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ABSTRACT

Declining soil fertility is a major hindrance to potato farming in Kenya. The objective of the study
was to determine the effects of biochar and Diammonium Phosphate (DAP) on growth, yield,
nutrient use efficiency and selected soil properties in potato farming. A 2-season study was
conducted at Egerton University agricultural field and in a farmer’s field in Mau Narok using a
split plot design in a randomized complete block (RCBD) arrangement. Biochar and DAP were
applied at three levels (0, 5 and 10 t ha) and (0, 250, 500 kg ha), respectively resulting in 9
treatment combinations. Two potato varieties (Shangi and Destiny) were used in the study. The
high number of potato stems was observed in plots that received BOD500, B5D500 and B10D500
at (P<0.001). These results were consistent for both varieties in the two sites and seasons.
Application of B5D500 resulted in the tallest plants that were not significantly different from
plants in plots fertilised with BOD500 and B10D500 at (P<0.001). Plots that received only biochar
produced the shortest potatoes plants, that were not significantly different from the control. The
highest number of tubers per plant, total tuber yield and marketable yield was obtained from plots
treated with BOD500, B5D500 and B10D500 with B5D500 producing the highest marketable tuber
yield of 39.9 t ha' and the lowest was from control and plots that received sole biochar application
at (P<0.001). The highest pH of 7.54 and 7.39 were obtained after applying B5D0 and B5D500
respectively. Sole application of DAP acidified the soils while soil pH became alkaline with
biochar application at (P<0.001). The highest soil phosphorus of 136 mg kg™ was observed in
B5D250 plots at (P<0.001). Soils amended with B5D250, B10D250, B5D500 and B5DO0 gave the
highest soil nitrate and ammonium at (P<0.001). Soils amended with B5D500, B10D500 and
B10D250 gave the highest (P<0.001) alkaline phosphomonoesterases while the highest acid
phosphomonoesterases were observed under BOD500. Plots amended with B5D500, B10D500,
B5D0, B10DO0 gave the highest potato dry matter (P<0.001). Highest N uptake was from plots with
BOD500, B5D500, B10D500 and B5D250. The greatest P uptake was from plots treated with
BOD500, B10D500 and sole use of biochar (P<0.001). Treatment B5DO0 gave the highest nitrogen
use efficiency of 560.38 kg ha™. Biochar application of B5DO0 significantly affected (P<0.001)
gave the highest phosphorus use efficiency of 2451.67 kgP ha™. These results confirm that use of
biochar especially its integration with inorganic fertiliser is a sustainable strategy that increases
potato growth, yield and nutrient use efficiency and improves soil properties.
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CHAPTER ONE
INTRODUCTION

1.1  Background information

Potato (Solanum tuberosum L.) is a major food crop that is grown by most farmers in developing
countries (Muthoni et al., 2013). In Kenya, it is considered as the second major and staple crop
after maize that contributes significantly to food security and the country’s economy (Waaswa,
2021). Despite its importance, tuber yields are still low (7-10 t ha) against the attainable yield of
40 t ha. The potato crop continues to perform below its yield potentials besides the efforts by the
farmers to increase the cultivation area (Hoolst et al., 2016). This is attributed to declining soil

fertility, climate change, pests and diseases and use of low quality seed (Gicheru, 2012).

Declining and low soil fertility due to several causes such as erosion, depletion and imbalance of
organic matter, poor responsive soils i.e., soils that are slow to respond to fertiliser application
poses a major threat to potato productivity and economic returns of resource-poor potato farmers.
To address this issue of low soil fertility, farmers have continuously replenished the depleted
nutrients through use of chemical fertilisers. However due to the high cost of the fertilisers, farmers
use lower rates that cannot sufficiently support high crop yield. Potato farmers in Kenya use on
average less than half of the 90 kg N ha* and 230 kg P,Os ha* recommended Diammonium
Phosphate (DAP) fertiliser (Muthoni, 2016). Most farmers in Nakuru grow different potato
varieties which include Destiny and Shangi that were used in this study. These varieties are
preferred due to their high yielding capacity, short growing period and moderate resistance to most
diseases (NPCK, 2019).

Nitrogen (N) and phosphorus (P) are the main limiting essential nutrients needed for potato
reproduction and growth. Owing to its short growth cycle and high yielding capacity, the potato
crop greatly responds to both N and P nutrients supplied to it (Hailu et al., 2017). The potato crop
needs on average 90 to 190 kg N ha* for its entire growth cycle. Nitrogen plays an important role
in growth of the crop by determining the physiology and morphology of the crop. Specifically, it
promotes vegetative growth including leaf canopy development, which is essential for light
interception for photosynthesis. Nitrogen is also vital for tuber initiation and growth as well as

tuber quality through influencing tuber protein content, size and dry matter content of the tubers
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(Hailu et al., 2017). However, the nutrient is not readily available in the soils in the right
proportions, since its easily lost from the soil through erosion, volatisation, crop removal,

immobilisation and leaching (Musyoka et al., 2017).

Phosphorus (P) is an essential nutrient for potato mainly at early growth stages and tuber
development. Phosphorus facilitates proper root growth, enhances vegetative cover, dictates the
nutrient content in potatoes and promotes disease resistance (Rosen et al., 2014). In the early stages
of potato growth, P is important for cell division and plant metabolism. Due to these numerous
roles in the plant, it is required in high quantities during potato growth cycle (Mokrani et al.,
2018).Phosphorus availability in the soil is influenced by acidity levels in the soil where P is fixed
at pH less than 5.5, soil microbial populations in which soil bacteria solubilise precipitated forms
of calcium phosphate and incorporation of organic and inorganic fertilisers which are sources of P
(Kwabiah et al., 2003). Amendment of soil with biochar has been shown to increase P availability

up to 45% in the soil by reducing the effect of factors that limit P availability (Zhang et al., 2020).

Biochar is a carbon (C)-rich organic material made by pyrolysis method which is the thermal
degradation of biological matter under anaerobic conditions (Zhang et al., 2020). It contains
numerous nutrients such as organic carbon, phosphorus, nitrogen and secondary elements (calcium
and magnesium) (Solaiman et al., 2019). In Kenya, charcoal for fuel is traditionally made in earth
mounds or earth covered pit kilns. Besides, the produced charcoal, charcoal dust that serves as
biochar is produced in this process. This biochar is a good soil amendment that improves soil

conditions (Cornelissen et al., 2016).

Nutrient use efficiency (NUE) is a measure of the degree to which plants use the available mineral
elements (Aguero & Kirschbaum, 2013). Nutrient use efficiency minimises nutrient losses through
erosion, runoff, leaching and other loss pathways (Hailu et al., 2017). The use of inorganic
fertilisers increases crop yields. However, they have low nutrient use efficiencies which can be
boosted by integration with organic fertilisers (Selladurai & Purakayastha, 2016).

Phosphomonoesterase enzymes play a crucial role in P mineralisation (Margalef et al., 2017). This
is achieved by the enzymes catalysing the hydrolysis of ester—phosphate bonds thus releasing

phosphates which are utilised by plants and microbes. Phosphomonoesterases are made up of two



enzymes: acid and alkaline phosphomonoesterases These enzymes are produced from both soil

microorganisms such as fungi, bacteria and also by plant cells (Rejsek et al., 2012).

Soil pH is one of the vital soil properties that affects crop performance. Soil pH influences the
availability of nutrients to crops mostly nitrogen and phosphorus (Kizito et al., 2019). If the soils
are very acidic there is a tendency of some nutrients being fixed leading to their imbalances in the
soil (Muthoni & Nyamongo, 2009).

Biochar increases arbuscular mycorrhiza population in the soil and strengthens its association with
the plant roots for P absorption. It also favors fungi hyphae to absorb P from the soil and make it
available for plant uptake (Solaiman et al., 2019). This has made biochar one of the better soil
amendments that has gained attention in recent years (Calys-Tagoe et al., 2019). Research
conducted by Kizito et al. (2019) showed that the use of biochar as soil amendment significantly

increased pH, soil carbon content and the total amount of magnesium and calcium in the soil.

Biochar incorporation into soil increases soil aggregate stability by increasing exchangeable
cations of the soil such as calcium (Fungo et al., 2017). Under acidic, highly weathered soils of
the humid tropics regions, the hydroxyl and carboxylic groups present on the oxidised biochar
surface are adsorbed by clay particles for macro-aggregate formation (Fungo et al., 2017). This
improvement in soil properties enhances crop productivity and sustains soil quality. For example,
maize planted on biochar amended soil increased its grain yield to about 25% compared to none
biochar amended soil (Kizito et al., 2019). Nitrogen application on the biochar amended soil also
increased sweet potato tuber yield by 100% and aboveground biomass by about 75% (Walter &
Rao, 2015).

Previous studies conducted in Kenya indicate that biochar increases crop productivity and
improves soil properties such as porosity, water holding capacity and nutrient content (Katterer et
al., 2019). Most households depend on wood for fuel in rural areas of Kenya enabling biochar
availability and at a cheaper or no cost. However, the wood used in traditional cook stoves is not
enough to meet the fuel needs but this wood can effectively be used by the improved pyrolytic
stoves (Torres-Rojas et al., 2011). Also the vast amount of various biomass (wood, rice (Oryza
sativa) husks, maize (Zea mays L.) stalks, sugarcane (Saccharum officinarium) residues available
in Kenya can be used to produce the biochar (Torres-Rojas et al., 2011). Pyrolytic stoves that
produce biochar are effective at using less biomass, controlling air pollution compared to the
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traditional cook stoves and promotes carbon sequestration leading to improved soil fertility
(Whitman et al., 2011).

Additionally, Kenyans have adopted the use of pyrolytic stoves due to its numerous benefits like
use of less wood, reduced time of cooking and the biochar produced improves soil properties
(Cornelissen et al., 2016). On average,13.2% of Kenyans both in rural and urban households are
currently using the pyrolytic stoves (Ministry of Energy, 2019). A pyrolytic stove can on average
produce 0.46 t ha* of biochar per year while lowering wood use by 27% (Torres-Rojas et al.,
2011). Biomass is readily available since Kenya is an agricultural country with more than 69%
biomass available for fuel use (Waaswa et al., 2022). In Kenya, 0.52 tonnes of biochar produced
by each household can equate to 18 tonnes of carbon after application in the soil (Torres-Rojas et
al., 2011).

Biochar is an organic soil amendment that improves fertiliser use efficiency of chemical fertilisers
(Clare et al., 2014; EI-Sobky & Abdo, 2021). This is attributed to its physical and chemical
characteristics which enables it to adsorb nutrients, increase the soil’s water holding capacity,
reduce nutrient leaching, act a soil conditioner improving soil aeration and porosity (Obia et al.,
2018; Qian et al., 2014; Sika & Hardie, 2014). Despite the potential of biochar to increase crop
yield by enhancing fertiliser use efficiency with reduced costs of production, the knowledge of its
effects on potato production is still limited. Integration of biochar and chemical fertiliser is a
fundamental sustainable solution to improve crop productivity (Saah et al., 2022). In Kenya,
research has focused on the fertiliser recommendation for increased potato yield and little attention
has been paid to the effect of alternative amendments such as biochar on nutrient use efficiency
and potato tuber yield. Therefore, there is a gap that needs to be bridged in order to increase potato
yields through optimising fertiliser use efficiency by using biochar in Nakuru County, Kenya.
Nakuru is one of the major potato growing areas in Kenya with approximately 20,000 potato

farmers who grow different potato varieties on about 38,000 acres (Waaswa et al., 2021a).

1.2  Statement of the problem

Potato (Solanum tuberosum L.) is the second most important staple crop which contributes to food
security and household incomes for farmers in Kenya. Despite its importance, tuber yields are still
very low (7-10 t ha') against the attainable yield of 40 t ha* due to several constraints such as low

soil fertility, limited use of fertiliser and poor agronomic management practices. Potato farmers



have attempted improving soil fertility by applying synthetic fertilisers mainly Diammonium
Phosphate (DAP). Despite the efforts by farmers to apply DAP, recurrent losses are registered.
This is because they apply sub-optimal rates i.e. less than half of the recommended 500 kg ha
occasioned by low incomes of the smallholder farmers. On the other hand, biochar is locally
available as household charcoal residue and contains organic carbon, phosphorus, nitrogen,
magnesium, and calcium. Therefore, biochar presents a cheap and sustainable available additional
resource for enhancing fertiliser use efficiency. Nitrogen and phosphorus are the most limiting
nutrients for potato growth and are low in most soils due to dynamics like P fixation and N losses
from the soil. However, biochar has proven to increase nitrogen and phosphorus uptake by plants.
Biochar has the potential to increase nutrient use efficiency if integrated with other fertilisers.
Nevertheless, little is known about the right combination of biochar and other fertilisers and its
effect on growth and yield, soil properties, and nutrient use efficiency under potato production.

This study intends to bridge this knowledge gap.

1.3 Objectives
1.3.1 General objective

To contribute to improved food security by increasing potato yields through optimising fertiliser

use efficiency using biochar in Nakuru County, Kenya.

1.3.2 Specific objectives
i.  To determine the effect of different rates of biochar and inorganic fertiliser on potato
growth and yield.
ii.  Todetermine the effect of different rates of biochar and inorganic fertiliser on nitrogen and
phosphorus use efficiencies in potato production.
iii.  To determine the effect of different rates of biochar and inorganic fertiliser on soil

phosphomonoesterases, inorganic nitrogen, extractable phosphorus and soil pH

1.4.1 Hypotheses
I.  Biochar and inorganic fertiliser levels have no significant effect on potato growth and yield.

ii.  Biochar and inorganic fertiliser levels have no significant effect on nitrogen and
phosphorus use efficiencies in potato production.
iii. Biochar and inorganic fertiliser levels have no significant effect on soil

phosphomonoesterases, inorganic nitrogen, extractable phosphorus and soil pH.



1.5  Study justification
Potato farming in Kenya faces a major problem of low and declining soil fertility. This has greatly

lowered the yield of the crop which is the second major food crop that serves as food security crop
to the country. The potato crop needs sufficient amounts of nutrients with phosphorus and nitrogen
as the most limiting nutrients. Farmers have tried to solve this issue by use of synthetic fertilisers.
However, this has not been greatly successful since inappropriate rates are applied due to the low
economic status of the farmers and/or illiteracy levels. This therefore calls for sustainable measures
to enhance fertiliser use efficiency. Integration of biochar with chemical fertilisers increases crop
yields through enabling nutrient uptake (Saah et al., 2022). Globally, farmers are using biochar as

a soil amendment to increase crop production and promote carbon sequestration (Liu et al., 2017).

However, the practice has not been adopted in Kenya possibly due to limited knowledge about use
of biochar. Hence this calls for research on effects of biochar on nitrogen and phosphorus use
efficiencies and tuber yield in potato production. This study aimed at contributing to knowledge

that may be utilised in potato production through improved nutrient management.



CHAPTER TWO
LITERATURE REVIEW

2.1  Economic importance of potato production

Potato is one of the major food crops that ranks third globally after rice and wheat (Hudu et al.,
2018). It is a food security crop worldwide that plays a major role in fighting hunger and also an
economic crop that contributes to poverty reduction (Waaswa et al., 2021b). It is a source of
employment to thousands of people that are employed directly as farmers and or indirectly as
middlemen, potato traders, drivers among others (Wijesinha-Bettoni & Mouillé, 2019). Potato
farmers in Kenya are about 800,000 who produce almost 1 to 1.4 million tonnes of potato per year
earning approximately KES 30 to 40 billion annually. In Kenya, 98% of potato farmers are small
scale farmers who account for 83% of the country’s potato production (Janssens et al., 2013).
Additionally, potato is a vital source of energy to both humans and animals and supplements the
major cereals (Wijesinha-Bettoni & Mouillé, 2019). Itis also rich in a variety of nutrients including
vitamins, carbohydrates and minerals which are essential for human growth (Zaheer & Akhtar,
2016). The potato’s short growth cycle renders it a reliable solution to food shortages. Most potato
varieties have a short life cycle, attaining maturity within three to four months, hence the crop can
be grown throughout the year (Hudu et al., 2018). In Kenya, potato is the second most grown crop
after maize and is grown on approximately 161,000 hectares every season producing around 1.5
million tonnes per season per year (Muthoni et al., 2017). The major potato growing areas in Kenya
are Mau region consisting of Bomet, Kericho, Narok and parts of Nakuru county, Nyandarua
county in the central province, Meru county in the eastern province, Uasin Gishu and counties in
the rift valley province, Mt Elgon areas and slopes of Mt Kenya, and rift valley edges (Muthoni et
al., 2017).

2.2 Ecological conditions for potato production

For the potato crop to grow well, it needs between 500 to 700 mm of water throughout its life cycle
(Gitari et al., 2018a). This leads to poor performance if grown in areas that persistently experience
dry spells. Most potato growing areas in Kenya receive bimodal rainfall that favors potato growth
and good performance (Muthoni et al., 2017). Potato growth is favored by temperatures of between

8°C to 23°C (Jaetzold et al., 2012). Potato crop performs best in well drained loamy fertile soils;
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the presence of such conditions leads to high potato productivity and these are common in the

highland areas of Kenya (Girma et al., 2017).

2.3 Soil fertility status in potato growing areas in Kenya

Declining soil fertility, mainly linked to high soil erosion rates (Nyawade et al., 2019) is a major
contributor to low tuber yields in potato. The decreasing soil fertility is also due to repeated
cultivation with limited fertilisation making the soils depleted in nutrients that are needed for crop
growth especially phosphorus and nitrogen (Muthoni & Nyamongo, 2009). In response to low
fertility, farmers apply inorganic fertilisers especially Diammonium Phosphate (18% N and 46%
P-Os) Triple Super Phosphate (TSP), or Nitrogen, Phosphorus and Potassium (NPK). These are
usually applied during planting and followed with Calcium Ammonium Nitrate (CAN) or Urea as
top dressing fertilisers after crop emergence (Muthoni, 2016). In addition, farmers apply organic

soil amendments commonly, cattle manure, compost and farmyard manure (Musyoka et al., 2017)

2.3.1 Nitrogen in potato production

Nitrogen is the most limiting essential nutrient needed by crops for proper growth. It plays
numerous roles in the growth of potatoes; N forms the biggest part of chlorophyll molecule that is
needed by the potato to trap sunlight for use in photosynthesis. Nitrogen is present in forms of
ammonium or nitrate and is used in formation of amino acids and proteins. It is involved in starch
metabolism. Nitrogen forms part of the potato’s dry weight about 1 to 4%. However, N nutrition
remains a great hindrance to most farms since its lost from the soil through many pathways such
as erosion, volatilisation, crop removal, immobilisation and leaching (Musyoka et al., 2017). This
therefore calls for measures to control N losses and one sustainable way is encouraging N use
efficiency. Therefore, for a farmer to obtain high crop yield, N should be readily supplied and be

in available forms in the soil for crop uptake (Musyoka et al., 2017).

2.3.2 Phosphorus in potato production

Phosphorus and nitrogen are the major nutrients that farmers constantly apply to sustain crop
growth and yield (Hailu et al., 2017). Besides nitrogen requirements, potatoes also need
phosphorus nutrient in larger quantities for proper plant growth (Gaur et al., 2017). Phosphorus is
required for the proper growth of potato and promotion of tuber and root development, building
resistance to diseases, for the nutritive content as well as canopy establishment (Rosen et al., 2014).

With adequate phosphorus supply, potato productivity is enhanced by the higher leaf area, lateral



stem growth and dry matter content. In potatoes, the plants with more number of leaves during the
growth cycle produces higher yields (Martins et al., 2018). Therefore, inadequate supply of the
nutrient to potatoes inhibits potato stem and root system, low leaf growth which results into
reduced tuber yields and tuber size. Phosphorus in potatoes also contributes to the nutritive content
of the plant through influencing the uptake of other nutrients such as nitrogen, magnesium which
are important in the crop’s growth (Soratto & Fernandes, 2016). Availability of P in the soil
increases the nutrient content of potatoes by promoting a high starch and protein content, increased
dry matter content and decreased sugar content (Leonel et al., 2017). During the young phase of
the crop growth, it is advisable to supply the crop with sufficient phosphorus for formation of cell
components such as nucleic acids, fatty acids which aids in production of carbohydrates thus high

potato tubers yield (Rosen et al., 2014).

