizer on finger millet grain iron
content. S, soil; B, biochar; Fe, iron; Zn, zinc; fol; foliar. Error bars represents std error
of means. Different letters indicate significant differences (P < 0.05).
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std error of means. Different letters indicate significant differences (P < 0.05).
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4.2.2 Crude protein

Significant (P < 0.05) differences were observed among treatments in esteem to finger millet
protein content (appendix 4) in both soil types in season 1. Treatments which had biochar
recorded an increase in protein content by 27.8 % and 11.8 % in allisols and ferralsols,
respectively. Further addition of micronutrient fertilizers in biochar amended soil recorded a
significant increase in protein content of finger millet grains. Biochar amended soils with foliar
application of both iron and zinc registered an upsurge by 109.9 % (allisols) and 64.9 %
(ferralsols) over the rest of the treatments. Significant differences (P < 0.001) were observed

between the soil types*treatments in respect to grain protein content during the first season.

Finger millet grain protein content was significantly (P < 0.05) influenced by treatments in the
second season in allisols but it was non-significant (P > 0.05) in ferralsols (appendix 4). Finger
millet grown in biochar amended soils had higher protein content of 9.98 % and 8.59 % in
allisol and ferralsols, respectively over control. Foliar application of both iron and zinc in soils
that had biochar registered higher grain protein content values of 10.2 % in allisols and 11 %
in ferralsols (Figure 4). In general season two recorded an increase in finger millet grain protein
content than in the first season. There were no significant (P = 0.380) interactions among the
soil types *treatments in respect to grain protein content during the second season (appendix
4). Similarly, there were no significant differences (P=0.333) in crude protein content between

the soil types during the second season.
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Figure 4: Effects of micronutrient fertilizers and biochar on crude protein content of
finger millet grains. S, soil; B, biochar; Fe, iron; Zn, zinc; fol, foliar. Error bars represents
std error of means. Different letters indicate significant differences (P < 0.05).
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4.3 Soil factors influencing the effectiveness of biofortification of millet grown in biochar

amended soil using zinc and iron

4.3.1 Soil pH, organic carbon and water holding capacity

Soil pH was significantly (P < 0.05) affected by the treatments in ferralsols but was not
significant in allisols (Appendix 5). An increase in soil pH from 5.04 to 5.66 in allisols and
5.03 to 6.18 in ferrosols was registered in biochar treatments representing a change by 12.3 %
and 22.86 % respectively. Soil organic carbon was not significantly (P > 0.05) affected by the
treatments, though an increase by 59.3% and 89.7% was observed in allisols and ferralsols,
respectively over control. There was significant increase in water holding capacity in allisols
following biochar application while it was non-significant in ferralsols. An increase by 10 %
in water holding capacity was registered in treatments that had biochar (Appendix 6 &7).
Mineral fertilizers did not have any significant effect on soil pH and organic carbon in both

soil types (Appendix 5).

A non-significant relationship was observed between pH and finger millet grain iron and zinc
content. As the pH increased from 4.6 to 4.7, grain iron and zinc content increased from 8.51
mg/100g and 21.4 mg/100g, respectively though not significant. Grain iron and zinc content

started to decline at the pH beyond 5.8 (Figure 5).

The relationship between grain zinc content and organic carbon was well described by the two
parameter Michaelis-Menten equation (Figure 6). The increase in grain zinc content was rapid
at low organic carbon of 1 % which reached the modelled half of the maximum (33.61mg/100g)
at organic carbon content of 1.41 %. The increase in grain zinc content leveled off at a modelled

maximum of 67.22 mg/100g at organic carbon content of 3.5 %.

A linear relationship was observed between organic carbon content and grain iron content

whereby an upsurge in organic carbon by 0.5 % resulted in an increase in grain iron content by
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2.47 mg/100g. The maximum grain iron content of 15.2 mg/100g was attained at 3 % organic

carbon (Figure 6).

A significant linear relationship between water holding capacity and grain zinc and iron content
was also mirrored. Grain iron and zinc content increased tremendously following an upsurge
in water holding capacity. Maximum zinc and iron content of 26 mg/100g (Fe) and 38.6

mg/100g (Zn) was reached with the water holding capacity of 22 % and 25 %, respectively

(Figure 7).
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Figure 5: Mean concentration of iron and zinc in finger millet grains with an increase in
soil pH. Brackets represent std error.
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CHAPTER FIVE

DISCUSSSIONS

5.1 The effect of biochar and micro nutrient-based fertilizers on finger millet yield

Biochar application resulted in a significant increase in the finger millet yield in both soil types.
This could be attributed to biochar’s ability to improve physical and chemical soil conditions
such as soil water holding capacity and nutrient retention. Additionally, biochar creates a
favorable environment for the growth of beneficial soil microorganisms that substantially
contribute to nutrient recycling and subsequent increase in crop yield. These results are in
agreement with Borchard et al. (2019) who also observed an increase in maize yields coupled
with an increase in N and Ca in the maize leaves after biochar application at a rate of 15 g/kg
of soil. These results were also supported by the findings of Hossain et al. (2010) who reported
an increase in yield of cherry and tomato by 64 % where 10 t /ha of waste water sludge biochar
was applied to chromosol soil due to enhanced availability of nitrogen and phosphorous.
Similarly, Taheri et al. ( 2023) reported an increase in millet yield by 58% in biochar amended

saline-sodic and calcareous soil as compared to control due to improved moisture content.

Across the soil types a higher yield of 52.6 g was recorded in treatments which were sprayed
with iron and zinc in biochar amended soils which could be extrapolated to a yield of 7 t/ha.
Iron and zinc play a significant role in chlorophyll formation, starch metabolism and enzyme
carbonic anhydrase which accelerates carbohydrate formation in C4 plants (Kryvoruchko,
2017). Results from this research are in consistence with the previous investigators such as
Vijayakumar et al. (2020) who also recorded an increase in yield from 1613 kg/ha to 2258
kg/ha when sprayed with ZnSO4(0.5%) +FeSO4(1%) +citric acid (0.1) in NPK treatments twice
at vegetative and flowering stage in sandy loam soils. Narimani et al. (2010) also reported an

increase in wheat yield from 4353 kg/ha to 4640 kg/ha (6.6%) due to balanced fertilization
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through foliar application of micro nutrients (iron, zinc & copper). A significant increase was
also recorded by Zeidan et al. (2010) in all grain attributes when Zn and Fe were sprayed at
tillering and booting stage in wheat grown in sandy soils. Foliar spray enhances rapid
absorption of zinc and iron through leaves thus aiding in increased cell division, elongation,
chlorophyll content and photosynthesis. This method also augments translocation of
photosynthates from source to sink. Thus, these results confirmed the hypothesis of the study
that application of biochar and micronutrient-based fertilizers would increase finger millet

growth and yield.
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5.2 Effect of soil and foliar application of zinc and iron in biochar amended soils on finger

millet grain quality Parameters

5.2.1 Zinc and iron content

Soil amendment with biochar significantly influenced millet grain iron and zinc content from
both soil types and seasons. This could be attributed to increased availability of nitrogen in the
soil ascribed to biochar’s application which might have increased the abundance of zinc and
iron transporters which are required for root uptake and phloem loading of zinc and iron
(Mohamed et al., 2017). Additionally, improved soil pH could have also played a role as its

slight increase was within the optimum range for enhanced availability of iron and zinc.