Notwithstanding its benefits to the potato, phosphorus is not readily available in the soil; it is fixed
in acidic soils therefore calling for its periodic addition through organic and inorganic fertilisation
(Simoneti et al., 2016). Phosphorus availability to plants relies on the chemical composition of the
soil, the applied fertiliser; P is fixed in acidic soils and the different fertilisers have different P
levels. Addition of fertilisers rich in phosphorus such as organic and synthetic phosphate fertilisers
in soils increases soil phosphorus levels (Girma et al., 2017). Applied organic manures raise soil
pH thus lowering fixation of P (Hazarika et al., 2021). Phosphorus in the soil takes up two forms
which are organic and inorganic phosphorus (Khosravi et al., 2017). These P forms greatly
influence the availability and movement of P in the soils. Inorganic P is readily available and
mobile in the soil and increases under optimum conditions of soil moisture, temperature, well
aeration i.e., sufficient oxygen and tillage that enhance soil organic matter decomposition. On the
other hand, organic P is immobile and is not readily available to the plant roots (Ahmad et al.,
2017).

2.4 Nutrient use efficiency in potato

Nutrient use efficiency (NUE) is a measure of the degree to which plants use the available mineral
elements (Aglero & Kirschbaum, 2013). There is a close relationship between nutrient use
efficiency and amount of nutrient applied. Low fertiliser inputs results into a higher nutrient use

efficiency and vice versa. In addition, the highest nutrient use efficiency is obtained under low



yields. An increase in fertiliser application leads to an increase in yield up to a certain level

maximum at which it decides to decline as nutrient use efficiency also declines (Hu et al., 2016).

Nutrient use efficiency minimises nutrient losses through erosion, runoff, leaching and other loss
pathways (Hailu et al., 2017). The use of inorganic fertilizers increases crop yields. However, they
have low nutrient use efficiencies which can be boosted by integration with organic fertilizers
(Selladurai & Purakayastha, 2016). To achieve higher nutrient use efficiency, the inorganic
fertilisers should be applied at the correct rate, using the right application method, and applied at
the correct time of plant growth. This in return lowers environmental pollution (Rietraet al., 2017).
Furthermore, to achieve optimal nutrient use efficiency of chemical fertilisers, fertilisers should
be manufactured in such a way that reduces negative nutrient interactions whilst raising positive

nutrient interactions (Rietra et al., 2017).

Improvement in the crop rhizosphere i.e. the area closest to the plant system in which plant roots
release exudates (Nihorimbere et al., 2011) improves nutrient use efficiency thus contributing to
high yields while maintaining soil and environmental quality (Zhang et al., 2010). The rhizosphere
is significantly characterised by soil microbial colonisation that is pivotal in plant nutrition than
the bulk soil. These soil microbes promote potato growth by aiding in nutrient solubilisation of
phosphates, nitrogen fixation and plant growth promoting rhizobacteria, suppression of pathogens
that cause bacterial wilt disease in potatoes (Chamedjeu et al., 2019; Kesaulya et al., 2015; Pfeiffer
et al., 2017; Yasmin et al., 2009).The rhizosphere can be improved by addition of biochar that
promotes soil microbial populations and activities and harmonises crop nutrient needs with

nutrients supplied by the rhizosphere (Zhang et al., 2010).

Farmers usually add N and P to their farms by use of synthetic fertilisers rich in these nutrients.
Phosphorus undergoes many dynamics in the soil from fixation in acidic soils by iron and
aluminum oxides. On the other hand, N is easily lost from the soil through many pathways such
as erosion, volatisation, crop removal, immobilisation, and leaching (Gitari et al., 2018b). This
requires need for adoption of strategies that increase P and N use efficiencies since chemical
fertilisers have low NUE. In crops, Nitrogen use efficiency and Phosphorous use efficiencies are
rarely beyond 58% and 31% respectively (Selladurai & Purakayastha, 2016). Nutrient use
efficiency in potatoes greatly determines the tuber yield, this is as a result of reduced nutrient losses

(Alva et al., 2011). To achieve higher nutrient use efficiency in potatoes, fertilisers should be
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supplied to the soil in right quantities, right plant stage and strategically placed to easily be
absorbed by the shallow rooted tuber crop (Jate, 2010; Roberts, 2007; White et al., 2018)

2.4.1 Nitrogen use efficiency

Nitrogen use efficiency is the ratio of yield obtained to amount of N fertiliser applied (Baligar et
al., 2001). Nitrogen use efficiency largely depends on N amounts supplied by the soil N, applied
fertiliser, N taken up by the plant, N lost from the soil and N taken up by the plants (Agegnehu et

al., 2016). Below are formulae for calculating nitrogen use efficiency (Baligar et al., 2001).

Equation 1: N uptake calculation formula

[N (%) x dry matter (kg ha™1)]

N uptake (Kg N ha™1) = 100

Equation 2: N Agronomic efficiency formula

[Yieldp (Kgha™1) — Yield; (Kgha™1)]

AEy (KgKgN™1) =
N (KgKgN™) Quantity of N applied (Kg N ha—1)

Equation 3: N Use efficiency formula

N uptaker (Kg N ha 1) — N uptakec (Kg Nha™?!
Al\]RN(%):[ ptaker (Kg ) ~ Nup c(_g )] 100
Quantity of N applied (Kg N ha=1)

Where F means fertilised, and C means control where no fertiliser was applied.

The amount of nitrogen a certain crop demands for growth greatly dictates Nitrogen Use Efficiency
(Agegnehu et al., 2016). This is attributed to the genetics of the crop i.e. how the crop responds to
the nitrogen content in the soil (Ben Zekri et al., 2019). Therefore, nitrogen use efficiency relies
greatly on N uptake, N assimilation, N translocation, N recycling and remobilisation within the
plant (Musyoka et al., 2017; Perchlik & Tegeder, 2017). Nitrogen fertiliser use efficiency is a
serious issue that should be properly addressed due to high costs associated with purchasing the
fertilisers and the high risk of nitrate fertiliser pollution (Anas et al., 2020; Kanter et al., 2016).
Not only does N productivity associated with integration of organic and inorganic N fertilisers

improve soil health and quality, it promotes N use efficiency.

The combination of synthetic N fertiliser and organic manure consistently increased N uptake

efficiency in potato by 20% and 14 to 33% compared with the control that is not amended in both
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the field and pot experiments respectively (Hailu et al., 2017). Application of 130 kg N/ha using
urea fertiliser gave the highest NUE of 236.44 kg/kg of N in potato in mollic Andosols (Satognon
et al., 2021). Co-application of 179 kg N ha™! fertiliser and manure resulted into a higher tuber
yield and nitrogen uptake efficiency by 20% than using of only chemical fertiliser at 224 kg N
ha . A similar increment was registered in the container experiments were tuber yield and nitrogen
uptake efficiency increased by 14 to 33% when chemical fertiliser was combined with manure

than when chemical fertiliser was applied alone (Nyiraneza & Snapp, 2007).

In addition, in potatoes, N use efficiency varies within potato cultivars and this has been proven
by many studies (Awgchew et al., 2016; Maltas et al., 2018). Nitrogen use efficiency is higher in
cultivars that are late maturing than cultivars that mature early (Hailu et al., 2017; Nieto, 2016).
Organic matter, proper water management and nitrogen use efficiency can increase crop

productivity which can be achieved through biochar application.

2.4.2 Phosphorous use efficiency

Phosphorus use efficiency is defined as amount of total biomass, or yield obtained per unit of
phosphorus taken up (Veneklaas et al., 2012).

Below are indices of phosphorus use efficiency (Baligar et al., 2001).

Equation 4: P uptake calculation formula

[P (%) X dry matter (kgha™1)]

P uptake (KgPha™1!) = 100

Equation 5: P Agronomic efficiency formula

[Yields (Kgha™1) — Yieldc (Kg ha™1)]
Quantity of P applied (Kg P ha=1)

AEp (KgKgP™) =

Equation 6 : P Use efficiency formula

P uptaker (Kg P ha™') — P uptakec (Kg P ha™?!
ANR, (%) = Luptaker (K ) — P uptakec (Kg ) s 100
Quantity of P applied (Kg N ha™1)

Where F means fertilised, and C means control where no fertiliser was applied

Increase in cost of synthetic fertilisers, need for environmental protection from phosphorus losses

and exhaustion of phosphorus mineral resources has resulted into the need to improve phosphorus
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use efficiency (PUE) (Thornton et al., 2014). Potato has a higher sensitivity in soils low of P, thus

low phosphorus uptake efficiency.

The limited availability of phosphorus in soils low of P results into its increased demand by the
potato for its growth and this calls for soil management practices that promote phosphorus use
efficiency (White et al., 2018). The low root to shoot ratio of the potato accompanied with few
root hairs that aid in P absorption also contributes to potatoes’ low P use efficiency that need to be
improved through integrated nutrient management (INM) (Thornton et al., 2014). Integrated
Nutrient Management where organic fertilisers are used in combination with inorganic fertilisers
is an effective way to increase phosphorus use efficiency in potato production (Girmaetal., 2017).
Phosphorus use efficiency in potato production can be increased through developing cultivars that
have a wider root system with numerous root hairs that is effective at P uptake (Johnston et al.,
2000), use of potato varieties that are resistant to root diseases, healthy roots are efficient at P
absorption (Ekelof et al., 2012) and improving the rhizosphere (Hopkins et al., 2014; Thornton et
al., 2014). Phosphorous Use Efficiency can also be increased by use of agronomic practices that
facilitate P uptake such as liming, cover cropping, band placement of fertilisers, conservation
tillage, use of beneficial soil microbes, composting, using of soil amendments that raise microbial
populations that aid in P transformations (Kunwar et al., 2018). An example of these is application
of biochar which increases arbuscular mycorrhiza colonisation in roots and activity that is essential
in P uptake and increases nutrient use efficiency (Thornton et al., 2014).

Phosphorous Use Efficiency in potato production can be enhanced through liming of acidic soils
where P is fixed and rendered unavailable to the potato plant. The inorganic P fertilisers undergo
chemical reactions in acidic soils forming interactions with mineral oxides especially iron and
aluminum oxides lowering fertiliser use efficiency. However, addition of biochar improves P use
efficiency in the acidic soils by decreasing P adsorptions while increasing desorption. The
arbuscular mycorrhiza absorbs the P making it available for the plant thereby inhibiting P

chemisorption in acidic soils (Zwetsloot et al., 2016).

Phosphorus use efficiency increased by 15% more than Triple Super Phosphate (TSP) when
biochar fertilisers from sugarcane residues where applied in clayey soils (Borges et al., 2020) . In
a field experiment of maize by Arif et al. (2017), the highest PUE was observed in plots that

received both 50% farm yard manure and poultry manure with biochar. And for wheat in the same
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experiment, PUE was highest in plots that were fertilised with both 100% farmyard manure and
poultry manure with biochar. Xin et al. (2017) found out that P content and uptake was
significantly increased by addition of compost. Addition of NPK at full rate, half rate of compost
and NPK, full rate of compost gave phosphorus use efficiencies of 53.7, 59.9 and 61.7%

respectively.

2.5  Biochar as a soil amendment

Biochar is a carbon rich product produced by pyrolysis method where there is incomplete
combustion of biomass in the absence of oxygen or presence of limited oxygen (Liu et al., 2017).
Over the past years, biochar has gained global attention as a soil amendment that has demonstrated
ability to improve soil quality through enhancing soil physical and chemical properties and
mitigate climate change (Li et al., 2018). Biochar has numerous associated economic and
environmental benefits; lowering global warming through reducing emission of greenhouse gases,
increasing crop performance, providing a bio-resource that can be used in energy, agriculture and
industries. Use of biochar as an organic soil amendment also controls environmental pollution
whereby crop residues and other organic wastes are converted into an energy source (Waaswa &
Satognon, 2020).

Production and use of biochar is source of income to most farmers (Oni et al., 2019). This study
used wood as the biochar feedstock because can be locally made by the farmers and its ready
availability. Charcoal offers a main source of feedstock for biochar production in most of the
humid areas (Coomes & Miltner, 2017). In Kenya, most small-scale charcoal producers make
charcoal by pyrolysing wood in an earth mound, or they use drum kilns made of steel. The large-
scale charcoal producers on the other hand pyrolyse the wood in brick kilns. Pyrolysis method is
used to control complete combustion of the wood where the wood is burnt in limited oxygen to
form charcoal (Shikorire et al., 2019). The pyrolysis process usually lasts for hours to weeks.
Charcoal production process leaves behind a byproduct or residue of black carbon ash called
biochar. Residues of the formed charcoal (biochar) are effective at improving the physical,
chemical, and biological properties of soil which is witnessed by the high fertility of the soils at
the kiln sites where the charcoal ash has dropped. These kiln soils are usually darker in color
indicating high organic matter levels (Coomes & Miltner, 2017). These charcoal residues are rich
in soil organic carbon and other nutrients like nitrogen and phosphorus (Heitkotter & Marschner,
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2015). Natural vegetation is used by most families in Sub Saharan Africa as firewood or for
charcoal, these vegetation products or charcoal are source of feedstock (Gwenzi et al., 2015). An
estimation of 75% of Kenyan households rely on wood and charcoal for fuel. Rural households
account for 93.2% charcoal and wood use (Ministry of Energy, 2019). In addition, 66% of rural
households derive their livelihood from charcoal business (World Agroforestry Centre (ICRAF)
et al., 2020). Most farmers depend on charcoal production for fuel, economic benefits and for
biochar production for use in the gardens to increase on crop productivity. It is approximated that
one kilogram of wood feedstock on average produces 118g of saleable charcoal and 20g of biochar
(Coomes & Miltner, 2017).

Effects of biochar incorporation into the soil can be observed through changes in the soil physical
and chemical properties, non-toxic plant tissues, quality of water bodies and unpolluted
environment. By improving soil fertility, biochar helps in bringing degraded soils into use thus
increasing agriculture land (Wr,a6,asbel-Tobiszewska, 2014). Furthermore, biochar offers an
affordable sustainable solution to soil nutrient replenishment to most low resource farmers by
cutting down the cost associated with the use of inorganic fertilisers (Mensah & Frimpong, 2018).
Biochar combination with chemical fertilisers gives higher crop yields, lowers nutrient losses and
promotes nutrient use efficiency when compared with other organic manures such as farmyard
manure and vermicompost. This makes biochar one of the best organic soil amendments.
Therefore, this calls for advocacy and promotion of biochar through creating awareness (Yadav et
al., 2019).

Biochar is enriched with numerous functional groups and exchangeable sites that enable it to
reduce on nutrient leaching. It also provides conducive micro habitat for soil microbes involved in
nutrient cycling (Xia et al., 2022). Wood biochar induces availability of P through influencing soil
microbial activities such as activities of the phosphomonoesterase enzymes that play a vital role

in mineralisation and solubility of P (Vithanage et al., 2018).

Research done by different scientists shows biochar integration with mineral fertilisers promotes
plant growth (Helliwell, 2015; Kizito et al., 2019; Schulz & Glaser, 2012). Combination of biochar
with synthetic fertilisers greatly improves crop uptake of nutrients of N, P, K, Ca, Mg leading to
higher nutrient use efficiencies (Oladele et al., 2019; Omara et al., 2020). This is attributed to
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biochar’s ability to boost nutrient and water use efficiencies, enhance soil properties which do
promote high crop performance (Agegnehu et al., 2021). Biochar influences N availability that is
due to its properties that heightens N use efficiency, high organic matter levels and improved
absorption of N (Farooque et al., 2020; Zahid et al., 2018). Nitrogen use efficiency is also
improved by biochar reducing leaching due to its greater surface area, charge density and negative
surface charge (Dong et al., 2015). Ability of biochar to enhance N availability is attributed to
improved mineralisation of the soil organic N to inorganic N (Shan & Coleman, 2020).

Furthermore, biochar addition leads to an enhancement in soils’ water holding capacity thus
reduced loss of N from leaching and runoff (Walter & Rao, 2015). The interface between biochar
and soil brings about N transformation through increased mineralisation of organic N to inorganic
N that is utilised by the crop plant (Ding et al., 2016). Biochar promotes N mineralisation by
providing energy in form of carbon and substrates to the N mineralising microorganisms (Clough
et al., 2013). Moreover, the microbes also act on the organic matter in biochar thus releasing N by
co-metabolism and mineralization of soil organic matter (Nguyen et al., 2017). Furthermore,
biochar boosts soil moisture (Karim et al., 2020) and pH by lowering toxic elements and metal
toxicity providing favorable conditions in the rhizosphere for mineralisation (Shetty & Prakash,
2020). However, this mineralisation is lowered by adsorption of organic matter on the biochar
surfaces thus not readily available for action by microorganisms (Hagemann et al., 2017; Kizito et
al., 2019). Mineralisation is higher in wood material with C: N ratio lower than 20. If the C: N
ratio is higher than 20 it will result into immobilisation. Woody biochar does not significantly

reduce soil inorganic nitrogen compared to other plant produced biochar (Nguyen et al., 2017).

Biochar surfaces are filled with functional groups that enable chemisorption of soil inorganic
nitrogen. These functional groups comprise of hydroxyl, lactol, carboxylic groups. These are
negatively charged thus NH4+ -N adsorption through electrostatic forces. However, this
adsorption is not strong enough basing on the fact that biochar is mainly negatively charged.
Biochar has the ability to retain nitrification inhibitors therefore enhancing nitrification by
stimulating nitrifiers such as ammonia oxidizing bacteria thus higher N use efficiency (Nguyen et
al., 2017).

Biochar is rich in numerous nutrients needed for crop growth. Use of biochar increases the amount

of nutrients in the soil since biochar itself contains nutrients such as nitrogen, phosphorus,
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potassium, and carbon plus other secondary nutrients such as calcium and magnesium. On average,
wood biochar contain 0.36 to 0.43g kg of nitrogen and 1.96 to 0.02g kg of phosphorus
(Agegnehu et al., 2015). Biochar made from maize cobs was applied to a soil at rates of 0, 3, 6,
and 10 t ha 1, for one season (January to April) and later analysis of the soil chemical properties
showed that biochar had increased the soil cation exchange capacity, nutrients N, P, K which
subsequently led to increased maize yields. The CEC in this study increased from 5.36 to 7.47
Cmol kg%, N increased from 0.14% to 0.27%, P increased from 4.45 to 10.91 mg kg, potassium
increased from 0.44 to 1.56 mg kg after biochar addition (Faloye et al., 2017)

An experiment conducted by Wang et al. (2019) found out that soil pH decreased significantly by
7% than the control when 5% of moso bamboo biochar was incorporated into the soils. However,
addition of corn stover biochar at rates of 52, 104, and 156 t ha™* to soils increased soil pH by 0.73,
0.99, and 1.36 units respectively (Chintala et al., 2014). Soils amended with
18 t ha™! of Lantana biochar had the highest available phosphorus of 16.37 + 0.52 ppm and the
control soils had the lowest available phosphorus of 10.8 £ 0.21 ppm (Berihun et al., 2017).
Combination of biochar and N fertiliser at rates of 50 and 100 kg N ha ™! increased grain yield by
17 and 13% respectively when compared to the control (Omara et al., 2020). Biochar integrated
with nitrogen fertiliser increased crop yield by 30% unlike when nitrogen fertiliser was used alone
(Faloye et al., 2017). This therefore shows biochar offers a sustainable solution for increasing

fertiliser use efficiency.

Single application of biochar and urea fertiliser significantly increased activity of the urease
enzyme about 33% in relation to the control. Furthermore, when the two soil amendments were
combined together higher urease activity of 41% was registered compared to the enzyme’s activity
in soils that were solely amended with biochar or urea alone (Hangs et al., 2016). Combination of
30 t ha! of biochar, urea and manure increased vegetable yield by 32%, 48% when compared to
application of urea fertiliser, urea and manure combined (Jia et al., 2012). Mesquite biochar when
added to soils produced the highest onion leaf length of 32.38 cm followed by 31.33 cm from
farmyard manure and 30.11 cm of NPK fertilisers. Similar trend of results was obtained in onion
yield were the biochar amendment gave the highest total yield of 268.55 kg ha™* followed by
211.46 kg ha™* from farmyard manure application and 192.54 kg ha™* from NPK fertiliser (Khan
et al., 2019). Agronomic efficiency and nitrogen recovery increased by 140% and 191%
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respectively when biochar was combined with N fertiliser in comparison with the highest rate of
90 N kg ha* of N fertiliser and the control in the 2 years of experiment (Oladele et al., 2019).
Biochar increased P use efficiency by approximately 10% when compared to Triple
Superphosphate (TSP) chemical fertiliser (Borges et al., 2020).