Foliar application of Fe and Zn in biochar amended soils increased iron and zinc content of
millet grain from both soil types compared to soil application. These results concur with those
reported by Saleem et al. (2016) who recorded a maximum increase by 55 % and 51.8 % of
Zn and Fe, respectively, in treatments which received foliar application rates of 0.1% ZnSOa4
& FeSO4in RDF of NPK compared to soil application. These results are also in line with those
reported by Dodake et al. (2022) where they recorded high Fe content of 15.08 mg/100g and
Ca content of 3.37 mg/100g where FeSOawas applied at 1 % along with RDF of NPK +basic
slag. Anwar et al. (2022) also reported an increase by 34 mg/kg and 0.3 mg/kg in maize grain
zinc and iron respectively following foliar application rates of 0.1 % ZnSOa4 and 0.3 % FeSOQa.
Many researchers have reported an increase in nutrient accumulation when the fertilizers are
foliarly applied due to enhanced absorption of nutrients and other positively charged particles
when sprayed onto the leaves. The pores within leaf cuticles are lined up with negatively
charged molecules and when the cations are sprayed, it results in increased nutrient uptake

(Reddy et al., 2018).
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Increased iron and zinc concentration in finger millet grains from this study could be attributed
to enhanced absorption of nutrients due to foliar spray but also role of biochar in increasing
nitrogen availability. Improved nitrogen availability affects Zn or Fe chelating nitrogenous
compounds which are necessary in transporting Zinc and iron (Cakmak, 2010). Additionally,
finger millet utilizes a combination of strategies in iron and zinc homeostasis pathways which
plays a significant role in acquisition of iron and zinc from the soil (Chandra et al., 2020).
Overall, there were no significant (P > 0.05) differences between soil and foliar application of
the mineral fertilizers in biochar amended soils with respect to grain iron and zinc content. This
could be associated with improved nitrogen content in the soil emanating from biochar’s
application, which enhances the availability of zinc and iron transporters. Nevertheless, foliar
application registered high grain iron and zinc content in both soil types. These results
confirmed the hypothesis of the study that soil and foliar application of micronutrient-based

fertilizers in biochar amended soils would increase finger millet grain quality.

5.2.1 Protein content

Soil amendment with biochar enhanced protein content in both soil types and seasons.
Improved water holding capacity influenced by biochar application could have played a key
role in enhanced moisture content which is essential for nutrient transportation in plants.
Results from this study are similar to those of Khan et al. (2022) who reported an increase in
wheat protein content by 4 %, 6% and 7%, following the application rates of 10, 20 and 30 t
BC /ha, respectively in calcareous soil over control. Alli et al. (2015) also registered a 20 %
increase in wheat grain protein content with an application rate of 25 t BC /hain saline sodic
soil. These increases were attributed to biochar’s influence in improving soil nutrient
availability and its efficiency in adsorption of NH4* and NOs™ which repressed their leaching
from the soil ensuing in improved absorption by the plants (Hong & Sullivan, 2013).

Additionally, Major et al. (2010) observed an increase in N uptake in maize at an application
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rate of 20 t BC/ha due to adsorption effect. Abukari et al. (2018) explained that the binding
nature of biochar reduces the N losses. In addition, biochar application augments the
availability of urease enzyme which plays a key role in nitrogen assimilation by providing a
favorable environment for the growth of soil microorganism followed by enhancement in the
concentration of ammonium and nitrate in the solution (Taheri et al., 2023), thus increasing

nitrogen concentration in the soil and subsequent uptake and accumulation in grains.

Further, addition of micronutrient-based fertilizers enhanced the protein content in both soil
types. Significant increase in protein content were observed in treatments which received foliar
application of both iron and zinc over soil application in both soil types and seasons. This could
be associated with the role of zinc and iron in activating enzymes which are responsible for
protein synthesis and biochar’s influence on water holding capacity, thus ensuring in enhanced
soil moisture content. Zinc is a key structural component of RNA polymerase, participant in
protein synthesis. The results from this study are also in support with the findings of Mohamed
et al. (2017), who observed an increase in protein content in the alluvial soils amended with

80g of biochar per pot in the presence of micronutrients.

These results were also in agreement with the findings of Kumar (2021) who reported an
increase in protein content by 7.5% and 11.25%, respectively following foliar application rates
0f 0.2% ZnSO4 and 0.5 % FeSO4in sandy loam soils. Ali et al. (2021) also reported an increase
in protein content of wheat seeds following an increase in foliar application rate of iron. This
was associated with the role of iron in formation of chlorophyll, photosynthesis systems and

respiration of plants.

Protein content was significantly affected by the season discrepancies (Figure 4). During the
first experimental season, grain filling coincided with onset of dry spell thus a subsequent

decrease in available moisture. During the second experimental season, grain filling was at par
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with the peak of rains which could have contributed to increased protein content as moisture

plays a key role in nutrient movement through diffusion.

Overall, the improvement in yields and grain quality parameters were not statistically different

between the soil types.

5.3 Soil factors influencing the effectiveness of biofortification of finger millet grown in

biochar amended soil

Soil amendment with biochar improved soil pH in both soil types as compared to control pots.
This could be attributed to the biochar’s alkaline nature and high pH buffering capacity that
can ameliorate soil acidity (Dai et al., 2017). Similar results were also reported by Yuan et al.
(2011) who registered an increase in soil pH by a range of 0.49 - 0.68 in acidic soils following
straw biochar application from mung bean, peanut and faba bean over control applied at the
rates of 10 and 20 g/kg of soil. Alkalinity of legume biochar was considered as key factor in

influencing their liming potential on acidic soils.

Regression results revealed a non-significant positive relationship between soil pH and finger
millet grain content of iron and zinc. Nevertheless, biochar application in this study helped in
improving grain mineral content. This is likely due to biochar’s influence in increasing the
activities of microorganisms, especially mycorrhizal fungi while altering the pH and in the
process enabling the accessibility of zinc, iron and phosphorous (Thingujam et al., 2019).
These results contradict those reported by Vahedi et al. (2022) where they observed a
significant decrease in soil zinc with an increase in pH. Higher pH augments zinc adsorption
capacity emanating from increased pH dependent negative charges, thus reducing its
accessibility in the soil and its subsequent uptake and accumulation in the grains. As observed
from this study, it is evident that the grain iron and zinc started to reduce as the pH was getting

to 6. However, the slight increase in pH observed from this study was still vital to improving
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grain mineral content as the changes were within the optimal range for enhanced availability

of iron and zinc.

An increase in soil organic carbon was registered following the soil amendment with biochar
in both soil types. This could be ascribed to biochar’s stable and recalcitrant structure which
provide a protective shield to organic carbon from mineralization, thus resulting in an increase
in SOC. The results from this study are in agreement with other researchers such as Ali et al.
(2021) who also reported an increase in SOC from 8.5 to 8.89 in biochar treatments of saline
sodic soil at four application rates: 5, 10, 15 and 20 t BC /ha. Han et al. (2016) registered an
increase in SOC by 2.67 g/kg, 5.34 g/kg and 10.67 g/kg following biochar application rates of:
4 g/kg, 8 g/kg and 16 g/kg of soil, respectively. These results were also consistent with those
reported by Zheng et al. (2022) who observed an increase in SOC by 11.02 - 22.13% after
applying 6 & 12 t BC /ha, respectively in alluivic primisol soil. This was attributed to the porous
nature of biochar which provides a conducive environment for the beneficial soil
microorganisms, thus fostering their activities and contributing to the formation of stable soil
aggregates (Vetter et al., 2022). These aggregates provide a shield to SOC thereby obstructing
its decomposition and enabling its long-term sequestration (Weng et al., 2022). Additionally,
soil amendments with biochar improves nutrient availability (N, P, K) which enhances crop
growth and productivity. This enhances the input of organic carbon into the soil through root
exudates, plant tissue, and rhizo deposition thus resulting in increased accumulation of SOC

over time (Pei et al., 2020).

The data revealed that soil organic carbon had a significant influence on grain iron and zinc
concentration (Figure 6). This could be ascribed to the role of iron and zinc in formation of
soluble complexes with soil organic matter component hence increasing its concentration in

the soil solution, enabling its enhanced uptake by plants and subsequent concentration in the

44



grains (Thingujam et al., 2019). Additionally, grain iron and zinc content was augmented due
to improved soil solution concentration of most mineral nutrients necessary for the plant

growth and development influenced by soil organic carbon (Gerke, 2022).

Soil amendment with biochar had a significant influence on water holding capacity of the soil.
This could be accredited to enhanced pore spaces emanating from biochar’s porous nature. This
agrees with the findings of Yu et al. ( 2013) who reported a twofold increase in water holding

capacity in biochar amended loamy sand at an application rate of 9%.

Grain iron and zinc content were significantly and positively related with water holding
capacity of the soils. The amount of water returned in the soil influences soils moisture which
is one of the key factors that help in transportation of nutrients through diffusion. Insufficient
moisture content result in reduced nutrient transportation and subsequent decline in grain
nutrient concentration. Improved grain zinc and iron content from this study could be attributed
to biochar’s influence in improving water holding capacity of the soils resulting in augmented
soil moisture and subsequent transportation of the nutrients, hence the upsurge in concentration
of iron and zinc in finger millet grains. These results concurs with Zhao et al.( 2009) who
reported an increase in the following mineral content of wheat: P, K, Ca, Zn and Mg with
increased soil water conditions from 45% to 85 %. The increase in iron and zinc content of
finger millet grains is in line with the hypothesis of this study that improved soil properties
would enhance grain mineral content due to improved moisture content and soil chemical

properties.
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6.0 CONCLUSION AND RECOMMENDATIONS

6.1 CONCLUSION

This study demonstrated that application of biochar and micro nutrient-based fertilizers could
be a viable strategy to enhancing yield, grain iron, zinc and protein content of finger millet.
Both foliar and soil application in biochar amended soils are ideal in improving the
aforementioned parameters. This could be a promising approach towards the drive to building

communities which are food and nutrition secured.

6.2 RECOMMENDATIONS

6.2.1 Recommendation for practice
Iron and zinc to be applied when the soils have enough moisture content for enhanced uptake

and subsequent accumulation in the grains.

6.2.2 Recommendation for policy
There is need for inclusion of use of biochar in extension hand books to increase its wide

adoption across the farming communities.

46



REFERENCES

Abel, S., Peters, A., Trinks, S., Schonsky, H., Facklam, M., & Wessolek, G. (2013). Impact
of biochar and hydrochar addition on water retention and water repellency of sandy soil.
In Geoderma (Vols. 202-203, pp. 183-191).
https://doi.org/10.1016/j.geoderma.2013.03.003

Aciksoz, S. B., Yazici, A., Ozturk, L., & Cakmak, I. (2011). Biofortification of wheat with
iron through soil and foliar application of nitrogen and iron fertilizers. Plant and Soil,
349(1-2), 215-225. https://doi.org/10.1007/s11104-011-0863-2

Adekiya, A. O., Agbede, T. M., Olayanju, A., Ejue, W. S., Adekanye, T. A., Adenusi, T. T.,
& Ayeni, J. F. (2020). Effect of Biochar on Soil Properties, Soil Loss, and Cocoyam
Yield on a Tropical Sandy Loam Alfisol. In Scientific World Journal (Vol. 2020).
https://doi.org/10.1155/2020/9391630

Agegnehu, G., Agegnehu, G., & Bass, A. (2015). Biochar and biochar-compost as soil

amendments , peanuts. Agriculture, Ecosystems and Environment, August.

Akugizibwe, R., Kasolo, J., Makubuya, D. B., & Damani, A. M. (2013). Missed opportunities
in the diagnosis and management of protein energy malnutrition among children under
5 years in Wakiso district, Uganda. Journal of Public Health and Epidemiology, 5(11),
463-470.

Al-Khayri, J. M., Jain, S. M., & Johnson, D. V. (2019). Advances in plant breeding
strategies: Cereals. In Advances in Plant Breeding Strategies: Cereals (Vol. 5, Issue
October). https://doi.org/10.1007/978-3-030-23108-8

Ali, E. F., Al-Yasi, H. M., Kheir, A. M. S., & Eissa, M. A. (2021). Effect of Biochar on CO2
Sequestration and Productivity of Pearl Millet Plants Grown in Saline Sodic Soils.
Journal of Soil Science and Plant Nutrition, 21(2), 897-907.
https://doi.org/10.1007/s42729-021-00409-z

Alkharabsheh, H. M., Seleiman, M. F., Battaglia, M. L., Shami, A., Jalal, R. S., Alhammad,
B. A., Almutairi, K. F., & Al-Saif, A. M. (2021). Biochar and its broad impacts in soil
quality and fertility, nutrient leaching and crop productivity: A review. Agronomy,
11(5). https://doi.org/10.3390/agronomy11050993

Anitha, S., Botha, R., Kane-Potaka, J., Givens, D. I., Rajendran, A., Tsusaka, T. W., &

47



Bhandari, R. K. (2021). Can Millet Consumption Help Manage Hyperlipidemia and
Obesity?: A Systematic Review and Meta-Analysis. Frontiers in Nutrition, 8(August),
1-12. https://doi.org/10.3389/fnut.2021.700778