2.6 Types of biochar

Biochar has different biological, physical and chemical properties (Wr,a6,asbel-Tobiszewska,
2014) depending on the type of biomass i.e. feedstock used for their production and the production
temperatures at which the pyrolysis was carried out (Qurat-ul-Ain et al., 2021; Tomczyk et al.,
2020). The physical characteristics of biochar are greatly associated with the biomass used while
the chemical and biological features of biochar are as result of both the biomass used and
production temperatures used (Wr,a0,abel-Tobiszewska, 2014). Different temperatures are used
in the production of biochar usually ranging from 300°C to 800°C and this has a significant effect
on the quality of the biochar with higher production temperatures producing biochar with less
nutrients available in the amendment (Peng et al., 2011). Biochar produced at low temperatures
(slow pyrolysis) i.e. below 500°C is richer in cation exchange capacity, nitrogen, phosphorus,
magnesium than the biochar produced under fast pyrolysis i.e. above 500°C (Naeem et al., 2014).
At higher production temperatures, some mineral elements undergo volatilisation, organic matter
composition is broken down thereby reducing the quality of the biochar formed. However, biochar
produced at higher temperatures has a higher carbon content than one formed under low

temperatures (Wr,ad,a<bel-Tobiszewska, 2014).

Different biomass used in biochar pyrolysis have different sizes of pores, varying ash levels and
varying chemical characteristics (Solaiman et al., 2019). Biochar feedstock can either be of plant
or animal origin (Onwuka & Nwangwu, 2016). Plant biomass commonly used as feedstock
includes wood that produces charcoal (Ndor et al., 2015), rice straws (Peng et al., 2011), acacia
stems and branches (Agegnehu et al., 2016), corncob and orchard pruning (Mensah & Frimpong,
2018). The most commonly used animal origin feedstock is poultry litter and cow manure
(Solaiman et al., 2019). In Kenya, the most commonly used feedstock for biochar production are
banana pseudo stems, maize residues of cobs and stovers, collard green stalks and woody
herbaceous trees farmers use for firewood and charcoal (Torres-Rojas et al., 2011). Plant based
biochar has higher nutrient content than the animal-based biochar. However, animal based biochar
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has some higher nutrients such as total nitrogen in poultry litter (Feola-Conz et al., 2017). For
biomass to produce high quality biochar it should meet the following parameters: black carbon
content should be more than 15%, hydrogen: carbon ratio less than 0.6; and oxygen: carbon ratio
less than 0.4 with a surface area greater than 100 m? g~* (Schimmelpfennig & Glaser, 2012).

2.7  Effect of biochar on soil chemical properties

2.7.1 Effect of biochar on soil nitrogen

Addition of biochar to soils increases the nitrogen content in the soil whereby nitrogen is released
from the soil stores where biochar influences nitrogen transformations leading to the release of the
nutrient to the soil (Liu et al., 2018). Addition of biochar to the soil brings about variation in the
soil’s nitrogen through affecting soil inorganic nitrogen such as nitrate and ammonium. Plant roots
absorb soil inorganic nitrogen for crop nutrition. Application of biochar either leads to an
increment, reduction or no effect on soil inorganic nitrogen (Bai et al., 2015; Xu et al., 2015). This
is attributed to many factors such as biochar duration in the soil, biochar type, its application rate
and soil properties (Alghamdi, 2018; Al-Wabel et al., 2018). In some instances, nitrogen becomes
readily available after some long period of biochar application in which the nutrient gets desorbed
into the soil solution. This is because mineralisation rate is proportional to time. Biochar of plant
origin usually lowers nitrogen mineralisation due to the low C: N ratio. Nitrogen mineralisation
occurs when C: N ratio is below 20 and a C: N ratio beyond 20 results into N immobilisation
(Manirakiza et al., 2019). Biochar lowers soil acidity thereby encouraging microbial activities and
population of nitrifiers which is usually lowered at soil pH below 5. Optimum soil aeration
encourages mineralisation by inhibiting denitrification and promoting nitrogen microbial
respiration (Nguyen et al., 2017). For a farmer to obtain high crop yield, N should be readily
supplied and be in available forms in the soil for crops to readily take up the nutrient (Musyoka et
al., 2017).

2.7.2 Effect of biochar on soil phosphorus

Biochar readily supplies phosphorus to the soil through different mechanisms. Phosphorus is not
readily available in acidic soils as it is fixed and adsorbed onto the iron and aluminum oxides.
However, biochar decreases soil acidity by making P readily available. Available P increased from

570 mg kg in unamended soil to 722.1 mg kg? when biochar was added to the soil. The
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experiment took forty days (Mensah & Frimpong, 2018). Increase of available phosphorus and
nitrogen in biochar amended soils is also as a result of the increased cation exchange capacity or
increased exchangeable bases (Mensah & Frimpong, 2018). Integration of biochar with synthetic
fertilisers reduces P sorption on soil particles leading to an increase in P use efficiency.
Furthermore, biochar provides conducive environment for the microbes such as phosphate
solubilising microorganisms responsible for phosphorus mineralisation. Findings by Arif et al.
(2017) showed biochar use increased PUE whereby biochar controlled P fixation on iron and
aluminum oxides, biochar increased PUE by increased mycorrhizal-fungal associations. In
addition, biochar addition raises the soil pH that makes soil P available by reducing its sorption.
In association, the charged surface sites of P which are positively charged facilitate the availability
of soil P and this improves crop nutrition since the nutrient will be readily available to the crop
roots (Mensah & Frimpong, 2018).

2.7.3 Effect of biochar on other soil chemical properties

Biochar when incorporated in soils increases soil cation exchange capacity. The soil amendment
is able to retain nutrients which is also supplemented by its sorption capacity (Mensah & Frimpong,
2018). Owing to its high surface charge density, biochar is able to improve the cation exchange
capacity through holding cations. This high surface charge density raises the amendment’s surface
sorption capability and its base saturation. The high charge density of biochar leads to an increase
in the soil CEC which is coupled by formation of carboxylic groups when the aromatic carbon on
the surface of the biochar is oxidised, this leads to increase in CEC (Peng et al., 2011). The biochar
has got numerous exchange sites for cations (Méndez et al., 2017). In addition, it increases cation
exchange capacity and nutrient use efficiency by improving water holding capacity due to its

spongy nature and increased organic matter content (Solaiman et al., 2019).

Incorporation of biochar in soils influences soil pH where it decreases acidity by acting as a liming
agent. Biochar is known to increase soil pH (Martinsen et al., 2015). This favors growth of crops
that do not thrive well in acidic soils (Faloye et al., 2017). Biochar gains its ability to change pH
from its pH itself, most biochar is alkaline thus end up increasing on the pH of acidic soils. Biochar
also has an ash content that enables to increase soil pH, this ash is enriched with carbonates and
other metal ions such as calcium and magnesium which gives it that liming effect (Mensah &
Frimpong, 2018).
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The study by Nzediegwu et al. (2019) found out that use of biochar in a potato garden leads to
reduced amount of heavy metals found in both the potato flesh and peel. Biochar retains the heavy
metals by lowering their mobility and bioavailability in the soil thereby minimising the hazardous
effects to human health (Nzediegwu et al., 2019). In addition, biochar is also known for adsorbing
environmental resistant pollutants, dyes, pharmaceuticals onto its surfaces lowering their release

into the soil and environment thus it has received recognition in conservation (Pan et al., 2021)

2.8  Effects of biochar on soil physical properties

Incorporation of biochar into the soil elevates crop growth and yield through lowering bulk density
and increasing specific surface area which are necessary for proper crop growth (Lusiba et al.,
2017). Low bulk density enables proper root proliferation and high specific surface area enables
high nutrient absorption (Méndez et al., 2017). Biochar has an impact on soil bulk density which
it reduces by about 3 to 31%, the more biochar applied, the further decline in bulk density (Blanco-
Canqui, 2017). This reduction in bulk density is attributed to two main mechanisms; the low bulk
density of biochar about less than 0.6 g cm which leads to the reduction of the soil’s bulk density
which is around 1.25g cm . Therefore, thorough mixing of the two, soil bulk density is reduced
through the dilution effect which is achieved through mixing of soil and biochar of two different
densities. However, this mechanism works best when the difference between the densities of soil
and biochar is high (Blanco-Canqui, 2017).

The other mechanism in which biochar reduces bulk density is when biochar mixes with soil, there
is a further development of porosity and aggregation improvement. Biochar boosts soil porosity
by about 14 to 64% (Omondi et al., 2016). All these two mechanisms are determined by the soil
type and biochar rate applied. Furthermore, the mixing of soil with biochar increases the soil
porosity, which is a result of the porous spongy nature of biochar. The improvement in soil porosity

facilitates nutrient and water movement in the soil (Esmaeelnejad et al., 2017).

Biochar has an effect on soil structure that influences penetration resistance (Joseph et al., 2020;
Simansky et al., 2016). Biochar undergoes interaction with the soil’s inorganic particles and in this
way lowers soil compaction enabling crop roots to penetrate to the deeper layers with ease in order
to acquire nutrients and water (Wang et al., 2017). Conversely this is usually not achieved in short
growing periods but rather after lengthy application of biochar such as biochar application for

more than two years and in higher quantities (Blanco-Canqui, 2017). The water holding capacity
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of the soil is enhanced by biochar additions. This enhancement can go up to 90% and is due to the

operative absorption power of the biochar units (Blanco-Canqui, 2017; Novak et al., 2012).

2.9  Effect of biochar on soil biological properties

2.9.1 Effect of biochar on general microbial population and activities

Biochar also enhances soil microbial population and activity by providing the microbes shelter due
to its porous nature and nutrition (Mackie et al., 2015; Zhang et al., 2014). Soil microbial
populations and activities normally increase after application of biochar which is attributed to
substrate availability and habitat (Dai et al., 2021). Soil microbes play a major role of nutrient
cycling (Garcia & Kao-Kniffin, 2018). The biochar is source of substrates in form of nutrients
from the organic matter to the soil microbes. In addition, the biochar provides shelter to the
microorganisms from some soil predators such as mites, protozoans, and nematodes due to the
small pore size of the biochar that is usually less than 5 mm in diameter. An increase in soil
microorganisms by biochar is evidenced by an increase in carbondioxide levels which is an
indicator of organic matter decomposition that is catalysed by soil microbes (Hardy et al., 2019).
Biochar incorporation is one of the factors which influences the population of different soil
organisms alongside other factors such as soil temperature, moisture, root exudates (Alkorta et al.,
2017; Azeem et al., 2020). This is because different types of the organisms have different
ecological conditions such as pH, water stress and their nutritional needs under which they thrive.
For example, bacteria require neutral to alkaline conditions, which are provided by biochar so that
in such a condition bacteria population is higher than the fungi population (Rousk et al., 2009). In
another study, Jiao et al. (2018) showed that addition of biochar led to absorption of antibiotics
that are poisonous to potato roots, and increased potato starch, fat, protein, and vitamins content
leading to high potato tuber quality.

2.9.2 Effect of biochar on phosphomonoesterase enzymes

The phosphomonoesterase enzymes availability are pH dependent; the acid phosphomonsterases
are found in acidic conditions of pH range of 4 to 6 while alkaline phosphomonsterases are found
in alkaline soils of pH 9 to 11 (Adetunji et al., 2017). These two enzymes are responsible for
hydrolysis of monoester bonds of mononucleotides and sugar phosphates and phosphoprotein

phosphatases (Nannipieri et al., 2011).
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The amount of phosphomonoesterase enzymes depends on soil microbial populations, organic and
inorganic fertilisers used and the agronomic practices applied (Adetunji et al., 2017; Cui & Holden,
2015). These enzymes transform organic phosphates stored in organic matter into inorganic forms
thus the release of these enzymes relies on phosphorus contained in organic compounds, plant and
microbial phosphorus needs and soil’s phosphorus deficiency levels (Margalef et al., 2017). When
soils are deficient in phosphorus, the plants and soil microorganisms respond by producing
phosphomonoesterases to counteract the deficiency by solubilising and remobilising phosphates.
This makes enzyme activity a measure of availability of inorganic phosphorus for plant and
microbial use (Adetunji et al., 2017). Phosphomonoesterases enzyme activities are more in the
rhizosphere than in the bulk soil medium due to modification in the rhizosphere that produces root
exudates that stimulate enzyme activity. Phosphomonoesterases enzyme activities are high in soils
with high organic matter. The organic matter provides substrate to the microorganisms that
produce the phosphomonoesterases enzymes (Nannipieri et al., 2011). This explains why
microbial activities are higher in soils amended with organic manures than in soils with chemical
fertilisers. The enzymes’ activities decrease with increase in soil depth due to limited oxygen and
substrate. This explains why most microorganisms are concentrated at a soil depth of 0 -10 cm.
The activities of phosphomonoesterases are a measure of soil health and quality as the enzymes
are very sensitive to environmental variations and management practices (Margalef et al., 2017).
The amount of inorganic P greatly influences the activities of the phosphomonoesterases.
Inorganic P concentration is determined by various factors such as plant cover, soil microbial
activities, presence of nutrient activators and inhibitors, and soil properties. All these factors are
influenced by the incorporation of biochar in the soil. Therefore, biochar directly influences
availability of inorganic P the P fraction which is responsible for soil phosphomonoesterases
activities (Zhai et al., 2015). Biochar influences the soil’s pH, biochar is known to increase Soil
pH (Martinsen et al., 2015). This greatly affects phosphomonoesterases presence and activities.
This is because alkaline phosphomonoesterases are predominant in alkaline soils and acid

phosphomonoesterases exist mainly in acidic soils.
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CHAPTER THREE
MATERIALS AND METHODS

3.1  Experimental sites description

A field-based experiment was carried out in two sites both located in Njoro, Nakuru county. The
first site was situated in field seventeen at Egerton University and the second site was situated in
Mau Narok. The site at Egerton university is located in agro-ecological zone I11 in Lower Highland
11 (0° 23" S;35° 35 E). The area is at an altitude of 2238m above sea level. The site receives bi-
modal rainfall of approximately 1000mm annually with average temperatures of 18°C to 21°C
(Jaetzold et al., 2012). The major soil type in this experimental area is mollic Andosols which is
characterised by good drainage, friable and smeary feel, dark reddish-brown color, moderate
fertility and sufficient depth (deep to very deep). The site characteristics provide suitable
conditions for potato growth (Jaetzold et al., 2012).

The second site was in Mau Narok in a farmer’s field in Agro-ecological zone Il in Upper Highland
I (0°39’ S;35 57" E) that is found in the southwestern part of Nakuru county at a latitude of 2,900
m above sea level. The area receives bimodal rainfall ranging from 1,200 to 1,400 mm with
minimum temperatures of 6 to 14°C and maximum temperatures of 22 to 26°C (Jaetzold et al.,
2012). The common soil types are mollic Andosols characterised by crumby structure, good
drainage, friable consistence, dark brown loams with clay loam texture and medium organic

matter. Major crops grown in Nakuru are potato, maize beans and wheat (Jaetzold et al., 2012).

The experiment was conducted across two seasons, during the short rains of September to
December 2020 in which planting was done in October 2020 and the second season: the long rains
of March to June 2021 with planting done in April 2021.

3.2 Varieties

Potato seeds were purchased from Agricultural Development Corporation (ADC), Molo. Two
potato varieties were planted i.e., Shangi and Destiny. Shangi is used for chips and Destiny is used
for crisps. The two varieties are preferred by most farmers in Nakuru due to their short life cycles
i.e. 3 to 4 months and their moderate resistance to most diseases especially late blight
(Phytophthora infestans), potato virus X (potato virus X), potato leaf roll virus (potato leaf roll
virus) and they give high yields (Hellmuth, 2019; Mumia et al., 2018; NPCK, 2019).

24



3.3 Biochar characterization

Biochar inform of charcoal dust was collected from charcoal producers in Nakuru county. This
was blended thoroughly to obtain a composite biochar material. This biochar was then crushed and
sieved through a 3-mm mesh (Major, 2009). This was followed by laboratory analysis of pH, total
N and P, calcium and magnesium (Major, 2009). A sub-sample was tested for pH using the
electrometric method, total carbon was determined by the Walkley-Black method using sulphuric
acid and aqueous potassium dichromate. Total N and P were determined in a digest where the
biochar was treated with hydrogen peroxide, sulphuric acid, selenium and salicylic acid (Okalebo
et al., 2002). Calcium and magnesium were determined by atomic absorption spectrophotometry
(Okalebo et al., 2002).

3.4  Experimental design and treatment combination

The experiment was laid out in Split Plot design in Randomized Complete Block Design (RCBD)
arrangement. The varieties were the main plot with amendments as sub-plot replicated three times.
Each experimental unit/plot measured 1.5m x3m with four rows spaced at 75cm each with five
plants spaced at 30cm. Two factors, that is, soil amendment (biochar and DAP) and potato
genotype were assessed. Biochar and Diammonium Phosphate (DAP) were applied at three levels
(0, 5, and 10 t hal) and (0, 250, 500 kg hal), respectively. The two amendments each at three
levels gave 9 treatments that were combined with the two potato varieties to obtain 18 treatment
combinations. These were then replicated 3 times to give 54 experimental units. The treatment
combinations are as shown in table (1).
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Table 1 :Treatment combinations

Biochar levels  DAP levels  soil Amendment

Trtno.  Variety (thal) (Kghat)  combination

1 Shangi 0 0 BODO

2 Shangi 5 0 B5D0

3 Shangi 10 0 B10DO

4 Shangi 0 250 B0OD250

5 Shangi 0 500 BOD500

6 Shangi 5 250 B5D250

7 Shangi 10 250 B10D250

8 Shangi 5 500 B5D500

9 Shangi 10 500 B10D500

10 Destiny 0 0 BODO

11 Destiny 5 0 B5D0

12 Destiny 10 0 B10DO

13 Destiny 0 250 B0OD250

14 Destiny 0 500 BOD500

15 Destiny 5 250 B5D250

16 Destiny 10 250 B10D250

17 Destiny 5 500 B5D500

18 Destiny 10 500 B10D500
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Figure 1 : Experimental Field-layout
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3.5  Land preparation, planting, and management

The land was ploughed followed by harrowing to obtain a moderate tilth suitable for planting
potato. Biochar and DAP were applied at planting according to the treatments. The soil
amendments were applied every season. The potato seeds were planted at the recommended inter-
row spacing of 75cm and intra-row spacing of 30cm (Musyoka et al., 2017). Uniform seeds of

same size of 35 to 55 mm were used for planting.

Hand weeding was done twice. The first weeding at 2 weeks from emergence and the second
weeding plus earthing was done prior to flowering. The second weeding plus earthing-up was done
to ease tuberisation, moisture conservation and to control the invading weeds. Late blight disease
(Phytopthora infestans) was prevented by spraying with Ridomil gold® a fungicide of active
ingredients Metalaxyl-M 40g kg and Mancozeb 6409 kg™ after every 7 days in rainy season and
after every 14 days in the dry season at a rate of 40g 20 L. Aphid infestation was controlled by
spraying with pesticide Thunder® containing active ingredients Imidacloprid 100 g L and
Betacyfluthrin 45g L™ at a rate of 10 ml 20 L. Potassium was added to the soil by basal application
of muriate of potash to all treatments at a rate of 50 kg ha™.

3.6  Soil sampling and analyses

Soil sampling was done twice i.e., at pre planting and post harvesting. Chemical analysis of the
soil samples collected from the two sites was done at NARL-KALRO in Kabete. While the
physical analyses were done in the soil science laboratory at Egerton university. The soil samples
were obtained using a soil auger at depths of 0 to 15cm, 15 to 30cm following the zigzag pattern.
The soil samples were first air dried and then sieved. Soil texture was determined by the
hydrometer (Bouyoucos) method (Okalebo et al., 2002).

Cation exchange capacity CEC was determined by the ammonium saturation method using 1M
ammonium acetate. 50 ml of 1N ammonium acetate solution was added to 10g of sieved, air-dried
soil into a bottle. The bottle content was then shaken in a mechanical shaker at 110 rpm for 30
minutes and the sample was left to stand overnight before the second mechanical shaking 30
minutes was done. The sample in the plastic bottle was filtered, leached twice using neutral 1N
KCI solution. The leachate was drained completely before the aliquot was added and topped up to
the 100 ml mark. At this point, the solution was now ready for determination of the individual
cations. The residue on the filter paper was then used for the determination of the cation exchange
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capacity of the soil. The CEC was then determined by measuring the total quantity of negative
charges per unit weight of the soil which are neutralised by the exchangeable cations and expressed

as milliequivalents per 100g soil (Okalebo et al., 2002).

Soil pH was determined in the laboratory by the electrometric method of 1: 2.5 soil: water ratio;
pH meter standardised with buffers of pH 7 and 4 were used to measure the pH of the soil. A soil
suspension of 1:2.5 soil water ratio was used and its pH was read from the pH meter. (Okalebo et
al., 2002). Inorganic nitrogen was measured by the colorimetric method in which 0.5 M K2SO4 was
used to extract ammonium and nitrate ions from the soil (Okalebo et al., 2002). Extractable
phosphorus was determined by the Mehlich 3 method, where the soil was extracted with a mixture
of 0.03N ammonium fluoride (NH4F) + 0.025N hydrochloric (HCI) acid (Okalebo et al., 2002).