Anwar, Z., Basharat, Z., Haffeez, M. B., Khan, S., Zahra, N., Rafique, Z., & Maqgsood, M.
(2022). Biofortification of maize with zinc and iron not only enhances crop growth but
also improves grain quality. 2022(2). https://doi.org/10.35495/ajab.2021.02.079

Baronti, S., Alberti, G., Vedove, G. D., di Gennaro, F., Fellet, G., Genesio, L., Miglietta, F.,
Peressotti, A., & Vaccari, F. P. (2010). The biochar option to improve plant yields: First
results from some field and pot experiments in Italy. Italian Journal of Agronomy, 5(1),
3-11. https://doi.org/10.4081/ija.2010.3

Biederman, L. A., & Stanley Harpole, W. (2013). Biochar and its effects on plant
productivity and nutrient cycling: A meta-analysis. In GCB Bioenergy (Vol. 5, Issue 2,
pp. 202-214). https://doi.org/10.1111/gcbb.12037

Blanco-Canqui, H. (2017). Biochar and Soil Physical Properties. Soil Science Society of
America Journal, 81(4), 687-711. https://doi.org/10.2136/sssaj2017.01.0017

Borchard, N., Schirrmann, M., Cayuela, M. L., Kammann, C., Wrage-M&nnig, N., Estavillo,
J. M., Fuertes-Mendizabal, T., Sigua, G., Spokas, K., Ippolito, J. A., & Novak, J. (2019).
Biochar, soil and land-use interactions that reduce nitrate leaching and N20O emissions:
A meta-analysis. Science of the Total Environment, 651, 2354-2364.
https://doi.org/10.1016/j.scitotenv.2018.10.060

Bruins, M. J., Van Dael, P., & Eggersdorfer, M. (2019). The Role of Nutrients in Reducing
the Risk for Noncommunicable Diseases during Aging. Nutrients, 11(1).
https://doi.org/10.3390/nu11010085

Castaldi, S., Riondino, M., Baronti, S., Esposito, F. R., Marzaioli, R., Rutigliano, F. A.,
Vaccari, F. P., & Miglietta, F. (2011). Impact of biochar application to a Mediterranean
wheat crop on soil microbial activity and greenhouse gas fluxes. Chemosphere, 85(9),
1464-1471. https://doi.org/https://doi.org/10.1016/j.chemosphere.2011.08.031

Chandra, A. K., Pandey, D., Tiwari, A., Sharma, D., Agarwal, A., Sood, S., & Kumar, A.
(2020). An Omics Study of Iron and Zinc Homeostasis in Finger Millet: Biofortified

Foods for Micronutrient Deficiency in an Era of Climate Change? Omics : A Journal of

48



Integrative Biology, 24(12), 688—705. https://doi.org/10.1089/0mi.2020.0095

Chaudhari, P. R., Ahire, D. V, Ahire, V. D., Chkravarty, M., & Maity, S. (2013). Soil Bulk
Density as related to Soil Texture, Organic Matter Content and available total Nutrients
of Coimbatore Soil. International Journal of Scientific and Research Publications, 3(1),

2250-3153. www.ijsrp.org

Dai, Z., Zhang, X., Tang, C., Muhammad, N., Wu, J., Brookes, P. C., & Xu, J. (2017).
Potential role of biochars in decreasing soil acidification - A critical review. Science of
The Total Environment, 581-582, 601-611.
https://doi.org/https://doi.org/10.1016/j.scitotenv.2016.12.169

Dhaliwal, S. S., Sadana, U. S., Khurana, M. P. S., Dhadli, H. S., & Manchanda, J. S. (2010).
Enrichment of rice grains with zinc and iron through ferti-fortification. In Indian
Journal of Fertilisers (Vol. 6, Issue 7, pp. 28-35). http://www.faidelhi.org

Diego Camps, M. (2008). Bioline International Official Site (site up-dated regularly). In
Revista Colombia Médica (Vol. 39, Issue 2, pp. 74-79).
http://www.bioline.org.br/request?rc08009

Dodake, S. B., Joke, A., & Khobragade, N. H. (2022). Agronomic biofortification of finger
millet with calcium and iron by using different sources in lateritic soils of konkan.

January.

Ebanyat, P., de Ridder, N., de Jager, A., Delve, R. J., Bekunda, M. A., & Giller, K. E. (2010).
Impacts of heterogeneity in soil fertility on legume-finger millet productivity, farmers’
targeting and economic benefits. Nutrient Cycling in Agroecosystems, 87(2), 209-231.
https://doi.org/10.1007/s10705-009-9329-9

Gao, L., Wang, R., Shen, G., Zhang, J., Meng, G., & Zhang, J. (2017). Effects of biochar on
nutrients and the microbial community structure of tobacco-planting soils. In Journal of
Soil Science and Plant Nutrition (Vol. 17, Issue 4, pp. 884-896).
https://doi.org/10.4067/S0718-95162017000400004

Garg, M., Sharma, N., Sharma, S., Kapoor, P., Kumar, A., Chunduri, V., & Arora, P. (2018).
Biofortified Crops Generated by Breeding, Agronomy, and Transgenic Approaches Are
Improving Lives of Millions of People around the World. Frontiers in Nutrition,
5(February). https://doi.org/10.3389/fnut.2018.00012

49



Gebreyohannes, A., Shimelis, H., Laing, M., Mathew, I., Odeny, D. A., & Ojulong, H.
(2021a). Finger Millet Production in Ethiopia : Opportunities , Problem Diagnosis , Key
Challenges and Recommendations for Breeding. 1-23.

Gebreyohannes, A., Shimelis, H., Laing, M., Mathew, 1., Odeny, D. A., & Ojulong, H.
(2021Db). Finger millet production in ethiopia: Opportunities, problem diagnosis, key
challenges and recommendations for breeding. Sustainability (Switzerland), 13(23), 1-
23. https://doi.org/10.3390/su132313463

Gerke, J. (2022). The Central Role of Soil Organic Matter in Soil Fertility and Carbon
Storage. Soil Systems, 6(2). https://doi.org/10.3390/soilsystems6020033

Govindappa, M., Vishwanath, A. P., Harsha, K. N., Thimmegowda, P., & Jnanesh, A. C.
(2009). Response of finger millet ( Eluesine coracana . L .) to organic and inorganic

sources of nutrients under rainfed condition. Journal of Crop and Weed, 5(1), 291-293.

Han, F., Ren, L., & Zhang, X. C. (2016). Effect of biochar on the soil nutrients about
different grasslands in the Loess Plateau. Catena, 137, 554-562.
https://doi.org/10.1016/j.catena.2015.11.002

Hassan, B. A. R., Yusoff, Z. B. M., Othman, M. A. H., Bin, S., information is available at the
end of the Chapter, A., & Http://dx.doi.org/10.5772/55358. (2012). Towards safe food
systems: Analyses of Mycotoxin Contaminants in Food and Preventive Strategies
Thereof foe Their Formation and Toxicity. Intech, 13.
http://dx.doi.org/10.1039/C7RA00172J%0Ahttps://www.intechopen.com/books/advance
d-biometric-technologies/liveness-detection-in-
biometrics%0Ahttp://dx.doi.org/10.1016/j.colsurfa.2011.12.014

Hong, A. H., & Sullivan, F. R. (2013). Towards an idea-centered, principle-base design to as
creation approach support learning knowledge. Educational Technology Research and
Development, 57(5), 613-627. https://doi.org/10.1007/sl

Hossain, M. K., Strezov, V., Yin Chan, K., & Nelson, P. F. (2010). Agronomic properties of
wastewater sludge biochar and bioavailability of metals in production of cherry tomato
(Lycopersicon esculentum). Chemosphere, 78(9), 1167-1171.
https://doi.org/https://doi.org/10.1016/j.chemosphere.2010.01.009

Jacobs, D., & Sovacool, B. K. (2012). Feed-in tariffs and other support mechanisms for solar

50



PV promotion. In Comprehensive Renewable Energy (Vol. 1).
https://doi.org/10.1016/B978-0-08-087872-0.00104-9

Jeffery, S., Verheijen, F. G. A,, van der Velde, M., & Bastos, A. C. (2011). A quantitative
review of the effects of biochar application to soils on crop productivity using meta-
analysis. Agriculture, Ecosystems and Environment, 144(1), 175-187.
https://doi.org/10.1016/j.agee.2011.08.015

Joseph, S., Peacocke, C., Lehmann, J., & Munroe, P. (2012). Developing a biochar
classification and test methods. Biochar for Environmental Management: Science and
Technology, 9781849770(September 2021), 107-126.
https://doi.org/10.4324/9781849770552

Katterer, T., Roobroeck, D., Andrén, O., Kimutai, G., Karltun, E., Kirchmann, H., Nyberg,
G., Vanlauwe, B., & Réing de Nowina, K. (2019). Biochar addition persistently
increased soil fertility and yields in maize-soybean rotations over 10 years in sub-humid
regions of Kenya. Field Crops Research, 235, 18-26.
https://doi.org/https://doi.org/10.1016/j.fcr.2019.02.015

Khan, M. A., Basir, A., Fahad, S., Adnan, M., Saleem, M. H., Igbal, A., & Al-huqalil, A. A.
(2022). Biochar Optimizes Wheat Quality , Yield , and Nitrogen Acquisition in Low
Fertile Calcareous Soil Treated With Organic and Mineral Nitrogen Fertilizers.
13(May), 1-13. https://doi.org/10.3389/fpls.2022.879788

Kryvoruchko, I. S. (2017). Zn-use efficiency for optimization of symbiotic nitrogen fixation
in chickpea (Cicer arietinum L.). Turkish Journal of Botany, 41(5), 423-441.
https://doi.org/10.3906/bot-1610-6

Kumara, O., Naik, T. B., & Ananadakumar, B. M. (2014). Effect weed management practices
and fertility levels on soil health in finger millet-groundnut cropping system. In
International Journal of Agricultural Sciences (Vol. 10, Issue 1, pp. 351-355).

Lehmann, J., Czimczik, C., Laird, D., & Sohi, S. (2009). Stability of biochar in soil. Biochar

for environmental management: science and technology. London: Earthscan Publishing.

Levenson, C. W., & Morris, D. (2011). Zinc and neurogenesis: Making new neurons from
development to adulthood. In Advances in Nutrition (\Vol. 2, Issue 2, pp. 96-100).
https://doi.org/10.3945/an.110.000174

51



Lubadde, G., Ebiyau, J., Aru, J. C., Andiku, C., Wandulu, J. A., & Ugen, M. A. (2019).
Sorghum production handbook for Uganda. pp 37. National Semi Arid Resources
Research Institute of the National Agricultural Research Organisation (NaSARRI-
NARO), Uganda. National Semi Arid Resources Research Institute of the National
Agricultural Research Organisation (NaSARRI-NARO), Uganda., August, 37.
http://www.naro.go.ug/files/downloads/sorghum production guide 15 10 2018 -
Copy.pdf

Mehre, H. K., Dalheim, L., Edvinsen, G. K., Elvevoll, E. O., & Jensen, I.-J. (2018). Protein
Determination-Method Matters. Foods (Basel, Switzerland), 7(1).
https://doi.org/10.3390/foods7010005

Maitra, s, D.C, G., Sound.G, Jana.p, K., & D.K, R. (2000). Productivity, competition and
economics of intercropping legumes in finger millet (Eleusine coracana) at different
fertility levels (pp. 824-828).

Major, J., Rondon, M., Molina, D., Riha, S. J., & Lehmann, J. (2010). Maize yield and
nutrition during 4 years after biochar application to a Colombian savanna oxisol. Plant
and Soil, 333(1), 117-128. https://doi.org/10.1007/s11104-010-0327-0

Management, F. R., & Studies, D. (2018). Effect of rice husk biochar on nitrogen uptake and
grain yield of maize in the guinea savanna zone of ghana. 5(2).

Martinsen, V, Alling, V., Nurida, N. L., Mulder, J., Hale, S. E., Ritz, C., Rutherford, D. W.,
Heikens, A., Breedveld, G. D., & Cornelissen, G. (2015). pH effects of the addition of
three biochars to acidic Indonesian mineral soils. Soil Science and Plant Nutrition,
61(5), 821-834. https://doi.org/10.1080/00380768.2015.1052985

Martinsen, Vegard, Munera-Echeverri, J. L., Obia, A., Cornelissen, G., & Mulder, J. (2019).
Significant build-up of soil organic carbon under climate-smart conservation farming in
Sub-Saharan Acrisols. Science of the Total Environment, 660(3), 97-104.
https://doi.org/10.1016/j.scitotenv.2018.12.452

Mat-, O., Soils, O. O., Soil, T., & Limit, P. (1999). Standard Test Method for Laboratory

Determination of Water ( Moisture ) Content of Soil and Rock by Mass 1. January, 1-5.

Melo, L. C. A., Puga, A. P., Coscione, A. R., Beesley, L., Abreu, C. A., & Camargo, O. A.

(2016). Sorption and desorption of cadmium and zinc in two tropical soils amended with

52



sugarcane-straw-derived biochar. In Journal of soils and sediments: Vol. v. 16. Springer

Berlin Heidelberg.

Mohamed, I., EI-Meihy, R., Ali, M., Chen, F., & Raleve, D. (2017). Interactive effects of
biochar and micronutrients on faba bean growth, symbiotic performance, and soil
properties. Journal of Plant Nutrition and Soil Science, 180(6), 729-738.
https://doi.org/10.1002/jpIn.201700293

Narimani, H., Rahimi, M. M., Ahmadikhah, A., & Vaezi, B. (2010). Study on the effects of
foliar spray of micronutrient on yield and yield components of durum wheat. 2(6), 168—
176.