Soil samples for phosphomonoesterases enzymes analysis were obtained at harvest. These were
randomly obtained from the rhizosphere by carefully excavating the soil next to the roots using a
soil auger to minimise bulk soil i.e., soil outside the rhizosphere or soil not penetrated by roots was
avoided. The soil samples were transferred into a clean bucket and thoroughly mixed to get a
composite sample. Of the composite sample, only 50g was placed in bag and taken to laboratory
for further analysis. To ensure the soil samples were not exposed to high temperature during transit
to laboratory, samples were transported in a cool box filled with ice cubes. At arrival in the

laboratory, samples were stored at 4°C in the refrigerator until analysis (Bottomley et al., 2020).

During analysis, 1gof fresh, moist, and sieved soil was assayed with either pH 6.5 for acid
phosphomonoesterases or pH 11 for alkaline phosphomonoesterases, 1 ml of p-nitrophenyl
phosphate solution made in the same buffer was added and contents incubated at 37°C for 1 hour.
1 ml of 0.5M calcium chloride and 4 ml of 0.5M sodium hydroxide were then added to the
incubated contents, swirled and suspension filtered through Whatman no. 2v folded filter paper.
The yellow colour intensity of p-nitrophenol was measured using a spectrophotometer at 400 nm.
Controls were performed with each soil analysed to allow for colour not derived from p-
nitrophenol released by phosphatase activity. Same procedure described above was followed but
the additions of 1 mL of PNP solution were made after the additions of 0.5M calcium chloride and

4 ml of 0.5M sodium hydroxide immediately before filtration of the soil suspension.
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Phosphomonoesterase enzymes’ activity was measured as mM pNP x kg™ xh* i.e. number of

moles of p-nitrophenol produced by 1 kg of a soil at 37°C per hour (Tabatabai & Bremner, 1969).

Total nitrogen was determined using the Kjeldahl method. Sieved soil samples were oven dried at
40° C followed by digestion using concentrated sulphuric acid containing selenium, copper
sulphate and potassium sulphate. Distillation followed by titration using standardised diluted
sulphuric acid were used to determine total nitrogen (Okalebo et al., 2002).

The Mehlich Double Acid Method was used to determine potassium, sodium, calcium and
magnesium. Sieved soil samples oven dried at 40° C were extracted with a mixture of 0.1 N HCI
and 0.025 N H2SO4. Potassium, sodium and calcium were determined with a flame photometer

while magnesium was determined using a UV/VIS spectrophotometer (Okalebo et al., 2002).

3.6.1 Soil and biochar analysis results

Table 2: Initial biochar, soil chemical and physical properties

Soil Sample
Study site Egerton Mau-Narok Biochar
Soil depth (cm) 0-15 15-30 0-15 15-30
Total Nitrogen (gkg™?) 0.24 0.24 0.26 0.24 0.35
Phosphorus (mg kg™) 18.50 22.00 30.70 27.60 0.08
Potassium (Cmol kg™) 1.80 1.40 1.36 0.56 0.73
Calcium (Cmol kg?) 9.00 10.20 4.60 3.80 1.19
Magnesium (Cmol kg?) 5.02 4.85 3.36 3.26 0.22
Sodium (Cmol kg?) 0.20 0.30 0.90 0.50 -
Cation exchange capacity (Cmol kg™)  29.00 32.00 24.30 25.70 -
Soil pH-H20 (1:1) 6.01 6.15 5.00 5.20 10.2
Total Org. Carbon (gkg™) 2.59 2.60 2.87 2.59 -
Sand % 58.00 60.00 56.00 56.00 --
Silt % 14.00 12.00 14.00 14.00 --
Clay % 28.00 28.00 30.00 30.00 --
Texture class SCL SCL SCL SCL --

SCL -Sandy clay loam
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3.7 Data collection

3.7.1 Objective 1: Effect of different rates of biochar and inorganic fertiliser on potato
growth and yield

a. Growth parameters
i.  Number of stems

Number of stems per plant were counted at intervals of 45, 52, 59, and 66 days after planting.
ii.  Plant height

This was measured, within the same timeframe for counting number of stems, using a meter ruler

starting from the main stem base to the shoot apex.

b. Yield parameters
i.  Number of tubers

At harvest, the number of tubers per plant were counted.

ii.  Tuber weight
The tubers were graded into categories according to their sizes i.e. large size >55mm diameter,
medium size at 35-55mm diameter then small size <35mm diameter using a potato hand grading
machine (Kirigo, 2019). The weight of the tubers was determined to get total weight of tubers in
each treatment.

iii.  VYield
Weight was used to compute yield. The marketable yield was obtained by subtraction of the non-
marketable yield from the total tuber yield.

Equation 7: Total tuber yield calculation formula

Weight per plant X plant population
1000

Total tuber yield (tha™!) =
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iv.  Dry matter

Dry matter of the potatoes was determined in the laboratory where a sub-sample of potato tubers
200 grams were sliced or grated uniformly, and oven dried at a temperature of 65°C for 72 hours

to constant weight.

Equation 8: Dry matter calculation formula

D tter (%) = Weight of sample after drying 100
Y mater ) = T Mhitial weight of sample

3.7.2 Objective 2: Effect of different rates of biochar and inorganic fertiliser on nutrient

use efficiency

3.7.2.1 Nutrient uptake
Tissue analysis for N and P was done on sampled potato tubers that were oven dried at 65°C for

48 hours at NARL-KARLO Kabete Nairobi. The formulae below were used to calculate N uptake and
P uptake respectively (Baligar et al., 2001).

Equation 9: Nitrogen uptake calculation formula

[N (%) x dry matter (kgha™1)]
100

N uptake (KgN ha™1) =

Equation 10: Phosphorus uptake calculation formula

[P (%) X dry matter (kgha™1)]
100

P uptake (KgPha™1!) =

3.7.2.2 Agronomic efficiency

Agronomic efficiency (AE) was determined at maturity stage where the potatoes were harvested
and yield in both the fertilised and unfertilised plots measured. The formulae below were used to
calculate agronomic efficiency resulting from N and P application respectively (Baligar et al.,
2001).
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Equation 11: Nitrogen agronomic efficiency calculation formula

[Yieldr (Kgha™1) — Yield, (Kgha™1)]
Quantity of N applied (Kg N ha—1)

AEy (KgKgN™") =

Equation 12: Phosphorus agronomic efficiency calculation formula

[Yieldr (Kgha™!) — Yield, (Kgha™1)]

-1\ —
ABp (RgRg P™) = = - ntity of P applied (Kg P ha D)

Where F means fertilised, and C means control where no fertiliser was applied.

3.7.3 Objective 3: Effect of different rates of biochar and inorganic fertiliser on selected
soil properties

(see section 3.6)

3.8  Data analysis

The data was first tested for normality using Shapiro Wilk test. Analysis of variance was done
using General Linear model procedures of SAS 9.3 version. Comparison of treatment means was
determined by Tukey’s honestly significant difference at 0.05 since treatment combinations are

more than four.

3.8.1 Statistical model

Equation 13: Statistical model

+ AEjy, + ASEjj, + AV, + AVS;)y, + AVEjy, + AVSEjjim + Ejjrim

Where;

Yijkimn = Overall yield, p = overall mean, Si = effect due to the i*" season, E; = effect due to the j™
environment, SEjj = effect of interaction of i season and j™ environment, Ryj) = effect due to the
k™ block, Vi = effect due to the I'™ variety levels, VS = effect of interaction due to the I™ variety
levels and i season, VEj = effect of interaction due to the j™ environment and the I variety levels,
VSEj; = effect of interaction due to the I variety levels, i season and j™ environment, \Rigijy =
effect of interaction due to the I variety levels and k" block, Am =effect due to the m™" soil
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amendment levels, ASim = effect due to the m'" soil amendment levels and i season, AEjm = effect
due to the m™ soil amendment levels and j environment, ASEijm = effect due to m™ soil
amendment levels, i season and and j™" environment, AVim = effect due to the m™ soil amendment
levels and I" variety levels, AVSiim = effect due to the m™ soil amendment levels, 1" variety levels
and i season, AVEjm = effect due to the m™ soil amendment levels, 1" variety levels and j*
environment, AVSEij, = effect due to the m™ soil amendment levels, I variety levels, i season

and j™ environment, Eijmn= random error term
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CHAPTER FOUR
RESULTS
4.2  Effect of different rates of biochar and inorganic fertiliser on potato growth

4.2.1 Number of stems

The different applied fertilisers significantly increased number of stems at (P<0.001). Treatments
500 kg ha* DAP, 5 t ha! Biochar with 500 kg ha* DAP and 10 t ha* Biochar with 500 kg ha
DAP gave the highest number of stems (Table 3). The lowest number of stems was registered in
control and plots that were amended with sole biochar at 5 or 10 t ha® (B5D0 and B10DO0). At
Egerton in the short rains season, there were no significant differences across treatments for
number of stems for Destiny. In contrast, Shangi planted in the same season and site; there were
significant differences on the number of stems. But for both varieties,500 kg ha! DAP, 5 t ha'
Biochar with 500 kg ha* DAP and 10 t ha™ Biochar with 500 kg ha* DAP produced the highest
number of stems. In the same site during the long rains, the number of stems differed significantly
for Destiny across the applied fertilisers with the highest number of stems still being recorded for
plots amended with 500 kg ha™ DAP and 5 t ha™ Biochar with 500 kg ha™ DAP. The controls and
plots singly amended with 5 t ha™* Biochar and 10 t ha™* Biochar produced potatoes with the lowest
number of stems (Table 3). This was also observed during the long rains at Egerton where BOD500
gave the highest number of stems while 10 t ha™ Biochar gave the lowest stems for both varieties.
Similar trend was observed in Mau Narok, during the short rains where 500 kg ha® DAP, 5t hat
Biochar with 500 kg ha* DAP and 10 t ha™* Biochar with 500 kg ha™* DAP produced the highest
number of stems for Destiny with the least from control, 5 t ha Biochar and 10 t ha* Biochar.
The same trend was observed in Shangi. Still in the long rains, for Destiny, 5 t ha* Biochar with
500 kg ha™* DAP gave the highest number of stems while for Shangi the highest was obtained from
plots treated with 500 kg ha* DAP while the control and 10 t ha® Biochar gave the lowest number
of stems for all varieties. In the two study sites there was consistence of trend where 500 kg ha*
DAP, 5t ha'! Biochar with 500 kg ha™* DAP and 10 t ha'* Biochar with 500 kg ha™* DAP treatments
produced the highest number of stems for both varieties in the two seasons and lowest number of

stems from the control and plots with sole application of biochar.
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Table 3: Effect of biochar and DAP on the number of stems at 52 dap at Egerton and Mau Narok, Kenya.

Egerton Mau Narok

Short rain season Long rain season Short rain season Long rain season
Treatment Destiny Shangi Destiny Shangi Destiny Shangi Destiny Shangi
BODO 2.58? 2.25% 3.72¢ 2.97° 2.25¢ 2.25P 4.85% 3.50%
BOD250 2.922 2,700 4.273¢ 3.533¢ 3.08%¢ 2.75% 5.25% 4,50
BOD500 3.332 3.33% 5.252 4.328 3.42% 2.85% 5.47% 4.75°
B5DO 2.58? 1.95¢ 3.75%¢ 2.78° 2.50°¢ 2.42% 4.92% 3.62%
B5D250 3.00 3.00%¢ 4.633¢ 3.25% 3.17%¢ 2.88% 5.58% 4,332
B5D500 3.432 3.662 5.08% 4.02% 3.75° 3.33° 6.00° 4,55
B10DO 2.252 2.25% 3.42° 2.73¢ 2.773¢ 2.33% 4,75P 2.92°
B10D250 2.822 2.833bcd 4.173c 3.33% 3.173b¢ 2.53% 5.67% 4,75
B10D500 2.872 3.50% 4.50%¢ 3.533¢ 3.25%¢ 2.75% 5.28% 3.98%
MSD NS 0.91 1.36 0.91 1.11 1.07 1.24 1.25

Means with the same letter(s) within a column are not significantly different at (p < 0.05), MSD: Minimum Significance Difference,
NS: Not Significantly Different, B: Biochar, D: DAP, dap: days after planting.
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4.2.2 Plant height

The different types and levels of soil amendments applied resulted into significant differences in
potato plant heights (p<0.001). Soil amendments 500 kg ha* DAP, 5 t ha? Biochar with 500 kg
hal DAP gave the highest plant height (Table 4), (Table 5). Plots that received only biochar
produced the shortest potato plants that were not significantly different from the control. An
increment in biochar application from 5 t ha to 10 t ha'* decreased potato plant height. Generally,
for both sites, plots treated with 500 kg ha* DAP, 5 t ha'* Biochar with 500 kg ha™ DAP produced
the tallest potato plant heights in both seasons and varieties (Table 4), (Table 5).
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Table 4 : Effect of biochar and DAP on the plant height at Egerton, Kenya.

Egerton
Short rain season (October - December 2020) Long rain season (April - July 2021)
Destiny Shangi Destiny Shangi

Treatment 45dap  52dap 66dap 45dap  52dap 66dap 45dap  52dap 66dap 45dap  52dap 66dap
BODO 20.33*  29.07° 5425  41.75* 59.96°  84.17° 16.422  29.08°  46.67°  43.00* 57.00° 77.17°
BOD250 22.88* 37.50% 57.922  4558% 68.50%  89.25" 18.332  30.33°  49.67°  43.75% 6242  81.58
BOD500 24.13*  41.83*% 60.08  46.75* 72.00®  96.25% 19.17¢  36.17% 5533*  46.67%  69.00? 87.832
B5D0 19.922  30.00® 52.42%  39.43* 60.42°  88.83" 17.928  29.92® 4475 4433 58.33" 79.002
B5D250 23.75* 37.33% 56.672 4558 7200  95.33% 20.33*  32.33%  52.17%  46.08% 58.17° 82.67°
B5D500 24578  42.75% 61.58%  47.71*  76.00° 102.17¢  22.50*  38.50° 61.17¢0  40.17° 67.42% 88.67°
B10DO 18.002  32.58* 52,67  41.27* 60.33*  87.17™ 17.170  29.17°  4958"  46.25%  59.42%  79.33?
B10D250 21.18* 36.38% 56.75*  4525* 67.75®  95.75% 18.67¢  30.33° 50.75%  48.42%  63.42%  80.17°
B10D500 22.83* 38.38% 5500a 48.83% 70.25®  94.00%c  17.92%8 32,92  5342®  46.25% 62.50*  84.83%
MSD NS 13.25 NS NS 12.69 10.67 NS 7.49 10.72 NS 10.64 NS

Means with the same letter(s) within a column are not significantly different at (p < 0.05), MSD: Minimum Significance Difference,
NS: Not Significantly Different, B: Biochar, D: DAP, dap: days after planting.
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Table 5: Effect of biochar and DAP on the plant height at Mau Narok, Kenya.
Mau Narok

Long rain season (April - July 2021)
Short rain season (October - December 2020)

Destiny Shangi Destiny Shangi
Treatment 45dap  52dap 66dap  45dap 52dap 66dap 45dap 52dap 66dap 4bdap 52dap 66dap
BODO 7.67° 15,50  41.00° 19.75° 32.83" 62.67° 20.25° 32.25° 49.25° 34.33% 49.67¢ 76.92°
B0D250 12.67% 21.58%¢ 4507%c 2583% 40.33%f 70.83%°c 24.67% 36.67* 55.25% 39.17% 57.17%% 85 423c
BOD500 15.17% 28.50° 50.33* 29.33* 50.00% 75.75% 24.42%c 3875% 59.17% 43.33* 61.67*° 91.00°
B5D0 8.17° 15.00¢ 39.42¢ 19.83° 32.25¢ 65.17°° 20.00° 31.50° 49.50° 35.75% 50.42%  81.00%°
B5D250 13.83% 24.33%c 48.33%°c 26,92 43.17° 6£9.83%°c 2575%® 38.08% 56.50% 39.42% 58.75% 88 .58®
B5D500 18.50* 29.00? 5433  25.25% 51.83* 7892 28.67* 43.33* 62.33% 41.75% 63.08? 90.752
B10DO 10.33% 20.00*¢ 40.75° 19.58°> 34.50°% 66.08%° 21.67° 33.00° 50.17° 34.58% 51.75°¢ 7958
B10D250 12.75% 23.50%¢ 4217 24.67% 41.42¢% 70.67%¢ 24.67% 37.42® 54.00% 38.08° 56.42% 85 50%c
B10D500 14.67® 25.250% 45.08%c 27.75% 48.92%¢ 73.67% 26.08° 41.33% 57.92% 40.92% 59.92%¢  89.00%
MSD 8.54 9.78 10.01 7.05 8 12.97 5.48 8.17 8.99 NS 10.09 10.13

Means with the same letter(s) within a column are not significantly different at (p < 0.05), MSD: Minimum Significance Difference,
NS: Not Significantly Different, B: Biochar, D: DAP, dap: days after planting.
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4.3  Effect of different rates of biochar and inorganic fertiliser on potato yield

4.3.1 Total tuber yield

The different treatments significantly increased total tuber yield (P<0.001). Incorporation of 500
kg ha* DAP, 5 t ha'! Biochar with 500 kg ha! DAP and 10 t ha* Biochar with 500 kg ha! DAP
recorded the highest total tuber yield and lowest yield was from control and plots that received

biochar application only (Table 6), (Table 7).

At Egerton in the short rain season, plots amended with 5 t ha™ Biochar with 500 kg ha™* DAP and
10 t ha Biochar with 500 kg ha* DAP produced the highest yields and controls produced the
lowest yield for both varieties. Still in the long rain season, 5 t ha™* Biochar with 500 kg ha™* DAP
and 10 t ha'* Biochar with 500 kg ha™ DAP had the highest total yields for destiny soils however
for Shangi, the highest yields were from plots fertilised with 500 kg ha* DAP (Table 6). Similarly,
in Mau Narok for all varieties and seasons, still 500 kg ha* DAP, 5 t ha* Biochar with 500 kg ha
1 DAP and 10 t ha Biochar with 500 kg ha* DAP gave the highest potato tuber yields (Table 7).

4.3.2 Marketable tuber yield

The applied fertiliser treatments significantly (P<0.001) affected the marketable tuber yields. Soils
amended with 500 kg ha* DAP, 5 t ha! Biochar with 500 kg ha* DAP and 10 t ha* Biochar with
500 kg hat DAP gave the highest marketable tuber yield with the least recorded from the control
and sole biochar plots (Table 6), (Table 7). In Egerton during the short rain season, soil
amendments of 500 kg ha DAP and 10 t ha! Biochar with 250 kg ha' DAP gave the highest
marketable tuber yield for Destiny. However, for Shangi, the highest marketable tuber yield was
from plots amended with 5 t ha™ Biochar with 500 kg ha* DAP and 10 t ha™* Biochar with 500 kg
hat DAP. However, for the long rain season, treatments 500 kg ha* DAP, 5 t ha™ Biochar with
500 kg ha! DAP and 10 t ha® Biochar with 500 kg ha* DAP gave the highest marketable tuber
yields for both varieties (Table 6). A similar trend was obtained in Mau Narok with 500 kg ha*
DAP, 5 t ha! Biochar with 500 kg ha* DAP and 10 t ha* Biochar with 500 kg ha* DAP giving
the highest marketable tuber yields (Table 7). Throughout the seasons, sites and varieties the
controls, 5 t ha® Biochar and 10 t ha Biochar had the lowest marketable tuber yield (Table 6),
(Table 7).
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Table 6: Effect of biochar and DAP on potato total yield (t ha) and marketable yield (t hat) at Egerton, Kenya.

Egerton
Short rain season Long rain season
Destiny Shangi Destiny Shangi
Treatment Yield Mkt yield Yield Mkt yield Yield Mkt yield Yield Mkt yield
BODO 12.02° 9.47° 9.168 6.64° 25.02° 14.00° 23.48¢ 15.73¢
BOD250 18.03° 12.44° 14.681 10.52% 27.89% 23.84¢% 31.59°¢ 23.11°0cd
BOD500 22.79* 11.02° 25.47% 16.47° 37.45%¢ 27.84° 44 55 31.442
B5DO 12.36¢ 7.22° 15.95¢F 9.27% 34.82bcd 25.51¢d 26.14% 21.80°
B5D250 16.42%¢ 14.58% 22.05% 18.40 36.49%0c 33.16%¢ 32.35° 24.98%cd
B5D500 26.41° 21.84% 32.39° 25.96% 44,45 37.022 30.530 27.98%
B10DO 13.78b 8.22° 16.60%f 9.79% 24.91° 17.16° 23.62¢ 18.18%
B10D250 12.69° 10.38° 21.15¢%e 13.45% 31.94cde 23.16% 39.53%® 30.78%
B10D500 24.142 14.46% 30.828 22.52% 42.85% 36.22% 34.86"¢ 26.473¢
MSD 4.64 7.54 6.10 4.98 8.77 9.13 9.46 9.48

Means with the same letter(s) within a column are not significantly different at (p < 0.05), Mkt: Marketable, MSD: Minimum
Significance Difference, NS: Not Significantly Different, B: Biochar, D: DAP.
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Table 7: Effect of biochar and DAP on potato total yield (t ha) and marketable yield (t ha) at Mau Narok, Kenya.

Mau Narok
Short rain season Long rain season
Destiny Shangi Destiny Shangi

Treatment Yield Mkt yield Yield Mkt yield Yield Mkt yield Yield Mkt yield
BODO 12.71¢ 6.44¢ 26.37¢ 13.26° 17.445¢ 14.40" 20.41° 19.29P
BOD250 18.39% 8.85¢¢ 29.19b¢d 15.49¢ 22.31% 19.043bc 28.05% 25.27%
BOD500 26.55% 15.47% 33.44% 23.33% 25.352 24.18% 28.16% 27.85%
B5DO 14.25¢ 10.47¢¢ 26.70¢ 17.34b¢ 13.25¢ 12.51¢ 20.78° 19.33°
B5D250 20.06" 15.02° 29.66° 22.67% 23.79% 20.85%¢ 26.32%¢ 25.02%
B5D500 29.39° 24.90° 36.54° 28.76° 27.512 25.142 31.68° 30.76°
B10DO 15.06% 11.07¢4 27.11¢4 15.13¢ 18.28% 16.313bc 22.13" 20.75%
B10D250 19.07¢ 14.49b¢ 29,755 25.62° 24.86%° 24.30° 26.85%¢ 26.00%
B10D500  28.06 20.42%® 35.21% 28.67° 26.88° 22.89% 29.122 25.19%
MSD 7.33 6.63 6.54 6.24 6.87 9.97 6.96 10.36

Means with the same letter(s) within a column are not significantly different at (p < 0.05), Mkt: Marketable, MSD: Minimum
Significance Difference, NS: Not Significantly Different, B: Biochar, D: DAP.
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4.3.3 Number of potato tubers as affected by application of biochar and fertiliser

Number of tubers per plant significantly varied across the treatments (p<0.001). Soils with
fertiliser treatments 500 kg ha™* DAP, 5 t ha! Biochar with 500 kg ha DAP and 10 t ha Biochar
with 500 kg ha on average produced the highest number of tubers per plant. The lowest number
of tubers per plant were registered under control and in soils amended with only biochar (Table 8),
(Table 9). In Egerton during the short rain season the highest number of tubers was from plots
that received 500 kg ha* DAP which was not significantly different from plots amended with 250
kg ha DAP, 5t ha! Biochar with 500 kg ha! DAP and 10 t ha® Biochar with 500 kg ha* for
Destiny. The same treatments gave higher yields for Shangi grown in the same site and season.
For the long rain season in Egerton, the highest number of tubers per plant 15.50, 14.83 and 14.67
were registered in plots that received 500 kg ha* DAP, 5 t ha'* Biochar with 500 kg ha™* DAP and
10 t ha! Biochar with 250 kg ha™* respectively for Destiny. For Shangi the highest number of tubers
was in plots fertilised with 500 kg ha* DAP, 5 t ha! Biochar with 500 kg ha* DAP and 10 t ha
Biochar with 500 kg ha (Table 8). Still in Mau Narok, during the short rain season the soil
amendments of 500 kg ha* DAP, 5 t ha! Biochar with 500 kg ha* DAP and 10 t ha Biochar with
500 kg ha* gave the highest number of tubers per plant for Destiny. However, there were no
significant differences of treatments on number of tubers per plant with 500 kg ha™* DAP, 5t ha'
Biochar with 500 kg ha* DAP and 10 t ha™* Biochar with 500 kg ha* still registering the highest
for Shangi. In the long rains number of tubers differed significantly across the treatments with 500
kg hal DAP, 5 t ha! Biochar with 500 kg ha’ DAP and 10 t ha® Biochar with 500 kg ha*
producing the highest for both varieties (Table 9).

4.3.4 Assessment of tuber dry matter across treatments

The soil amendments significantly influenced dry matter of the potatoes (P<0.001). Plots amended
with 500 kg ha! DAP, 5 t ha! Biochar with 500 kg ha* DAP, 10 t ha’* Biochar with 500 kg ha™,
5t ha Biochar and 10 t ha'* Biochar gave the highest potato dry matter (Table 8), (Table 9). At
Egerton in the short rain season, applied soil amendments of 5 t ha® Biochar and 10 t ha™* Biochar
with 500 kg ha* gave the highest dry matter. However, in the long rain season, more dry matter
was found in plants that were grown on soils that received 500 kg ha™ DAP, 5 t ha'* Biochar with
500 kg hat DAP (Table 8).
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In Mau Narok during the short rain season, higher potato dry matter was found in potatoes grown
on soils amended with 5 t ha Biochar with 500 kg ha® DAP, 10 t ha* Biochar and 10 t ha™
Biochar with 250 kg ha* DAP. In the long rain season more potato dry matter was achieved in
soils treated with 5 t ha Biochar and 10 t ha™* Biochar (Table 9). At Egerton during short rain
season, there was no significant effect of the fertilisers on dry matter for Destiny. Nevertheless,
soils in which 5 t ha* Biochar was added gave the highest dry matter for Destiny while soils which
were applied with 10 t ha* Biochar with 500 kg ha™* DAP produced highest dry matter for Shangi.
However, in the long rain season at the same location, 5 t ha™ Biochar with 500 kg ha* DAP soil
amendment produced the highest dry matter for Shangi. It should be noted that for Destiny the
applied soil amendments did not significantly affect the dry matter (Table 8). At Mau Narok in the
short rain season, the greatest dry matter was from plots fertilised with 5 t ha® Biochar with 500
kg ha DAP, 10 t ha Biochar with 500 kg ha* DAP, 5t ha™* Biochar and 10 t ha'* Biochar. During
the long rain season in Mau Narok, the fertilisers did not significantly affect dry matter of the two

varieties (Table 9).
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Table 8: Effect of biochar and DAP on number of tubers per plant and dry matter (%) at Egerton, Kenya.

Egerton

Short rain season Long rain season
Variety Destiny Shangi Destiny Shangi
Treatment tubers/plant DM (%)  tubers/plant DM (%) tubers/plant DM (%)  tubers/plant DM (%)
BODO 6.17¢ 38.00° 7.23¢ 36.67% 10.67¢ 25.782 10.92¢% 24.19°
BOD250 8.90%¢ 40.172 8.77%¢ 37.67%® 12.423bc 24.06° 12.83bcde 25.76%
BOD500 10.90° 37.172 10.338bc 39.00% 15.502 28.19° 16.172 24.14P
B5DO 6.00% 42.00° 7.60° 33.33" 10.75¢ 25.46° 11.92¢de 27.98%®
B5D250 7,773 37.50° 11.073¢ 36.00% 12.33%¢ 25.022 14.523b¢cd 25.29%
B5D500 10.74%® 35.832 12.00% 38.50% 14.673¢ 26.09° 15.758b¢ 30.48°
B10DO 5.27¢ 40.332 7.90% 37.17%® 10.83% 25.16° 9.83¢ 24.09°
B10D250 7.600¢ 41.83? 9.8020¢ 34.67° 14.83% 26.54% 13.753bcde 25.86%
B10D500 8.53%°¢ 36.67° 12.278 42.00° 14.08%¢ 26.592 17.422 25.79%
MSD 3.19 NS 4.23 6.69 4.01 NS 4.08 6.12

Means with the same letter(s) within a column are not significantly different at (p < 0.05), DM: Dry Matter, MSD: Minimum Significance
Difference, NS: Not Significantly Different, B: Biochar, D: DAP.
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Table 9: Effect of biochar and DAP on number of tubers per plant and dry matter (%) at Mau Narok, Kenya.

Mau Narok

Short rain season Long rain season
Variety Destiny Shangi Destiny Shangi
Treatment  tubers/plant DM (%) tubers/plant DM (%) tubers/plant DM (%) tubers/plant DM (%)
BODO 6.313¢ 36.17° 9.37° 36.50%  6.25%° 25.74%  7.25 24.08?
BOD250  8.07%¢ 39.00° 10.702 31.83°  8.25%¢ 28.63%  9.50%° 25.222
BOD500  8.80% 36.33" 12.572 39.50® 9.58° 26.77%  11.33° 27.06°
B5DO 5.43¢ 36.17° 9.10? 41.83%  5.08° 26.18%  6.58° 27.39?
B5D250  8.20%¢ 35.67° 11.332 39.17%  7.25%¢ 26.18%  9.08%° 25.022
B5D500  9.20° 48.00° 12.932 42.00°  9.08® 26.33*  11.25° 25.06°
B10DO 6.10" 35.50P 9.80? 42.00° 550 29.07°  6.42° 23.63?
B10D250  7.20%°¢ 37.00° 10.702 42.33%  8.47%¢ 26.28%  9.58%° 25.16°
B10D500  8.57% 37.50° 12.532 37.00% 9.50° 26.34%  10.25%® 24.972
MSD 3.05 7.47 NS 8.38 3.61 NS 3.36 NS

Means with the same letter(s) within a column are not significantly different at (p < 0.05), DM: Dry Matter, MSD: Minimum Significance
Difference, NS: Not Significantly Different, B: Biochar, D: DAP.
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4.4  Effect of different rates of biochar and inorganic fertiliser on selected soil properties

441 Soil pH

Soil pH was significantly affected by soil amendment applied (P<0.001). Application of DAP with
no biochar amendment significantly acidified the soils while the biochar increased soil pH making
it alkaline. Generally, the soil pH under different soil amendments across different seasons and
locations varied between 4.92 and 7.54 (Table 10). At Egerton, treatment B5D500 increased soil
pH from the initial 6.01 to 6.55 and 7.25 in fields planted to destiny and shangi, respectively in
both seasons. This was not significantly different from other treatments that had biochar (Table
10). At Mau Narok in the short rain season, soil amendment B5DO0 gave the highest soil pH of 7.54
from the initial soil pH of 5.00 which was not significantly different from B10D250 and B10D500
on soils planted with destiny. However, in the same season under soils grown with shangi, BSD500
had the highest soil pH of 7.39 from the initial soil pH of 5.00. Still, this was not significantly
different from the soil amendments of B5D0, B5D250 B10D500. In the long rain season, B5D0
had the highest soil pH for both varieties that was not significantly different from all the other
amendments that had biochar. The lowest pH of 4.90 at Egerton was found with 250 kg ha* DAP
during the second season under Destiny. At Mau Narok study site, the lowest soil pH in this site
in the short rain season averaged 5.31 and was found from the control that was not significantly
different from the soil pH measured in soils amended with 250 kg ha* DAP and 500 kg ha* DAP
under Shangi variety. In the long rain season, control and 500 kg ha™* DAP still had the lowest soil
pH both under Destiny (Table 10).
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Table 10: Effect of biochar and DAP on soil pH at Egerton and Mau Narok Kenya.

Egerton Mau Narok

Short rain season Long rain season Short rain season Long rain season
Treatment Destiny Shangi Destiny Shangi Destiny Shangi Destiny Shangi
BODO 5.66%¢ 5.99 5.05° 4.99¢ 5.43¢ 5.31¢ 4.97¢ 5.29b¢
BOD250 5.55" 5.75° 4.90° 5.07¢ 5.46¢ 5.55¢ 5.24¢ 5.05°
BOD500 5.42¢ 6.14%¢ 5.27" 5.19% 5.36¢ 5.60% 5.19% 5,29
B5DO 6.013¢ 6.23%°¢ 5.932 5.71% 7.542 6.68% 5.692¢ 6.242
B5D250 6.193¢ 6.773¢ 5.65% 5.932 6.43¢ 6.61% 5.492b¢ 5.728bc
B5D500 6.55% 7.25 5.65% 5.79% 6.58" 7.39 6.07% 6.29%
B10DO 6.07%¢ 6.86%¢ 6.012 5.240¢ 6.49" 6.58" 6.282 6.512
B10D250 5.923b¢ 6.78%¢ 5.70%® 5.75% 7.26° 6.33% 5.823b¢ 5.76%°¢
B10D500 6.38% 7.04%® 5.82% 6.022 7.11% 6.85% 6.08% 6.00%
MSD 0.95 1.12 0.57 0.64 0.69 0.78 1.03 0.87

Means with the same letter(s) within a column are not significantly different at (p < 0.05), MSD: Minimum Significance Difference,
NS: Not Significantly Different, B: Biochar, D: DAP.
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4.4.2 Soil phosphomonoesterases

Both enzymes were significantly affected by soil amendment (P<0.001). There were significant
differences of both enzymes in the applied treatment factors. Sole application of biochar was not
significantly different from unamended soils for the acid enzymes. Combination of biochar and
DAP induced significant increases in soil alkaline enzymes, but these were not significantly
different. Generally, the controls (soils with no amendment) recorded the lowest alkaline enzymes
that were not significantly different from alkaline enzymes under sole application of DAP (Table
11), (Table 12). In Egerton during the short rains, soil amendment 5 t ha* Biochar with 500 kg
ha™* DAP under both varieties, gave the highest alkaline enzymes. However, in the long rains, soils
under 10 t ha! Biochar with 500 kg ha! DAP planted with Shangi gave the highest alkaline
enzymes while for Destiny the highest was under 10 t ha™* Biochar with 250 kg ha™* DAP but still
these two were not significantly different from 5 t ha™* Biochar with 500 kg ha™ DAP (Table 11).
In Mau Narok, 10 t ha™ Biochar with 500 kg ha* DAP amended soils gave the highest alkaline
enzymes for both varieties during both rains. Acid soil phosphomonoesterases, in Mau Narok, the
highest acid enzymes were under the recommended rate of DAP followed by integration of biochar
and DAP (Table 12).
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Table 11: Effect of biochar and DAP on soil acid and alkaline phosphomonoesterases at Egerton, Kenya.

Egerton
Short rain season Long rain season

Variety Destiny Shangi Destiny Shangi

Acid Alkaline Acid Alkaline Acid Alkaline Acid Alkaline
Treatment

enzyme enzyme enzyme enzyme enzyme enzyme enzyme enzyme
BODO 165.49% 61.691 127.49° 76.67¢ 56.81¢ 23.85° 90.46% 29.50°
BOD250 241.18? 36.29° 114.84° 87.33¢ 76.81°¢ 28.920¢ 98.942 33.68%
BOD500 261.772 102.09° 185.972 109.79° 101.022 36.4482bc 115.48° 32.89%
B5DO0 135.25¢ 122.913¢ 118.96° 119.00°¢ 53.14¢ 32.443b¢ 84.812 29.33P
B5D250 230.41% 137.48° 163.03? 150.26° 91.47% 37.88%® 101.88? 35.98%
B5D500 188.46 139.132 163.912 144552 95.05% 37.94% 112.782 38.24%
B10DO 155.53% 106.24%¢ 104.48° 110.04° 59.22% 35.934%¢ 83.39? 27.44°
B10D250  182.07° 124.39%¢ 161.492 131.86% 84.97% 43.832 100.49? 36.99%
B10D500  166.80%  133.87%® 162.68° 144.412 90.96% 43.432 100.91° 43.45°
MSD 44.76 27.79 33.81 21.67 23.19 13.23 NS 11.16

Means with the same letter(s) within a column are not significantly different at (p < 0.05), acid and alkaline enzymes (mM pNP x kg™
xh™), MSD: Minimum Significance Difference, NS: Not Significantly Different, B: Biochar, D: DAP.
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Table 12 : Effect of biochar and DAP on acid and alkaline phosphomonoesterases at Mau Narok, Kenya.

Mau Narok
Short rain season Long rain season

Variety Destiny Shangi Destiny Shangi
Treatment Acid Alkaline Acid Alkaline Acid Alkaline Acid Alkaline

enzyme enzyme enzyme enzyme enzyme enzyme enzyme enzyme
BODO 109.46% 23.41¢ 87.15%f 25.924 92.673¢ 18.73P 85.31% 28.07°
BOD250 135.06 88.71¢ 136.52%¢ 36.73¢ 101.66%¢  18.42° 97.30% 29.47°
BOD500 174,542 94.36° 179.49° 106.94° 108.22®  30.83%® 111.19° 30.39°
B5DO0 101.91%  123.40% 76.43¢ 116.16° 74.10° 32.522 94.03% 31.37¢
B5D250 111.98% 140.01° 107.72%%  123.43P 107.85%  37.94° 106.30%  38.93%¢
B5D500 154.44%° 135.40? 134.12%¢ 120.79° 112.522 37.76° 113.432 42.6130¢
B10DO 69.61° 90.72¢ 72.22f 75.43¢ 80.67 33.51° 75.81° 36.38"
B10D250  154.69®®  106.61" 114.45% 103.27° 90.772%¢ 40.762 86.77% 49.84%
B10D500  146.18% 143.622 156.27% 150.362 88.76%¢ 44,132 93.20% 51.992
MSD 33.09 26.29 34.28 25.96 27.98 13.55 30.81 15.53

Means with the same letter(s) within a column are not significantly different at (p < 0.05), acid and alkaline enzymes (mM pNP x kg-1
x h-1), MSD: Minimum Significance Difference, NS: Not Significantly Different, B: Biochar, D: DAP.
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4.4.3 Inorganic nitrogen

Soil ammonium and nitrate were both significantly influenced by incorporated soil amendments
P<0.001. The highest increases in soil nitrate and ammonium for the two sites in the two seasons
were observed in plots where biochar interacted with di-ammonium phosphate (Table 13), (Table
14). Applied soil amendments of 10 t ha™ Biochar with 250 kg ha* DAP, 5 t ha™ Biochar with
500 kg ha™* DAP gave the highest soil nitrate in Egerton for season one and season two respectively
all planted with Destiny. The lowest soil nitrate concentration was observed where no soil
amendments were applied (Table 13). Conversely, in Mau Narok, 5 t ha'! Biochar, 5 t ha™ Biochar
with 250 kg ha* DAP gave the highest soil nitrate in season one and season two respectively all
under Shangi (Table 14). Like Egerton, control gave the lowest soil nitrate (Table 13), (Table 14).

4.4.4 Extractable phosphorus
Soil phosphorus significantly varied in the applied soil amendments (P<0.001). Significant

increases in soil P were observed from application of recommended rate of DAP, combination of
biochar and inorganic fertiliser of DAP. Low soil P levels were found in soils under sole biochar
and unamended soils. Soil P levels were different during the growing seasons (P<0.001) (Table
13), (Table 14). The highest soil phosphorus of 136 Mg kg™ was observed under 5 t ha™* Biochar
with 250 kg ha™* DAP grown with Shangi variety in the short rain season at Mau Narok. The lowest
2.0 Mg kg* was found in soils amended with 5 t ha® Biochar during the long rains planted with
Destiny during the long rains in Mau Narok. However, the low soil phosphorus under 5 t ha*
Biochar was not significantly different from soil phosphorus levels of other soil amendments
(Table 14). In Egerton during the short rains the highest soil phosphorus was under soils amended
with 5t ha' Biochar with 500 kg ha™* DAP planted with Shangi and was not significantly different
from soils under recommended rate of DAP all planted with Destiny. Soil amendment 10 t ha'
Biochar had the least soil phosphorus, which was not significantly different from 5 t ha* Biochar,
and the control all planted with Destiny. However, in the long rains the highest soil phosphorus
was found in 10 t ha® Biochar with 500 kg ha* DAP planted with Shangi and did not differ
significantly from the soil phosphorus in all the other soil amendments (Table 13). In Mau Narok,
during the short rains, 5 t ha* Biochar with 250 kg ha™ DAP soils had the most soil phosphorus
and was planted with Shangi. Unamended soils planted with Destiny had the least soil phosphorus.
In the long rains season, soils amended with 10 t ha™* Biochar had the highest soil phosphorus but

was not significantly different from all the other soils under the different soil amendments.
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Table 13: Effect of biochar and DAP on soil nitrate, ammonium and phosphorus Egerton, Kenya.