Nayak, S., Mandi, S., Baral, K., Prasanna, R., & Shivay, Y. S. (2022). Agronomic
Approaches for Biofortification of Staple Food Crops. In Biofortification of Staple
Crops (pp. 483-517). https://doi.org/10.1007/978-981-16-3280-8 19

Ndor, E., Jayeoba, O., & Asadu, C. (2015). Effect of Biochar Soil Amendment on Soil
Properties and Yield of Sesame Varieties in Lafia, Nigeria. American Journal of
Experimental Agriculture, 9(4), 1-8. https://doi.org/10.9734/ajea/2015/19637

Obia, A., Mulder, J., Martinsen, V., Cornelissen, G., & Bgrresen, T. (2016). In situ effects of
biochar on aggregation, water retention and porosity in light-textured tropical soils. Soil
and Tillage Research, 155, 35-44. https://doi.org/10.1016/j.still.2015.08.002

Obilana AB. (1994). IMPORTANCE OF MILLETS IN AFRICA. 1990, 38-59.

Omondi, M. O., Xia, X., Nahayo, A., Liu, X., Korai, P. K., & Pan, G. (2016). Quantification
of biochar effects on soil hydrological properties using meta-analysis of literature data.
Geoderma, 274, 28-34. https://doi.org/https://doi.org/10.1016/j.geoderma.2016.03.029

Pei, J., Li, J., Fang, C., Zhao, J., Nie, M., & Wu, J. (2020). Different responses of root
exudates to biochar application under elevated CO2. Agriculture, Ecosystems &
Environment, 301, 107061. https://doi.org/https://doi.org/10.1016/j.agee.2020.107061

Pragya Singh. (2012). Finger millet for food and nutritional security. African Journal of Food
Science, 6(4). https://doi.org/10.5897/ajfsx10.010

Praharaj, S., Skalicky, M., Maitra, S., Bhadra, P., Shankar, T., Brestic, M., Hejnak, V.,
Vachova, P., & Hossain, A. (2021). Zinc biofortification in food crops could alleviate

the zinc malnutrition in human health. Molecules, 26(12), 1-17.

53



https://doi.org/10.3390/molecules26123509

Reddy, B. H., Bulbule, A. V., Gajbhiye, P. N., & Patil, D. S. (2018). Effect of Foliar
Application of Plant Nutrients on Growth and Yield of Finger Millet. International
Journal of Current Microbiology and Applied Sciences, 7(03), 2203-2209.
https://doi.org/10.20546/ijcmas.2018.703.260

Rengel, Z. (2015). Availability of Mn, Zn and Fe in the rhizosphere. Journal of Soil Science
and Plant Nutrition, 15(2), 397-409.

Saleem, 1., Javid, S., Bibi, F., & Ehsan, S. (2016). Biofortification of Maize Grain with Zinc
and Iron by Using Fertilizing Approach Biofortification of Maize Grain with Zinc and
Iron by Using Fertilizing Approach. 11(January).
https://doi.org/10.9734/JAERI/2016/24532

Samson, K. L. I., & Fischer, J. A. J. (2022). Associations with Cognitive and Academic
Performance in Adolescents : A Systematic Review. Nutrients, 14(224), 1-35.

Sasmal, A. (2016). Insect biodiversity of finger millet ecosystem in coastal Odisha.

International Journal of Farm Sciences, 6(4), 131-135.

Shibairo, S., Madegwa, Y., & Onwonga, R. (2016). Finger Millet (Eleusine corocona)
Production in Lower Eastern, Kenya: Status, Constraints and Opportunities. British
Journal of Applied Science & Technology, 14(6), 1-10.
https://doi.org/10.9734/bjast/2016/16075

Shobana, S., Krishnaswamy, K., Sudha, V., Malleshi, N. G., Anjana, R. M., Palaniappan, L.,
& Mohan, V. (2013). Finger Millet (Ragi, Eleusine coracana L.). A Review of Its
Nutritional Properties, Processing, and Plausible Health Benefits. In Advances in Food
and Nutrition Research (1st ed., Vol. 69). Copyright &copy; 2013 Elsevier Inc. All
rights reserved. https://doi.org/10.1016/B978-0-12-410540-9.00001-6

Singh, P., Dhaliwal, S. S., Sadana, U. S., & Manchanda, J. S. (2013). Enrichment of Rice
Cultivars with Fe at Different Plant Growth Stages through Ferti-Fortification. LS:
International Journal of Life Sciences, 2(2), 140. https://doi.org/10.5958/}.2319-
1198.2.2.018

Singh, S., Kaur, J., Ram, H., Singh, J., & Kaur, S. (2023). Agronomic bio-fortification of

wheat (Triticum aestivum L.) to alleviate zinc deficiency in human being. Reviews in

54



Environmental Science and Biotechnology, 22(2), 505-526.
https://doi.org/10.1007/s11157-023-09653-4

Solutions, S., & World, C. (2010). 19th World Congress of Soil Science Congress Symposium
5 Micronutrients in soils and plants in relation to crop and human health Soil Solutions

for a Changing World ,. August.

Subbaiah, L. V., Prasad, T. N. V. K. V., Krishna, T. G., Sudhakar, P., Reddy, B. R., &
Pradeep, T. (2016). Novel Effects of Nanoparticulate Delivery of Zinc on Growth,
Productivity, and Zinc Biofortification in Maize (Zea mays L.). Journal of Agricultural
and Food Chemistry, 64(19), 3778-3788. https://doi.org/10.1021/acs.jafc.6b00838

Szerement, J., Szatanik-Kloc, A., Mokrzycki, J., & Mierzwa-Hersztek, M. (2022).
Agronomic Biofortification with Se, Zn, and Fe: An Effective Strategy to Enhance Crop
Nutritional Quality and Stress Defense—A Review. In Journal of Soil Science and Plant
Nutrition (Vol. 22, Issue 1). Springer International Publishing.
https://doi.org/10.1007/s42729-021-00719-2

T.P, A. krishna, T., M., Ignacimunthu.S., & S, C. A. (n.d.). Genomic-Assisted Breeding in

Finger Millet (Eleusine Coracana (L.

Taheri, M. al-R., Astaraei, A. R., Lakzian, A., & Emami, H. (2023). (PDF) The role of
biochar and sulfur-modified biochar on soil water content, biochemical properties and

millet crop under saline-sodic and calcareous soil.

Technical, A. (2009). Crude Protein--Micro-Kjeldahl Method. AACC International Approved
Methods, 3—4. https://doi.org/10.1094/aaccintmethod-46-13.01

The Republic of Uganda. (2016). Uganda nutrition action plan. Scaling Up Multi-Sectoral

Efforts to Establish a Strong Nutrition Foundation for Uganda’s Development. 1-68.

Thilakarathna, M. S., & Raizada, M. N. (2015). A Review of Nutrient Management Studies
Involving Finger Millet in the Semi-Arid Tropics of Asia and Africa. July.
https://doi.org/10.3390/agronomy5030262

Thingujam, U., Kundu, D., & Khanam, R. (2019). Soil Available Zinc and Its Relationship
with Soil Properties in Rice Soils of West Bengal , India. 8(08), 486—491.