Egerton
Short rain season Long rain season

Variety Destiny Shangi Destiny Shangi
Treatment Nitrate-N NH4+ P Nitrate-N NH4+ P Nitrate-N NH4+ P Nitrate-N NH4+ P
BODO 57.34¢ 11.97¢ 16.63° 84.74¢ 23.11¢  33.90® 3578 42499 4.40° 26.92 13.819 3,532
BOD250  112.79* 29.49%¢ 28,70 174.58°  30.46™ 24.37°° 81.43¢ 56.96° 3.87% 58.90%  28.12° 6.20°
BOD500  136.46%™ 41.75" 38.32% 187.88% 3853® 30.17% 129.12° 78.11° 4.16%° 103.55* 38.52® 7.60°
B5DO 72.15% 1554 17.60% 93.98¢ 22.83° 39.83% 2555 25.37¢"  4.20° 20.22 20.74% 4,50
B5D250  136.17%® 47.63* 26.89% 202.11** 36.46®® 40.07*® 159.57® 84.98% 4.87% 120.84®> 38.53® 452?
B5D500  160.39*  57.19° 40.20*° 216.14® 48.11* 36.60° 194.67° 92.14* 6.78% 15457%° 50.18* 5.30
B10DO 58.84¢ 13.01° 16.23° 109.37¢  20.73° 32.07*® 18.49 18.07" 3.88% 36.33°"  14.33¢ 573°
B10D250 122.10®® 20.32% 28.30° 142.70° 24.58° 24.07°¢ 71.43¢ 35.28% 348 76.53% = 21.49% 560°
B10D500 117.07®® 30.77% 29.90° 174.43°  30.45" 18.80° 55.76%  57.37° 453% 86.94%  28.27° 8.12?
MSD 43.49 13.19 1012  30.05 11.78 1115  28.43 13.95 NS  30.82 12.05 NS

Means with the same letter(s) within a column are not significantly different at (p < 0.05), Nitrate-N: Nitrate Nitrogen (MgNO3/L),
NH4+: Ammonium nitrogen (Mg NH4+/L), P: Phosphorus (mg kg™), MSD: Minimum Significance Difference, NS: Not Significantly
Different, B: Biochar, D: DAP.
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Table 14: Effect of biochar and DAP on soil nitrate, ammonium and phosphorus at Mau Narok, Kenya.

Mau Narok
Short rain season Long rain season

Variety Destiny Shangi Destiny Shangi
Treatment Nitrate-N NH4* P Nitrate-N NH4" P Nitrate-N NH4" P Nitrate-N NH4® P
BODO 84.32¢ 18.38°" 29739 131.76° 13.19° 11.02¢ 39.63° 76.649  4.928 34.76f 63.679 4.23°
BOD250  117.86% 36.25°¢ 4547°¢ 190.89°  34.58% 19.48Y 137.00° 113.04° 3.05° 61.43%"  146.74° 4.12°
BOD500  140.05° 4527°  98.17% 242.36%  48.76°° 37.27° 146.92®  153.07° 5.53* 118.88% 191.65° 3.37°
B5DO 103.38% 15.03"  23.70% 116.45° 15.67° 16.10 36.24° 40.73° 2.00* 82.41%  68.09¢ 3.30°
B5D250  179.37% 43.70° 33.73% 134.12° 61.33° 136.00° 151.63*  177.18% 3.62% 162.61® 276.43* 3.77°
B5D500  206.98° 7450  15.48° 185.52° 88.09° 87.83° 165.74® 18521 2.10° 173.12°  265.21* 3.20°
B10DO 117.62%  33.40%  90.37% 68.17¢ 25.33% 17.109  40.67° 37.28° 6.23% 65.84°  59.62¢ 4.37°
B10D250 178.59% 27.17%  100.47% 134.67° 33.31% 37.47° 123.59° 38.00° 2.80° 106.69% 82.14¢ 4532
B10D500 173.32% 33.97¢ 7447 128.85° 38.01% 42.90° 73.59° 65.169 3.12° 123.65* 88.95¢ 5.28
MSD 40.79 9.97 10.12  37.89 16.65 11.15 47.78 2144 NS  39.42 33.04 NS

Means with the same letter(s) within a column are not significantly different at (p < 0.05), Nitrate-N: Nitrate Nitrogen (MgNO3/L),
NH4+: Ammonium nitrogen (Mg NH4+/L), P: Phosphorus (mg kg-1), MSD: Minimum Significance Difference, NS: Not Significantly
Different, B: Biochar, D: DAP.
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45  Effect of different rates of biochar and inorganic fertiliser on nutrient use efficiency

45.1 Agronomic efficiency

Nitrogen use efficiency (NUE)

The applied soil amendments significantly affected nitrogen use efficiency (NUE) where 5 t ha
Biochar gave the highest NUE, and the control had the lowest NUE (Table 15), (Table 16). At
Egerton, fertiliser application at 5t ha™ Biochar gave the highest NUE of 306.76 kg ha™* for Shangi.
The same fertiliser gave the highest NUE at Mau Narok for Destiny variety. At Egerton, in the
short rain season, the highest NUE of 306.76 kg ha™* was from soils treated with 5 t ha* Biochar
planted with Shangi. However, in the long rain season, NUE was not significantly different for all
plots and varieties. The biggest NUE of 134.99 kg ha* was from soils treated with 5 t ha Biochar
with 500 kg ha™* DAP and planted with Destiny (Table 15). At Mau Narok in the short rain season,
NUE was not significantly affected by fertilisers for plots planted with Shangi. The highest NUE
of 560.38 kg ha was from plots amended with 5 t ha' Biochar and planted with Destiny.
Nevertheless, in the long rain season, NUE was not significantly different across the applied
fertilisers for all varieties but the highest NUE of 144.19 kg ha* was in plots fertilised with 250 kg
ha' DAP planted with Shangi (Table 16).

Phosphorus use efficiency (PUE)

Fertiliser application significantly affected PUE (P<0.001) where plots fertilised with 5 t ha*
Biochar, 10 t ha® Biochar gave the highest PUE with the control giving the lowest PUE. For both
seasons, the highest PUE was under plots amended with 5 t ha Biochar (Table 15), (Table 16).
At Egerton, high PUE of 1779.58 kgP ha-! was from Shangi variety grown on soils fertilised with
5t ha! Biochar. At Mau Narok, the highest PUE was still from plots treated with 5 t ha® Biochar
for both varieties. At Egerton during the short rain season, PUE for Destiny was not significantly
different across the fertilisers but was significant for Shangi with the highest PUE got in soils
treated with 5 t ha Biochar. Still the same fertiliser 5 t ha™ Biochar, gave the highest PUE in the
long rain season in plots planted with Destiny (Table 15). In Mau Narok, during the short rain
season, the highest PUE was from plots amended with 5 t ha™* Biochar and planted with Destiny,
however, for Shangi, PUE was not significantly different across the applied soil fertilisers.
Conversely during the long rain season at the same site, PUE was not significantly different for
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the two varieties across all the applied fertilisers, however plots fertilised with 5 t ha™* Biochar and
grown with Destiny gave the highest PUE (Table 16).

56



Table 15: Effect of biochar and DAP on nitrogen and phosphorus use efficiencies at Egerton, Kenya.

Egerton

Short rain season Long rain season
Variety Destiny Shangi Destiny Shangi
Treatment NUE PUE NUE PUE NUE PUE NUE PUE
BODO 0.00¢ 0.002 0.00¢ 0.00¢ 0.00? 0.00% 0.002 0.00?
BOD250 146.73%® 102.422 66.98¢ 99.64° 106.982 96.63% 53.242 48.09?
BOD500 101.55%® 91.722 156.92° 141.74° 130.532 117.892 66.66% 60.212
B5D0 104.28% 84.17% 306.76% 1779.58? 88.00% 385.00? 19.242 84.172
B5D250 64.34" 70.112 187.48% 210.87%¢ 104.122 117.102 46.69? 52.522
B5D500 116.49% 118.542 190.70%¢ 194.06" 134,992 137.372 82.31% 83.76%
B10DO 49.91°¢ 218.33° 222.00° 971.25° 67.05° 293.33? 21.24° 92.922
B10D250 7.69° 10.142 139.95° 184.68 72.25% 95.34% 38.39% 50.672
B10D500 99.28% 96.66% 155.91° 175.36° 108.772 122.342 62.69% 70.512
MSD 82.34 NS 59.19 791.46 NS NS NS NS

Means with the same letter(s) within a column are not significantly different at (p < 0.05), NUE=nitrogen use efficiency (kgN Ha-1),
PUE=phosphorus use efficiency (kgP Ha-1), MSD: Minimum Significance Difference, NS: Not Significantly Different, B: Biochar, D:
DAP.
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Table 16: Effect of biochar and DAP on nitrogen and phosphorus use efficiencies at Mau Narok, Kenya.

Mau Narok

Short rain season Long rain season
Variety Destiny Shangi Destiny Shangi
Treatment NUE PUE NUE PUE NUE PUE NUE PUE
BODO 0.00° 0.00° 0.002 0.00% 0.00% 0.00? 0.00? 0.00?
BOD250 54.31° 49.06" 49.28% 60.472 104.472 94.36% 144,192 130.242
BOD500 117.23° 105.89° 155.57? 140.52° 80.86° 73.04° 73.13° 66.06°
B5D0 560.38? 2451.672 119.62% 1106.672 65.33? 285.832 21.532 94.172
B5D250 162.67° 182.96° 61.022 68.62° 99.53% 111.942 83.89% 94.35%
B5D500 157.25° 160.02° 20.122 20.482 86.95? 88.48% 91.292 92.902
B10DO 0.28° 1.25° 6.76 29.58° 44.29° 193.75° 49.14° 215.00°
B10D250 78.69° 103.83° 163.78% 172.142 83.30% 109.932 73.15% 96.54%
B10D500 126.39° 142.16° 0.522 0.58% 71672 80.612 61.772 69.472
MSD 335.09 1556.8 NS NS NS NS NS NS

Means with the same letter(s) within a column are not significantly different at (p < 0.05), NUE=nitrogen use efficiency (kgN Ha-1),
PUE=phosphorus use efficiency (kgP Ha-1), MSD: Minimum Significance Difference, NS: Not Significantly Different, B: Biochar, D:
DAP.
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4.5.2 Nutrient uptake

Nitrogen uptake

Nitrogen uptake was significantly influenced by addition of soil fertilisers (P<0.001). DAP of
500kg ha, 5t ha® Biochar with 500 kg ha* DAP combination of, 10 t ha* Biochar with 500 kg
hat DAP and 5 t ha' Biochar with 250 kg ha* DAP gave the highest N uptake (Table 17), (Table
18). In Egerton, soils treated with the recommended rate of DAP of 500kg ha gave the highest
N uptake for both varieties in the short rain season. The same trend was observed for Shangi in the
long rain season, but for Destiny, 5 t ha® Biochar with 250 kg ha DAP produced the highest N
uptake in the long rain season (Table 17). In Mau Narok in the short rain season, 5 t ha* Biochar
with 500 kg ha™* DAP gave the highest N uptake for Destiny and 10 t ha™* Biochar with 500 kg ha”
1 DAP for Shangi. On the other hand, in the long rain season, 10 t ha™* Biochar gave high N uptake
for Destiny whereas soils amended with 5 t ha™* Biochar with 500 kg ha™* DAP for Shangi (Table
18).

P uptake

P uptake was significantly affected by the applied soil amendments with highest P uptake recorded
under soil amendments of 500 kg ha* DAP, 10 t ha Biochar, 10 t ha* Biochar with 500 kg ha*
DAP and 5 t ha Biochar (P<0.001) (Table 17), (Table 18). In Egerton, during the short rain
season for both varieties, the greatest P uptake was under soils treated with 500 kg ha™* DAP. In
the long rain season, the soil amendments did not show any significant differences in P uptake for
Destiny. However, there were significant differences in P uptake for Shangi were the highest
uptake was under plots amended with 10 t ha* Biochar with 500 kg ha* DAP and 10 t ha* Biochar
with 250 kg ha™* DAP (Table 17). For Mau Narok in the short rain season there was no significant
difference in P uptake for both varieties. However, plots amended with 5 t ha™! Biochar with 500
kg hal DAP, 5 t ha! Biochar had the highest P uptake for Destiny and Shangi respectively. A
similar trend was observed in the long rain season for both varieties with soil treatments of 5 t ha”
! Biochar with 250 kg ha® DAP, 10 t ha® Biochar with 500 kg ha* DAP giving the highest P
uptake for Destiny and Shangi respectively (Table 18).
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Table 17: Effect of biochar and DAP on nitrogen and phosphorus uptake at Egerton, Kenya.

Egerton
Short rain season Long rain season

Variety Destiny Shangi Destiny Shangi
Treatment NU PU NU PU NU PU NU PU
BODO 22.86"¢ 7.169 36.55? 10.71% 84.48° 26.252 106.59° 2498
BOD250 31.96° 15.03% 17.01¢ 8.29% 108.43¢ 22.032 50.70% 22.73
BOD500 55.082 16.592 37.392 10.82? 175.47° 24.312 127.55° 22.30«
B5DO0 15.18¢ 7.91¢ 23.23 6.86" 57.459 22.80° 77.76° 29.77%¢
B5D250 27.28° 11.67° 21.83% 9.64% 189.252 25.622 64.02¢ 21.39¢
B5D500 28.75P 8.35% 35.55% 10.75% 131.94¢ 24.072 125.66° 26.1230cd
B10DO 25.91°¢ 9.93% 26.60" 9.84% 78.75¢ 26.322 36.54° 13.58°
B10D250 29.11° 15.07% 22.41% 7.51% 66.69' 23.512 46.33° 30.79%
B10D500 27.86° 12.33%¢ 31.69% 9.74% 109.69¢ 21.412 101.79° 33.65°
MSD 11.13 4.8 8.12 3.9 12.39 NS 15.56 7.65

Means with the same letter(s) within a column are not significantly different at (p < 0.05), NU=Nitrogen uptake (kgN Ha-1), PU =
phosphorus uptake (kgP Ha-1), MSD: Minimum Significance Difference, NS: Not Significantly Different, B: Biochar, D: DAP
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Table 18: Effect of biochar and DAP on nitrogen and phosphorus uptake at Mau Narok, Kenya.

Mau Narok
Short rain season Long rain season
Variety Destiny Shangi Destiny Shangi
Treatment NU PU NU PU NU PU NU PU
BODO 49.33¢ 11.76° 18.99¢ 8.312 87.04¢ 14.96° 85.70% 10.992
BOD250 61.94° 13.442 27.49% 6.74? 115.63¢ 15.172 65.03° 11.518
BOD500 49.12° 13.99? 28.21¢ 8.242 116.74° 16.272 70.23¢% 11.732
B5DO0 73.39° 14.39? 49.18° 9.822 126.97° 18.732 125.37° 14.29?
B5D250 55.96"¢ 16.36° 33.20° 9.38? 85.14¢ 19.222 80.89¢cde 14.412
B5D500 78.78° 17.152 47.06° 8.422 86.87¢ 17.292 158.69? 14.382
B10DO 72.26° 14.112 30.56° 6.75 145,222 14.64% 61.57° 12.432
B10D250 55.950¢ 13.222 27.41¢ 7.31° 88.78¢ 15.75 90.96° 13.45
B10D500 49.55¢ 16.46° 67.46 6.03? 113.42° 15.012 138.75° 16.542
MSD 9.97 NS 9.59 NS 9.37 NS 19.73 NS

Means with the same letter(s) within a column are not significantly different at (p < 0.05), NU=Nitrogen uptake (kgN Ha-1), PU =
phosphorus uptake (kgP Ha-1), MSD: Minimum Significance Difference, NS: Not Significantly Different, B: Biochar, D: DAP
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CHAPTER FIVE
DISCUSSION

5.1  Effect of different rates of biochar and inorganic fertiliser on potato growth

Plant growth was greatly influenced by single application of recommended rate of DAP, or its co-
application with biochar at 5 or 10 t ha*. 5 t ha™* Biochar with 500 kg ha* DAP influenced growth
more than 500 kg ha* DAP. This is attributed to the synergistic effect of combining biochar and
inorganic fertiliser. Similar findings were also reported by Walter & Rao (2015) who got positive
results on sweet potato growth after combination of biochar and inorganic fertilisers and attributed
these results to biochar’s ability to enhance soil physical properties of porosity and reduced soil
bulk density (Walter & Rao, 2015). Similar positive findings were reported by Dong et al. (2015)
on rice when biochar was amended with urea which increased rice growth. Also, Sarfraz et al.
(2017) observed an increase in plant height in maize when biochar was mixed with nitrogen
fertilisers. A study done by Arif et al. (2017) found a positive increase in growth of maize when
biochar was mixed with inorganic fertiliser and this was explained by the collaboration of the two
where biochar improved soil properties as the inorganic fertiliser readily supplied nutrients for
growth. Numerous studies show that integration of biochar and inorganic fertilisers increases crop
growth, and this is because of the synergistic effect. Combination of biochar and inorganic
fertiliser increase plant growth because biochar has the ability to improve soil conditions by
increasing the soils’ water holding capacity, reducing soil bulk density and nutrient leaching
(McElligott, 2011). Biochar is also known to improve soil chemical and physical conditions such
as soil nutrients, improving soil aeration, water permeability, these all favour crop growth (Huang
et al., 2019; Pandian et al., 2016; Schulz et al., 2013). Both 5 t ha™* Biochar with 500 kg ha* DAP
and 10 t ha Biochar with 500 kg ha™* DAP increased potato growth, however, 5 t ha Biochar
with 500 kg ha! DAP increased more growth than 10 t ha® Biochar with 500 kg ha’ DAP
B10D500 and this could be due to immobilisation of nutrients caused by increase of biochar from
5tha?to 10t ha? (Bruun et al., 2011).

The inorganic fertiliser DAP supplied the required nutrients for potato growth as reflected in both
the number of stems and plant height which made it superior to sole biochar that releases nutrients
slowly. Inorganic fertilisers are rich in nutrients required by plants which are released readily.

However, application of half rate 250 kg ha* DAP did not increase potato growth as 500 kg ha*
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DAP due to inadequate supply of the nutrients. Sole biochar application did not significantly
increase potato growth and similar results were reported by Major et al. (2010b) where use of
biochar as a soil amendment had no positive influence on maize growth who attributed these results
to low nutrient content of the biochar and nutrient immobilisation (Bruun et al., 2011). Low
response of plant height from sole biochar application was also reported by Hamzah & Shuhaimi,
(2018) as biochar rated increased. The low response of potato height to biochar application could
be that biochar positive effects are usually realised in extremely nutrient poor soils which was not
the case with the study sites. In moderately fertile soils, minor, negative or no effects have been
reported on plant growth after biochar additions (Uzoma et al., 2011). An increase of sole biochar
from 5tha?to 10t ha led to an increase in crop growth due to an increment of effects of biochar
on growth (Walter & Rao, 2015). The differences in crop growth in seasons and locations could
be due to genetic differences of the grown varieties; Shangi and Destiny have different growth
patterns (NPCK, 2019), differences in rainfall patterns of the two sites and the two seasons and

soil conditions of the sites, soil, and biochar interaction.

5.2  Effect of different rates of biochar and inorganic fertiliser on potato yield

Farmers in Kenya mostly use chemical fertilisers to obtain high potato yields. The commonly used
fertiliser is DAP that is followed by top dressing with mostly CAN or urea. These fertilisers are
rich in nutrients mainly nitrogen and phosphorus that are the most limiting for potato growth. In
this study use of DAP specifically 500 kg ha* DAP the recommended rate resulted into high yields
since this fertiliser readily releases nutrients for the crop growth. The application of 250 kg ha*
DAP gave lower yields than 500 kg ha* DAP due to low nutrients supplied by the half rate of the
fertiliser. However, amendment 5 t ha Biochar with 500 kg ha* DAP produced more yields than
sole use of 500 kg ha! DAP. To maintain soil productivity and achieve higher crop yields, new
amendments such as biochar are being promoted. Combination of biochar and DAP gave higher
potato yields and this result is supported by Walter & Rao (2015) who realized a positive effect of
combination of biochar and NPK on sweet potato yield. Application of 5 t ha™* Biochar with 500
kg ha™* DAP gave more yields than 5 t ha™ Biochar with 250 kg ha* DAP. This is attributed to the

higher nutrient content found in the recommended rate.

Several studies have shown an increase in crop yield when biochar is combined with chemical

fertiliser due to reduced leaching of the soil nutrients, additive effect of the two fertilisers (Badu
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et al., 2019). Also Katterer et al. (2019) observed an increase in maize and soya beans after
biochar additions in Kenya and Adekiya et al. (2020) reported an increase in cocoyam yields after
biochar additions. The authors attributed this increase to improved soil physical, chemical and
biological conditions after biochar additions. The yields were different for the two varieties, sites,
and seasons. Shangi yielded more than Destiny in all sites and in both seasons. Potato yield varied
significantly through the seasons where during, the short rain season, Mau Narok yielded more

than Egerton. However, in the second season, Egerton produced more yields than Mau Narok.

The potato yields for the varieties are determined by a variety’s yield potential (White et al.,
2018). Furthermore, the performance of potatoes is influenced by site due to different soil types
and climatic conditions. Biochar performance is also influenced by soil type of a given site
(McElligott, 2011).

Yield also varied across seasons due to residual effects of the treatments and changes in climatic
conditions. Biochar effects are able to be realised in subsequent seasons which explains the
increased yields in the second season (Ruza et al., 2013). Biochar is also able to resist
decomposition which enables it to persist in the soil and be of benefit for the next cropping season
(Major, 2010a). It should be noted that biochar potential reduces with time calling for its
replenishment after some time like after two or three cropping seasons (Cornelissen et al., 2018;
Huang et al., 2019; Steiner et al., 2007). This was reported by Huang et al. (2019) were grain yield
increased for the two seasons while there was a decline in soil properties in the second season.
Similar results were obtained in this study were soil nutrients declined in the second season across
the two sites while potato yields increased in the second season. These results are also explained
by biochar’s ability to improve soil physical conditions like reducing bulk density, improving soil
structure and water retention. Sole biochar application gave relatively low yields because of the
low mineralisation rate to supply adequate nutrients to the potato crop. This is supported by similar
results from Kizito et al. (2019) who also experienced low maize grains from soil biochar
applications. There was a decline in yield in the second season in Mau Narok. This can be
attributed to the low rainfall received and the decline in soil properties as observed in the results.
This is explained by the fact that there is a possibility of either an increase, decrease or neutral

effect after biochar incorporation in the soils (Sorrenti, 2015).
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The yielding of potatoes is usually affected by climatic factors such as insufficient rain. This gives
an explanation of the decreased yield in Mau Narok in the long rain season as a result of a dry
period that occurred during the season (Ruza et al., 2013). Plots fertilised with DAP produced high
tuber weights than the unfertilised plots due to the readily availability of nutrients needed for plant
growth and development. Phosphorus is essential for physiological growth of the potato crop as it
significantly contributes to tuber initiation, tuber size, canopy growth and formation of starch in
potatoes, resistance to diseases. Therefore, phosphorus greatly determines potato yield (Gaur et
al., 2017).

5.3  Effect of different rates of biochar and inorganic fertiliser on selected soil properties
5.3.1 Soil pH

The pH of the two sites was acidic typical of most potato growing areas in Kenya. One of the
causes of acidity in these areas is the constant use of chemical fertilisers mostly DAP which
acidifies the soils in the long run (Muthoni & Nyamongo, 2009). This calls for environmentally
friendly amendments such as biochar that can aid raise the soil pH to the most favourable pH for

potato growth.

In this study, there was an increase in soil pH after application of biochar amendments mainly at

the end of the first season either singly or in combination with inorganic fertiliser. Increments of
biochar from 5 t ha® to 10 t ha* either in sole or in combination with fertiliser resulted into either
an increase or a decrease in soil pH. The increase in soil pH could be due to the pH of the applied
biochar which is alkaline in nature thus, there was a liming effect of biochar on the soils. These
results are in line with those of Mensah and Frimpong (2018). Many studies have found the same
results of increase in pH after applying biochar to acidic soils (Nigussie et al., 2012; Rees et al.,
2014; Zahid et al., 2018). Biochar is also known to produce carbonates that are liming in nature
that aid in raising the pH by reacting with soils hydrogen ions (Madiba et al., 2016). However, in
the second season there was a decline in soil pH after application of biochar. Some fewer studies
have also observed a decline in soil pH after biochar use (Ezike, 2016; Prommer et al., 2014;
Sarfraz et al., 2017; Zhang et al., 2019a). They suggested that this could be due to oxidation of
COO- form of acidic carboxyl groups (Cheng et al., 2006). This decrease in soil pH was also
attributed to the buffering capacity of the soil. Soil buffering capacity is the ability of the soil to

resist changes in its pH. Different soil types have different buffering capacities which determine
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their response to changes in their soil pH. Acidic soils with a high buffering capacity have the

ability to resist an increase in soil soil pH. (Meng et al., 2019; Wang et al., 2015).

Also Yang et al. (2015) found out that biochar caused a sharp decline in soil pH which could have
been due to the short period in which biochar effect could not be manifested. This calls for long
term biochar studies to adequately quantify the sustainability of the amendment. On the other hand,
sole application of DAP lowered soil pH due to its acidifying character. This is because this
fertiliser promotes nitrification which lead to a lower soil pH (Ezike, 2016; Kaboneka et al., 2019).
However, integration of biochar and DAP showed an increase in soil pH. This is consistent with
results from Chan et al. (2007) who found an increase in soil pH when biochar was combined with

nitrogenous fertiliser.

5.3.2 Inorganic soil nitrogen

Soil inorganic nitrogen (SIN) is of great importance to plants since plants take up inorganic
nitrogen in forms of ammonium and nitrate (Carlisle et al., 2012; Nair et al., 2021). Generally,
sole application of DAP or its combination with biochar increased ammonium and nitrate
concentration in the soil throughout the two seasons. This confirms with the several studies that
have found the significance of biochar in enhancing soil inorganic nitrogen. This is as a result of
biochar improving nutrient availability (Huang et al., 2020; Zhang et al., 2021). The combination
of biochar and DAP increased both ammonium and nitrate and this is because of synergistic effect
of the two fertilisers. This was also reported by Kizito et al. (2019) who found an increase in soil
inorganic nitrogen after combination of biochar and NPK fertiliser. It is suggested that biochar
could have enabled this by decreasing the leaching of nitrogen ions, encouraged nitrification by
promoting microbial activity of the nitrifiers and reducing the rate of volatilisation. However, the
combination of biochar with DAP at 10 tonnes led to lower results than 5 tonnes and this could be
due to the increased soil C/N ratio that led to immobilisation of nitrogen. This was also reported
by Huang et al. (2019) who observed a decline in mineral nitrogen when biochar application
increased from 10 to 30 t ha™®. These results show that biochar has the ability to adsorb ammonium
nitrogen (Adekiya et al., 2020). The performance of biochar in soils depends on various factors
such as environmental factor, fertilisation, soil and biochar properties, biochar application rates

and climatic conditions (Moreno-Riascos et al., 2020; Xu et al., 2017).
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Addition of biochar to soils has shown a positive, negative or neutral effect on soil inorganic
nitrogen (Nguyen et al., 2017). This is evidenced in this study in which there were positive results
in the first season which declined in the second season, and this was due to the dry season that was
experienced in the second season and the soil inorganic nitrogen concentration varied across the
sites since the sites have different soil properties and variation in soil inorganic nitrogen was
attributed to climatic conditions. However, in the second season still the use of biochar singly or

in combination with DAP gave the highest results.

Single application of biochar at 5 t ha™* Biochar and 10 t ha Biochar gave low soil inorganic
nitrogen results and this could be attributed to the low nitrogen content of 0.35% in the biochar
used in this study (Mensah & Frimpong, 2018). Furthermore, the biochar could have retained the
ammonium and nitrates reducing their concentration in the soil solution This could also be
attributed to immobilisation of N (Nguyen et al., 2017). Addition of inorganic fertiliser gave high
soil inorganic nitrogen. This is because inorganic fertilisers readily release nutrients to the soil and
in addition enhance nitrification by the nitrifying bacteria through availing the substrate to the
microbe (Nguyen et al., 2017). Additionally, there could have been minimisation of the soil
inorganic nitrogen losses like immobilisation, denitrification (Ezike, 2016). This study showed
varying trends across the two seasons which trends could have been tracked under long term

studies to find the effectiveness of biochar as an amendment (McElligott, 2011).

5.3.3 Soil phosphorus

P availability in the soil depends on several factors such as soil pH, organic matter. P tends to be
fixed in strongly acidic soils mainly below 6. This leads to nutrient deficiency in most crops (Bayu
et al., 2017). However, potatoes have the capacity to tolerate acidic soils. Phosphorus availability
for potatoes can be increased by raising pH to 6-7 (Muthoni & Nyamongo, 2009). Across the two
seasons and sites, there was an increase in soil phosphorus from sole application of DAP and from
combination of DAP with biochar. An explanation for this is the readily supply of phosphorus by
the chemical fertiliser. The positive effect of biochar and DAP is a result of additive effect of the
two. This is attributed to an increase in soil pH after biochar amendment which made phosphorus
readily available (Nigussie et al., 2012). Additionally, the biochar promoted phosphorus
mineralisation from organic P to inorganic P. These results are in line with those of (Farooque et

al., 2020) in which biochar application significantly increased soil available phosphorus. Some
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studies attribute the positive effect of biochar on soil phosphorus to the phosphorus contained in
the biochar itself (Bayu et al., 2017). However, for this study, the biochar phosphorus was very
low and could not possibly lead to a greater increment in soil phosphorus. For the P differences in
sites is because the performance of biochar in soils relies mainly on environmental conditions, soil
properties and climatic conditions (Ibrahim et al., 2017). At 10 tonnes of biochar available soil
phosphorus reduced and this was due to immobilisation in which the phosphates are strongly

sorbed on the biochar surfaces (Bayu et al., 2017).

One of the main mechanisms in which biochar increases soil available P is the enhancement of
arbuscular mycorrhiza which promotes p availability and uptake (Solaiman et al., 2019). Literature
showed that the enzymatic activity of phosphatases declined during insufficient soil moisture thus
a reduction in mineralisation of phosphorus resulting into low available phosphorus (Margalef et
al., 2017). The low levels of phosphorus in the long rain season could be due to the drop in soil
pH since increased acidity tends to fix soil P making it unavailable in the soil. Furthermore,
positive effects of biochar are usually observed in strongly acidic and nutritionally poor soils,
however the study sites were not deficient in P which could have led to the negative results after
biochar incorporation. Also, the low P levels could be attributed to immobilisation and sorption of

P onto the biochar surfaces.

5.3.4 Soil phosphomonoesterases

Soil P enzymes especially the soil phosphomonoesterases play a pivotal role in mineralisation of
organic P to inorganic P that can be utilised by plants (Shirzadeh et al., 2022). The soil
phosphomonoesterases are pH dependent with acid phosphomonoesterases thriving in acidic soils
ranging from 4 to 6.5 while the alkaline phosphomonoesterases are dominant in alkaline soils of
pH 9 to 11 (Adetunji et al., 2017). The sites in this study were averagely acidic explaining the
dominance of acid phosphomonoesterases to alkaline phosphomonoesterases. Biochar has the
potential to refine soil microbial activity by promoting a conducive microhabitat (Solaiman et al.,
2019). Enzyme activities in soils are influenced by several factors like soil properties, climate,
fertilisation, farm practices like tillage. In addition, biochar stimulates enzymatic activities by
modifying the rhizosphere (Solaiman et al., 2019). The enzymes could have been affected by
spraying the potatoes with chemicals to control diseases. These chemicals inhibit soil enzymatic

activity where the enzymes are denatured and inhibited by the chemical compound in the
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pesticides. Literature also shows a decrease in soil P enzymes following fumigation (Riah et al.,
2014). Furthermore, these soil enzymes are reported to reduce as the growing season progresses
(Rejsek et al., 2012). This explains their decline in the second season. Soils treated with DAP
shown high soil enzyme levels which was also reported by Rejsek et al. (2012) who explained that
the inorganic fertiliser was source of substrate to the enzymes. This was also observed by other
studies that reported increased phosphatase activities after applying inorganic fertilisers
specifically nitrogenous fertilisers where nitrogen also greatly influences the enzymes’ activities

(Margalef et al., 2017). Acid phosphomonoesterases were higher than the alkaline

phosphomonoesterases after amendment with biochar. Similar results were obtained by Antonious
et al. (2020) after amending soils with biochar where the acid phosphomonoesterases were raised
by 115% whereas the alkaline phosphomonoesterases did not show significant differences. This
confirms several studies that have reported that biochar can have positive, negative or neutral effect
on soil enzymes depending on its characteristics (Antonious et al., 2020). The soil P enzymes rely
mainly on soil moisture and soil nutrients. A dry season in the second season and the reduced soil
nutrients could be the possible reason behind the reduced enzyme activity in that season. Previous
studies show that phosphatase activity is driven by soil moisture and soil type in which the
phosphatase activities decrease more during dry soil periods (Margalef et al., 2017). Some studies
have reported low enzyme levels under biochar amended soils due to the biochar inhibiting the
enzymes or substrate (Ezike, 2016). This is contradictory to this study’s findings in which biochar

increased soil enzyme levels.
Effect of different rates of biochar and inorganic fertiliser on nutrient use efficiency

Nutrient use efficiency is of great importance for potato production, it exhibits how the plants
utilised the applied nutrients in form of both organic and inorganic fertilisers (Baligar et al., 2001).
Nutrient use efficiency of crops relies on various factors not limited to the crop variety’s yielding
capacity, the soil’s nutrient content, previous crop grown on the soils, rainfall received in the area
(Agegnehu et al., 2016). The agronomic efficiency of crops is greatly determined by the site’s
climatic conditions mainly rainfall and drought (Ruza et al., 2013). The nutrient content in potatoes
shows variation across potato genotype, soil fertility status and environmental conditions (Collins
et al., 2013). This explains the variation in nutrient use efficiency across potato varieties, seasons

and locations used in this study. It should be noted that nutrient content of different potato varieties
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differs even when grown under similar environments (Collins et al., 2013). At Egerton, nutrient
uptake was higher in the long rain season than in the short rain season. These results are supported
by those of Sistani et al. (2019) who obtained more N accumulation in plant tissues after
application of hard wood biochar in the drier season than in the wet season. However, these were
contrasting with results obtained in Mau Narok where nutrient uptake was higher in the wetter
season. Results from this study showed nutrient uptake and use efficiency increased with sole
application of fertiliser, biochar alone and biochar fertiliser interactions. Inorganic fertilisers
readily release nutrients for crop uptake (Ju et al., 2022). The applied DAP increased soil N and P
levels that resulted into the nutrients’ accumulation in the potato tissues (Naumann et al., 2019).
Similar results were observed by Walter and Rao (2015) where chemical fertiliser increased N and
P uptake in sweet potatoes. On the other hand, biochars or their co-application with synthetic
fertilisers are known to increase crop nutrient use efficiency (Sarfraz et al., 2017). The interaction
of biochar and fertiliser greatly increased nutrient uptake and efficiency, and this is attributed to
additive effect of the two soil amendments. These results are in line with those obtained by Zhu et
al. (2015) where co-application of biochar and chemical fertiliser increased nutrient content in
maize. Same results were obtained by Lee et al. (2021) after incorporation of biochar and fertiliser.
Numerous studies show that biochar is a sustainable soil amendment that increases yield and
nutrient use efficiency of crops (Farooque et al., 2020). This is attributed to biochar’s ability to
promote nutrient mineralisation, reduce nutrient leaching, improve soil structure and reduce bulk
density thereby enhancing the soil’s water holding capacity which all contribute to increased
nutrient uptake (Walter & Rao, 2015). Furthermore, incorporation of biochar into soils augments
the growth of crop’s roots thus enabling nutrient uptake and concentration in plant tissues (Liu et
al., 2017). Singly application of biochar also improved nutrient uptake and efficiency. These
results are consistent with results where N and P use efficiency increased in fruit nutrient content
after single application of biochar. However, some studies found no effect of biochar alone or
combination of biochar and fertiliser on plant nutrient uptake (Hossain et al., 2020). Also, Nguyen

et al. (2016) found no effect of rice husk biochar on nitrogen uptake.
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CHAPTER SIX
CONCLUSIONS AND RECOMMENDATIONS

6.1  Conclusions

Declining soil fertility lowers potato productivity in Kenya. Sustainable strategies need to be put
in place to solve this problem. This study aimed at addressing this issue by determining the effect
of integration of biochar and inorganic fertiliser on potato growth, yield, nutrient use efficiency

and on selected soil properties.
The conclusions below were obtained from the study:

i)  Application of 500 kg ha* DAP and combination of biochar and DAP at 5t ha™ Biochar
with 500 kg ha™* DAP and 10 t ha™* Biochar with 500 kg ha™* DAP, gave the highest potato
growth and yield in the two sites.

i) The different soil amendment levels significantly influenced the selected soil properties of
soil phosphomonoesterases, inorganic nitrogen, extractable phosphorus, raised soil pH and
potato nutrient use efficiency.

iii)  The obtained results from this study show that the combination of biochar and inorganic

fertiliser had a significant effect on potato growth, yield and on selected soil properties.

6.2 Recommendations

Recommendation from the study

i)  Integration of biochar and chemical fertiliser can be used to improve soil fertility in Njoro
and Mau Narok sub counties of Nakuru county in Kenya.

ii)  The application rate of 5 t ha® Biochar with 500 kg ha' DAP with destiny and shangi
varieties can be grown in the study sites and other areas with same agro ecological zones.

Recommendations for further research

i)  This study was a 2- season experiment, therefore long term field-based studies should
be carried out to determine the effects of residual biochar on growth, yield, nutrient use
efficiency and soil properties.
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Future research should focus on performance of other biochar types such as crop

residues and animal wastes.

Shangi and Destiny performed well in Njoro and Mau Narok implying these potato
varieties are suitable for the climatic conditions and soil types.

Economic analysis should be conducted to establish the optimal treatment

combinations for farmers.

72



REFERENCES

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. The Scientific World Journal, 2020(3), 1-9.
https://doi.org/10.1155/2020/9391630

Adetunji, A. T., Lewu, F. B., Mulidzi, R., & Ncube, B. (2017). The biological activities of -
glucosidase, phosphatase and urease as soil quality indicators: A review. Journal of Soil
Science and Plant Nutrition, 17(3), 794-807. https://doi.org/10.4067/S0718-
95162017000300018

Agegnehu, G., Amede, T., Erkossa, T., Yirga, C., Henry, C., Tyler, R., Nosworthy, M. G.,
Beyene, S., & Sileshi, G. W. (2021). Extent and management of acid soils for sustainable
crop production system in the tropical agroecosystems: A review. Acta Agriculturae
Scandinavica, Section B — Soil & Plant Science, 71(9), 852-869.
https://doi.org/10.1080/09064710.2021.1954239

Agegnehu, G., Bird, M. 1., Nelson, P. N., & Bass, A. M. (2015). The ameliorating effects of
biochar and compost on soil quality and plant growth on a Ferralsol. Soil Research,
53(1), 1-12. https://doi.org/10.1071/SR14118

Agegnehu, G., Nelson, P. N., & Bird, M. I. (2016). The effects of biochar, compost and their
mixture and nitrogen fertilizer on yield and nitrogen use efficiency of barley grown on a
Nitisol in the highlands of Ethiopia. Science of The Total Environment, 569(2016), 869—
879. https://doi.org/10.1016/j.scitotenv.2016.05.033

Aguero, J. J., & Kirschbaum, D. S. (2013). Approaches to Nutrient Use Efficiency of Different
Strawberry Genotypes. International Journal of Fruit Science, 13(1-2), 139-148.
https://doi.org/10.1080/15538362.2012.697047

Ahmad, E. H., Demisie, W., & Zhang, M. (2017). Effects of land use on concentrations and
chemical forms of phosphorus in different-size aggregates. Pleiades Publishing, Ltd,
50(12), 1435-1443. https://doi.org/doi 10.1134 S1064229317120110

Alghamdi, A. G. (2018). Biochar as a potential soil additive for improving soil physical
properties—A review. Arabian Journal of Geosciences, 11(24), 766—780.
https://doi.org/10.1007/s12517-018-4056-7

73



Alkorta, I., Epelde, L., & Garbisu, C. (2017). Environmental parameters altered by climate
change affect the activity of soil microorganisms involved in bioremediation. FEMS
Microbiology Letters, 364(19), 1-9. https://doi.org/10.1093/femsle/fnx200

Alva, A., Fan, M., Qing, C., Rosen, C., & Ren, H. (2011). Improving Nutrient-Use Efficiency in
Chinese Potato Production: Experiences from the United States. Journal of Crop
Improvement, 25(1), 46-85. https://doi.org/10.1080/15427528.2011.538465

Al-Wabel, M. I., Hussain, Q., Usman, A. R. A., Ahmad, M., Abduljabbar, A., Sallam, A. S., &
Ok, Y. S. (2018). Impact of biochar properties on soil conditions and agricultural
sustainability: A review. Land Degradation & Development, 29(7), 2124-2161.
https://doi.org/10.1002/1dr.2829

Anas, M., Liao, F., Verma, K. K., Sarwar, M. A., Mahmood, A., Chen, Z.-L., Li, Q., Zeng, X.-P.,
Liu, Y., & Li, Y.-R. (2020). Fate of nitrogen in agriculture and environment: Agronomic,
eco-physiological and molecular approaches to improve nitrogen use efficiency.
Biological Research, 53(1), 47. https://doi.org/10.1186/s40659-020-00312-4

Antonious, G. F., Turley, E. T., & Dawood, M. H. (2020). Monitoring Soil Enzymes Activity
before and after Animal Manure Application. Agriculture, 10(166), 1-12.
https://doi.org/10.3390

Arif, M., llyas, M., Riaz, M., Ali, K., Shah, K., Ul Haq, I., & Fahad, S. (2017). Biochar improves
phosphorus use efficiency of organic-inorganic fertilizers, maize-wheat productivity and
soil quality in a low fertility alkaline soil. Field Crops Research, 214(2017), 25-37.
https://doi.org/10.1016/j.fcr.2017.08.018

Awgchew, H., Gebremedhin, H., Taddesse, G., & Alemu, D. (2016). Influence of Nitrogen Rate
on Nitrogen Use Efficiency and Quality of Potato (Solanum tuberosum L.) Varieties at
Debre Berhan, Central Highlands of Ethiopia. Science Alert, 12(1), 10-17.
https://doi.org/10.3923/ijss.2017.10.17

Azeem, M., Hale, L., Montgomery, J., Crowley, D., & Jr, M. E. M. (2020). Biochar and compost
effects on soil microbial communities and nitrogen induced respiration in turfgrass soils.
PLOS ONE, 15(11), e0242209. https://doi.org/10.1371/journal.pone.0242209

Badu, E., Kaba, J. S., Abunyewa, A. A., Dawoe, E. K., Agbenyega, O., & Barnes, R. V. (2019).