Tian, S., Tan, Z., Kasiulien¢, A., & Al, P. (2017). Transformation mechanism of nutrient

elements in the process of biochar preparation for returning biochar to soil. In Chinese

55



Journal of Chemical Engineering (Vol. 25, Issue 4, pp. 477-486).
https://doi.org/10.1016/j.cjche.2016.09.009

Vahedi, R., Rasouli-sadaghiani, M. H., & Barin, M. (2022). Effect of Biochar and Microbial

Inoculationon P, Fe , and Zn.

Vetter, S. H., Abdalla, M., Kuhnert, M., & Smith, P. (2022). Soil Carbon Sequestration and

Biochar. Greenhouse Gas Removal Technologies, 31, 194.

Vijayakumar, M., Sivakumar, R., & Tamilselvan, N. (2020). Effect of Zinc and Iron
Application on Yield Attributes, Available Nutrients Status and Nutrient Uptake of
Finger Millet under Rainfed Condition. International Journal of Current Microbiology
and Applied Sciences, 9(5), 3237-3246. https://doi.org/10.20546/ijcmas.2020.905.384

Weng, Z. (Han), Van Zwieten, L., Tavakkoli, E., Rose, M. T., Singh, B. P., Joseph, S.,
Macdonald, L. M., Kimber, S., Morris, S., Rose, T. J., Archanjo, B. S., Tang, C., Franks,
A. E., Diao, H., Schweizer, S., Tobin, M. J., Klein, A. R., Vongsvivut, J., Chang, S. L.
Y., ... Cowie, A. (2022). Microspectroscopic visualization of how biochar lifts the soil
organic carbon ceiling. Nature Communications, 13(1), 1-12.
https://doi.org/10.1038/s41467-022-32819-7

Yu, O. Y., Raichle, B., & Sink, S. (2013). Impact of biochar on the water holding capacity of
loamy sand soil. International Journal of Energy and Environmental Engineering, 4(1),
1-9. https://doi.org/10.1186/2251-6832-4-44

Yuan, J. H., Xu, R. K., Wang, N., & Li, J. Y. (2011). Amendment of Acid Soils with Crop
Residues and Biochars. Pedosphere, 21(3), 302-308. https://doi.org/10.1016/S1002-
0160(11)60130-6

Zeidan, M. S., Mohamed, M. F., & Hamouda, H. A. (2010). Effect of Foliar Fertilization of
Fe, Mn and Zn on Wheat Yield and Quality in Low Sandy Soils Fertility. World Journal
of Agricultural Sciences, 6(6), 696-699.

Zhang, A., Liu, Y., Pan, G., Hussain, Q., Li, L., Zheng, J., & Zhang, X. (2012). Effect of
biochar amendment on maize yield and greenhouse gas emissions from a soil organic
carbon poor calcareous loamy soil from Central China Plain. Plant and Soil, 351(1-2),
263-275. https://doi.org/10.1007/s11104-011-0957-x

Zhang, X., Zhang, L., Pu, Y., Sun, M., Zhao, Y., Zhang, D., Wang, X., Li, Y., Guo, D., & He,

56



S. (2022). Global, Regional, and National Burden of Protein-Energy Malnutrition: A
Systematic Analysis for the Global Burden of Disease Study. Nutrients, 14(13).
https://doi.org/10.3390/nu14132592

Zhao, C.-X., He, M.-R., Wang, Z.-L., Wang, Y.-F., & Lin, Q. (2009). Effects of different
water availability at post-anthesis stage on grain nutrition and quality in strong-gluten
winter wheat. Comptes Rendus Biologies, 332(8), 759-764.
https://doi.org/https://doi.org/10.1016/j.crvi.2009.03.003

Zheng, H., Liu, D., Liao, X., Miao, Y., Li, Y., Li, J., Yuan, J., Chen, Z., & Ding, W. (2022).
Field-aged biochar enhances soil organic carbon by increasing recalcitrant organic
carbon fractions and making microbial communities more conducive to carbon
sequestration. Agriculture, Ecosystems & Environment, 340, 108177.
https://doi.org/https://doi.org/10.1016/j.agee.2022.108177

57



Appendix 1: Characteristics of the soils used in the experiment.

Appendices

(a) Allisols

pH oM sand clay silt Textural class

% % % %

5.7 0.6 63.2 14 22.8 sandy loam
(b) Ferralsols

PH oM sand clay silt Textural class

% % % %
5.6 1 38 38 24 Clay loam
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Appendix 2: Effect of biochar and micronutrient based fertilizers on grain and biomass
yield of finger millet in Allisols and ferralsols.

a) Allisols
Soil type Treatments mean grain yield (g/pot) mean biomass yield (g/pot)
season 2 season2
Allisols Control 23.8° 86.3"
S+B 42.6% 2207
S+B+Zn 45.9% 189?
S+B+Zn fol 512 1722
S+B+Fe 35.7°%¢ 192
S+B+Fe Fol 45.1%® 206°
S+B+Zn Fe 32.8%® 1862
S+B+Zn+Fe Fol 50.1% 210*
P value P <0.001 P =9.026e-09

Different letters indicate significance differences at P < 0.05

a) Ferralsols

Soil type Treatments mean grain yield (g/pot) mean biomass yield (g/pot)
Ferralsols Control 25.2° 87°
S+B 49.12 1642
S+B+Zn 42.7° 1912
S+B+Zn fol 39.6% 145%
S+B+Fe 432 1662
S+B+Fe Fol 35.2% 163
S+B+Zn+Fe 47.2% 1922
S+B+Zn+Fe Fol 52.62 1742
P value P <0.001 P =0.0129

NB: Yield for the first season was not captured as the experiment was invaded by cows
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Appendix 3: Effect of soil and foliar application of iron in biochar amended soil on finger
millet grain iron content.

a) Allisols
Soil type Treatments mean iron content mean iron content
Mg/100g (mg/100g)
season 1 season 2
Allisols Control 4.5° 4,33
S+B 10.5% 8.64%®
S+B+Zn 5.13% 6.48%
S+B+Zn fol 5.28 4,69
S+B+Fe 7.55% 9.17%
S+B+Fe Fol 12.55% 13.3%
S+B+Zn+Fe 5ab 9.27%
S+B+Zn+Fe Fol 7.25% 9.56%
P value P = 0.0209 P= 0.042
b) Ferralsols
Soil type Treatments mean iron content mean iron content
(mg/100g) (mg/100g)
season 1 season 2
Ferralsols Control 3.175P 3.38°
S+B 7.6% 9.7%
S+B+Zn 4.27° 5.6%
S+B+Zn fol 92 5.93%®
S+B+Fe 4.89% 8.85%
S+B+Fe Fol 11.32 12.4%
S+B+Zn+Fe 5.22 4.78%®
S+B+Zn+Fe Fol 5.85% 8.8%
P value P=0.01 P=10.017

Different letters indicate significance differences at P < 0.05
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Appendix 4: Effect of soil and foliar application of zinc in biochar amended soils on grain

zinc content of finger millet.

a) Allisols
Soil type Treatments mean zinc content mean zinc content
(mg/100g) (mg/100g)
season 1 season 2
Allisols Control 22.4° 24.1°
S+B 31.5%¢ 38.85°
S+B+Zn 42.7° 41.82
S+B+2Zn fol 41.652 43.65%
S+B+Fe 28.1% 35%
S+B+Fe Fol 25.25°¢ 35.1%
S+B+Zn+Fe 35.25%¢ 38.55%
S+B+Zn+Fe Fol 42.35% 41.25%
P value P =9.362¢-05 P=0.04
b) Ferralsols
Soil type Treatments zinc content zinc content
(mg/100g) (mg/100g)
season 1 season 2
Ferralsols Control 15.9° 11.9°
S+B 32% 33.3%®
S+B+Zn 40.1° 35.72
S+B+Zn fol 43.5% 44.6%
S+B+Fe 282 29.8%
S+B+Fe Fol 31.9% 37%
S+B+Zn+Fe 28.1% 31%
S+B+Zn+Fe Fol 328 332
P value P=0.011 P=0.015

Different letters indicate significance differences at P< 0.05
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Appendix 5: Effect of soil and foliar application of mineral based fertilizers in biochar

amended soils on crude protein content of finger millet.

a) Allisols
Soil type Treatments mean crude protein % mean crude protein %
season 1 season 2
Allisols Control 4.67° 7.6%
S+B 5.97%¢ 9.98%
S+B+Zn 6.07" 8.35%
S+B+2Zn fol 7.72% 9.89%
S+B+Fe 6.22% 8.61%
S+B+Fe Fol 6.35%° 8.44%
S+B+Zn+Fe 6.83%° 9.88°
S+B+Zn+Fe Fol 9.8% 10.2°
P value P=0.0034 P=0.0076
b) Ferralsols
Soil type Treatments mean crude protein % mean crude protein %
season 1 season 2
Ferralsols Control 4.98 8.5
S+B 5.57 8.59%
S+B+Zn 6.14% 8.92¢
S+B+Zn fol 7.22% 9524
S+B+Fe 5.7% 9.31°
S+B+Fe Fol 5.79% 10.12
S+B+Zn+Fe 5.56" 9.2¢
S+B+Zn+Fe Fol 8.21% 112
P value P =10.0044 P=0.22

Different letters indicate significance differences at P < 0.05, while same letters indicate non-

significance, P > 0.05
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Appendix 6: Effect of biochar and mineral based fertilizers on soil organic carbon and

pH.
a) Allisols
Soil type Treatments pH organic carbon
Allisols Control 5.29% 0.387¢
S+B 5.66% 1.592
S+B+Zn 5.482 1.4372
S+B+Zn fol 5.38? 0.402%
S+B+Fe 5.11% 0.442°
S+B+Fe Fol 5.33° 0.371%
S+B+Zn+Fe 5.04% 0.413%
S+B+Zn+Fe Fol 5.48% 0.59%
P value P=10.3035 P=0.169
b) Ferralsols
Soil type Treatments pH organic carbon
Ferralsols Control 5.592 0.883%
S+B 6.18% 1.452
S+B+Zn 5.47% 0.886°
S+B+Zn fol 5.54% 0.738%
S+B+Fe 5.03 1.132
S+B+Fe Fol 5.68% 12
S+B+Zn+Fe 5.6% 0.982%
S+B+Zn+Fe Fol 5.67% 1.4a
P value P=0.0025 P=0.163

Different letters indicate significance differences at P < 0.05 while same letters indicate non-

significance, P > 0.05



Appendix 7: Effect of biochar application on water holding capacity.

a) Allisols
Soil type Treatment water holding capacity
Allisols Control 5.93
S+B 11.52
S+B+Zn 10.12
S+B+Zn fol 11.32
S+B+Fe 10.42
S+B+Fe fol 10.82
S+B+Fe+ Zn 10.12
S+B+Fe+ Zn fol 12.22

Different letters indicate significance differences at P < 0.05, while same letters indicate non-

significance, P > 0.05.

b) Ferralsols

Soil type Treatment water holding capacity

Ferralsols Control 13.72
S+B 15.12

S+B+Zn 22.02

S+B+Zn fol 15.02

S+B+Fe 14.62

S+B+Fe fol 16.0%

S+B+Fe+ Zn 15.1°

64



S+B+Fe+ Zn fol 15.3¢2

Same letters indicate non-significance, P > 0.05.
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Appendix 8: Application of iron and zinc to finger millets.

\" ! )'t | o i
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Appendix 9: Preparation of finger millet ash for mineral analysis.
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Appendix 10: Mineral analysis using AAS.

68



Appendix 11: GUREC approval

GULU 7 UNIVERSITY

P.O. Box 166, Gulu (U) 'm an ::: 086
Website: www.qu.ac.ug S 471932 913
s +258 772 305 621
Emall: qureciqu.ac.ug 2 +258 776 812 147
RESEARCH ETHICS COMMITTEE

—_—

17/02/2023
To: Alinate Manjawira

Gulu University
0726455717

Type: Imtial Review

Re: GUREC-2022-411: Biofortification of finger millet grown in biochar amended soils using zine and
iron, Ugn_ndn. Gulu, 2.0, 2023-02-09

| am pleased to miorm you that atthe 94th canvened meeting on 17/1 12022, the Gulu University REC. committee
meeting, ete voted to approve the above referenced application.
Approval of the researeh is for the period of 17/02/2023 10 17/02/2024.

As Principal Investigator of the rescarch. you are responsible for fullilling the following requirements of approval

I All co-investigators must be kept informed of the status of the rescarch. . —_

2 Changes, amendments, and addenda 1o the protocol or the consent form must be submitied 1o the REC for re-
peview and approval prior to the activation of the chimges. s |

3 Reports of unanticipated problems involving risks to pariicipants or any new nformation swhich could
change the risk benelit ratio must be stibmitted to the REC e -

4 Only approved consent farms are o be used in the en PATLICIPANLS, !
participants and/or witnesses sh tetned on
“and consent documentation may |

69






Appendix 12: Plagiarism certificate

Fux: 1250 713000

T

PLAGIARISM CHECK

Declaration for Originality Form |
This form must be completed and signed for all scholarly work produced. -

Name: _ MANJAWIRA ALINAFE
Personal File No.(staff) Reg. '(mdeqc).__zuxmswmms

Faculty/Institute:___ AGRICULTURE ok
Department;___FOOD SCIENCE AND POST HARVEST TECHNOLOGY ____—

Title and bibliographic description of the work: BIOFORTIFICATION OF FINGER MILLET |
GROWN IN BIOCHAR AMENDED SOILS USING ZINC AND IRON

agiarism is and | am aware of

71