Biochar and inorganic nitrogen fertilizer effects on maize (Zea mays L.) nitrogen use and

74



yield in moist semi-deciduous forest zone of Ghana. Journal of Plant Nutrition, 42(19),
2407-2422. https://doi.org/10.1080/01904167.2019.1659347

Bai, S. H., Reverchon, F., Xu, C.-Y., Xu, Z., Blumfield, T. J., Zhao, H., Zwieten, L. V., &
Wallace, H. M. (2015). Wood biochar increases nitrogen retention in field settings mainly
through abiotic processes. Elsevier Ltd, 90(2015), 232-240.

Baligar, V., Fageria, N. K., & He, Z. (2001). Nutrient Use Efficiency in plants. Communications
in Soil Science and Plant Analysis, 32(7), 921-950. https://doi.org/10.1081/CSS-
100104098

Bayu, D., Dejene, A., Alemayehu, R., & Gezahegn, B. (2017). Improving available phosphorus
in acidic soil using biochar. Journal of Soil Science and Environmental Management,
8(4), 87-94. https://doi.org/10.5897/JSSEM2015.0540

Ben Zekri, Y., Barkaoui, K., Marrou, H., Mekki, 1., Belhouchette, H., & Wery, J. (2019). On
farm analysis of the effect of the preceding crop on N uptake and grain yield of durum
wheat (Triticum durum Desf.) in Mediterranean conditions. Archives of Agronomy and
Soil Science, 65(5), 596-611. https://doi.org/10.1080/03650340.2018.1514111

Berihun, T., Tadele, M., & Kebede, F. (2017). The application of biochar on soil acidity and
other physico-chemical properties of soils in southern Ethiopia. Journal of Plant
Nutrition and Soil Science, 180(3), 381-388. https://doi.org/10.1002/jpIn.201600343

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

https://www.frontiersin.org/article/10.3389/fpls.2017.01570

Borges, B. M. M. N., Strauss, M., Camelo, P. A., Sohi, S. P., & Franco, H. C. J. (2020). Re-use
of sugarcane residue as a novel biochar fertiliser—Increased phosphorus use efficiency
and plant yield. Journal of Cleaner Production, 262(2020), 121406.
https://doi.org/10.1016/j.jclepro.2020.121406

Bottomley, P. J., Angle, J. S., & Weaver, R. W. (2020). Methods of Soil Analysis, Part 2:
Microbiological and Biochemical Properties. John Wiley & Sons.

Bruun, E. W., Stover, D. M. uller-, Ambus, P., & Nielsen, H. H.-. (2011). Application of biochar
to soil and N20 emissions: Potential effects of blending fast-pyrolysis biochar with
anaerobically digested slurry. British Society of Soil Science, 62(4), 581-589.
https://doi.org/10.1111/j.1365-2389.2011.01377.x

75



Calys-Tagoe, E., Sadick, A., Yeboah, E., & Amoah, B. (2019). Biochar Effect on Maize Yield in
Selected Farmers Fields in the Northern and Upper East Regions of Ghana. Journal of
Experimental Agriculture International, 30(6), 1-9.
https://doi.org/10.9734/JEAI1/2019/44168

Carlisle, E., Myers, S. S., Raboy, V., & Bloom, A. J. (2012). The Effects of Inorganic Nitrogen
form and CO2 Concentration on Wheat Yield and Nutrient Accumulation and
Distribution. Frontiers in Plant Science, 3(195), 1-13.
https://doi.org/10.3389/fpls.2012.00195

Chamedjeu, R. R., Masanga, J., Matiru, V., & Runo, S. (2019). Potential Use of Soil Bacteria
Associated with Potato Rhizosphere as Bio-control Agents for Effective Management of
Bacterial Wilt Disease. 9(1), 12—24. https://doi.org/10.5923/j.microbiology.20190901.03

Chan, K. Y., Van Zwieten, L., Meszaros, I., Downie, A., & Joseph, S. (2007). Agronomic values
of greenwaste biochar as a soil amendment. Soil Research, 45(8), 629-634.
https://doi.org/10.1071/SR07109

Cheng, C.-H., Lehmann, J., Thies, J. E., Burton, S. D., & Engelhard, M. H. (2006). Oxidation of
black carbon by biotic and abiotic processes. Elsevier Ltd, 37(2006), 1482—1488.
https://doi.org/10.1016/j.orggeochem.2006.06.022

Chintala, R., Mollinedo, J., Schumacher, T. E., Malo, D. D., & Julson, J. L. (2014). Effect of
biochar on chemical properties of acidic soil. Archives of Agronomy and Soil Science,
60(3), 393-404. https://doi.org/10.1080/03650340.2013.789870

Clare, A., Barnes, A., McDonagh, J., & Shackley, S. (2014). From rhetoric to reality: Farmer
perspectives on the economic potential of biochar in China. International Journal of
Agricultural Sustainability, 12(4), 440-458.
https://doi.org/10.1080/14735903.2014.927711

Clough, T. J., Condron, L. M., Kammann, C., & Miiller, C. (2013). A Review of Biochar and
Soil Nitrogen Dynamics. MDPI, 2013(3), 275-293.
https://doi.org/10.3390/agronomy3020275

Collins, H. P., Streubel, J., Alva, A., Porter, L., & Chaves, B. (2013). Phosphorus Uptake by
Potato from Biochar Amended with Anaerobic Digested Dairy Manure Effluent.
Agronomy Journal, 105(4), 989-998. https://doi.org/10.2134/agronj2012.0363

76



Coomes, O. T., & Miltner, B. C. (2017). Indigenous Charcoal and Biochar Production: Potential
for Soil Improvement under Shifting Cultivation Systems. Land Degradation &
Development, 28(3), 811-821. https://doi.org/10.1002/Idr.2500

Cornelissen, G., Jubaedah, Nurida, N. L., Hale, S. E., Martinsen, V., Silvani, L., & Mulder, J.
(2018). Fading positive effect of biochar on crop yield and soil acidity during five growth
seasons in an Indonesian Ultisol. Science of The Total Environment, 634(2018), 561-568.
https://doi.org/10.1016/j.scitotenv.2018.03.380

Cornelissen, G., Pandit, N. R., Taylor, P., Pandit, B. H., Sparrevik, M., & Schmidt, H. P. (2016).
Emissions and Char Quality of Flame-Curtain “Kon Tiki” Kilns for Farmer-Scale
Charcoal/Biochar Production. PLOS ONE, 11(5), e0154617.
https://doi.org/10.1371/journal.pone.0154617

Cui, J., & Holden, N. M. (2015). The relationship between soil microbial activity and microbial
biomass, soil structure and grassland management. Soil and Tillage Research, 146(1),
32-38. https://doi.org/10.1016/j.still.2014.07.005

Dai, Z., Xiong, X., Zhu, H., Xu, H., Leng, P., Li, J., Tang, C., & Xu, J. (2021). Association of
biochar properties with changes in soil bacterial, fungal and fauna communities and
nutrient cycling processes. Biochar, 3(3), 239-254. https://doi.org/10.1007/s42773-021-
00099-x

Ding, Y., Liu, Y., Liu, S., Li, Z,, Tan, X., Huang, X., Zeng, G., Zhou, L., & Zheng, B. (2016).
Biochar to improve soil fertility. A review. Agronomy for Sustainable Development,
36(2), 36. https://doi.org/10.1007/s13593-016-0372-z

Dong, D., Feng, Q., McGrouther, K., Yang, M., Wang, H., & Wu, W. (2015). Effects of biochar
amendment on rice growth and nitrogen retention in a waterlogged paddy field. Journal
of Soils and Sediments, 15(1), 153-162. https://doi.org/10.1007/s11368-014-0984-3

Ekelof, J. E., Asp, H., & Jensen, E. S. (2012). Potato yield response to foliar application of
phosphorus as affected by soil moisture and available soil phosphorus. Acta Agriculturae
Scandinavica, Section B — Soil & Plant Science, 62(7), 637-643.
https://doi.org/10.1080/09064710.2012.684886

El-Sobky, E.-S. E. A., & Abdo, A. I. (2021). Efficacy of using biochar, phosphorous and

nitrogen fertilizers for improving maize yield and nitrogen use efficiencies under alkali

77



clay soil. Journal of Plant Nutrition, 44(4), 467-485.
https://doi.org/10.1080/01904167.2020.1845369

Esmaeelnejad, L., Shorafa, M., Gorji, M., & Hosseini, S. mossa. (2017). Impacts of Woody
Biochar Particle Size on Porosity and Hydraulic Conductivity of Biochar-Soil Mixtures:
An Incubation Study. Communications in Soil Science and Plant Analysis, 48(14), 1710-
1718. https://doi.org/10.1080/00103624.2017.1383414

Ezike, O. B. (2016). Impact of biochar, cattle manure and mineral fertilizer on soil properties
and grain yield of maize (zea mays 1.) in the guinea savannah zone of Ghana [MSc].
Kwame Nkrumah University of Science and Technology.

Faloye, O. T., Alatise, M. O., Ajayi, A. E., & Ewulo, B. S. (2017). Synergistic effects of biochar
and inorganic fertiliser on maize (zea mays) yield in an alfisol under drip irrigation. Soil
and Tillage Research, 174(2017), 214-220. https://doi.org/10.1016/j.still.2017.07.013

Farooque, A. A., Zaman, Q., Abbas, F., Hammad, H. M., Acharya, B., & Easu, T. (2020). How
can potatoes be smartly cultivated with biochar as a soil nutrient amendment technique in
Atlantic Canada? Arabian Journal of Geosciences, 13(9), 336.
https://doi.org/10.1007/s12517-020-05337-3

Feola-Conz, R., Abbruzzini, T. F., de Andrade, C. A., P. Milori, D. M. B., & E. P. Cerri, C.
(2017). Effect of Pyrolysis Temperature and Feedstock Type on Agricultural Properties
and Stability of Biochars. Agricultural Sciences, 08(09), 914-933.
https://doi.org/10.4236/as.2017.89067

Fungo, B., Lehmannd, J., Kalbitzb, K., Thiongo, M., Okeyo, I., Tenywa, M., & Neufeldt, H.
(2017). Aggregate size distribution in a biochar-amended tropical Ultisol under
conventional hand-hoe tillage. Soil & Tillage Research, 165(2017), 190-197.

Garcia, J., & Kao-Kniffin, J. (2018). Microbial Group Dynamics in Plant Rhizospheres and Their
Implications on Nutrient Cycling. Frontiers in Microbiology, 9(1516), 1-7.
https://doi.org/10.3389/fmicbh.2018.01516

Gaur, D., Singh, S., Kalpana, S., Sharma, S., Dhakad, H., Singh, D. R., Patidar, R., Sharma, R.,
Dixit, J., Rawat, G., & Rai, A. K. (2017). Effect of different phosphorus levels on growth
attributes physiological parameter and grading of tuber in potato crop (Solanum

tuberosum L.). International Journal of Chemical Studies, 5(6), 215-219.

78



Gicheru, P. (2012). An overview of soil fertility management, maintenance, and productivity in
Kenya. Archives of Agronomy and Soil Science, 58(1), 22-32.
https://doi.org/10.1080/03650340.2012.693599

Girma, T., Beyene, S., & Biazin, B. (2017). Effect of Organic and Inorganic Fertilizer
Application on Soil Phosphorous Balance and Phosphorous Uptake and Use Efficiency of
Potato in Arbegona District, Southern Ethiopia. Journal of Fertilizers & Pesticides,
08(03), 1-6. https://doi.org/10.4172/2471-2728.1000185

Gitari, H. 1., Gachene, C. K. K., Karanja, N. N., Kamau, S., Nyawade, S., Sharma, K., &
Schulte-Geldermann, E. (2018). Optimizing yield and economic returns of rain-fed potato
(Solanum tuberosum L.) through water conservation under potato-legume intercropping
systems. Agricultural Water Management, 208(2018), 59-66.
https://doi.org/10.1016/j.agwat.2018.06.005

Gitari, H. 1., Karanja, N. N., Gachene, C. K. K., Kamau, S., Sharma, K., & Schulte-Geldermann,
E. (2018). Nitrogen and phosphorous uptake by potato (Solanum tuberosum L.) and their
use efficiency under potato-legume intercropping systems. Field Crops Research,
222(2018), 78-84. https://doi.org/10.1016/j.fcr.2018.03.019

Gwenzi, W., Chaukura, N., Mukome, F. N. D., Machado, S., & Nyamasoka, B. (2015). Biochar
production and applications in sub-Saharan Africa: Opportunities, constraints, risks and
uncertainties. Journal of Environmental Management, 150(2015), 250-261.
https://doi.org/10.1016/j.jenvman.2014.11.027

Hagemann, N., Joseph, S., Schmidt, H.-P., Kammann, C. I., Harter, J., Borch, T., Young, R. B.,
Varga, K., Taherymoosavi, S., Elliott, K. W., McKenna, A., Albu, M., Mayrhofer, C.,
Obst, M., Conte, P., Dieguez-Alonso, A., Orsetti, S., Subdiaga, E., Behrens, S., &
Kappler, A. (2017). Organic coating on biochar explains its nutrient retention and
stimulation of soil fertility. Nature Communications, 8(1), 1089.
https://doi.org/10.1038/s41467-017-01123-0

Hailu, G., Nigussie, D., Ali, M., & Derbew, B. (2017). Nitrogen and Phosphorus Use Efficiency
in Improved Potato (Solanum tuberosum L.) Cultivars in Southern Ethiopia. American
Journal of Potato Research, 94(6), 617—631. https://doi.org/10.1007/s12230-017-9600-6

79



Hamzah, Z., & Shuhaimi, S. N. A. (2018). Biochar: Effects on crop growth. IOP Conference
Series: Earth and Environmental Science, 215(2018), 012011.
https://doi.org/10.1088/1755-1315/215/1/012011

Hangs, R. D., Ahmed, H. P., & Schoenau, J. J. (2016). Influence of Willow Biochar Amendment
on Soil Nitrogen Availability and Greenhouse Gas Production in Two Fertilized
Temperate Prairie Soils. BioEnergy Research, 9(1), 157-171.
https://doi.org/10.1007/s12155-015-9671-5

Hardy, B., Sleutel, S., Dufey, J. E., & Cornelis, J.-T. (2019). The Long-Term Effect of Biochar
on Soil Microbial Abundance, Activity and Community Structure Is Overwritten by Land
Management. Frontiers in Environmental Science, 7(110), 1-14.
https://doi.org/10.3389/fenvs.2019.00110

Hazarika, S., Nabam, A., Thakuria, D., Kataki, S., & Krishnappa, R. (2021). Lime equivalence
of organic manures and scope of their utilization as acid soil amendments. Archives of
Agronomy and Soil Science, 67(5), 660-674.
https://doi.org/10.1080/03650340.2020.1749266

Heitkotter, J., & Marschner, B. (2015). Interactive effects of biochar ageing in soils related to
feedstock, pyrolysis temperature, and historic charcoal production. Geoderma, 245—
246(2015), 56-64. https://doi.org/10.1016/j.geoderma.2015.01.012

Helliwell, R. (2015). Effect of biochar on plant growth. Arboricultural Journal, 37(4), 238-242.
https://doi.org/10.1080/03071375.2015.1125601

Hellmuth, H. (2019). Effects of potato-legume intercropping and variety on potato performance
in different [Master’s Thesis]. University of California, Davis.

Hopkins, B. G., Horneck, D. A., & MacGuidwin, A. E. (2014). Improving Phosphorus Use
Efficiency Through Potato Rhizosphere Modification and Extension. American Journal
of Potato Research, 91(2), 161-174. https://doi.org/10.1007/s12230-014-9370-3

Hossain, M. Z., Bahar, M. M., Sarkar, B., Donne, S. W., Ok, Y. S., Palansooriya, K. N.,
Kirkham, M. B., Chowdhury, S., & Bolan, N. (2020). Biochar and its importance on
nutrient dynamics in soil and plant. Biochar, 2(4), 379-420.
https://doi.org/10.1007/s42773-020-00065-z

Hu, Y., Hao, M., Wei, X., Chen, X., & Zhao, J. (2016). Contribution of fertilisation,

precipitation, and variety to grain yield in winter wheat on the semiarid Loess Plateau of

80



China. Acta Agriculturae Scandinavica, Section B — Soil & Plant Science, 66(5), 406—
416. https://doi.org/10.1080/09064710.2016.1149215

Huang, L. Q., Fu, C.,, Li, T. Z, Yan, B., Wu, Y., Zhang, L., Ping, W., Yang, B. R., & Chen, L.
(2020). Advances in research on effects of biochar on soil nitrogen and phosphorus. I0P
Conference Series: Earth and Environmental Science, 424(1), 012015.
https://doi.org/10.1088/1755-1315/424/1/012015

Huang, M., Zhang, Z., Zhai, Y., Lu, P., & Zhu, C. (2019). Effect of Straw Biochar on Soil
Properties and Wheat Production under Saline Water Irrigation. Agronomy, 9(8), 457.
https://doi.org/10.3390/agronomy9080457

Hudu, M. 1., Yusuf, M., & Saleh, I. (2018). Economics of Potato Production in Africa_ A
Comparative Analysis of Nigeria and Kenya for 2015. 19(3), 21-29.

Ibrahim, A., Usman, A. R. A., Al-Wabel, M. I., Nadeem, M., Ok, Y. S., & Al-Omran, A. (2017).
Effects of conocarpus biochar on hydraulic properties of calcareous sandy soil: Influence
of particle size and application depth. Archives of Agronomy and Soil Science, 63(2),
185-197. https://doi.org/10.1080/03650340.2016.1193785

Jaetzold, R., Hornetz, B., Shisanya, C. A., & Schmidt, H. (2012). Farm management handbook
of Kenya Vol I-IV (Western Central Eastern Nyanza Southern Rift Valley Northern Rift
Valley Coast). Nairobi: Government Printers.

Janssens, S. R. M., Wiersema, S. G., Goos, H., & Wiersma, W. (2013). The value chain for seed
and ware potatoes in Kenya: Opportunities for development. LEI Wageningen UR, Den
Haag.

Jate, M. (2010). Long-term effect of balanced mineral fertilizer application on potato, winter rye,
and oat yields; nutrient use efficiency; and soil fertility. Archives of Agronomy and Soil
Science, 56(4), 421-432. https://doi.org/10.1080/03650340903512579

Jia, J., Li, B., Chen, Z., Xie, Z., & Xiong, Z. (2012). Effects of biochar application on vegetable
production and emissions of N20 and CH4. Soil Science and Plant Nutrition, 58(4), 503—
509. https://doi.org/10.1080/00380768.2012.686436

Johnston, A. E., Trust, L., & Fellow, S. (2000). Efficient use of nutrients in agricultural
production systems. Communications in Soil Science and Plant Analysis, 31(11-14),
1599-1620. https://doi.org/10.1080/00103620009370527

81



Joseph, U. E., Toluwase, A. O., Kehinde, E. O., Omasan, E. E., Tolulope, A. Y., George, O. O.,
Zhao, C., & Hongyan, W. (2020). Effect of biochar on soil structure and storage of soil
organic carbon and nitrogen in the aggregate fractions of an Albic soil. Archives of
Agronomy and Soil Science, 66(1), 1-12.
https://doi.org/10.1080/03650340.2019.1587412

Ju, J., Gu, Q., Zhou, H., Zhang, H., Mao, W., Yang, H., Mi, W., & Zhao, H. (2022). Effects of
Organic Fertilizer Combined with Chemical Fertilizer on Nutrients, Enzyme Activities,
and Rice Yield in Reclaimed Soil. Communications in Soil Science and Plant Analysis,
53(22), 3060-3071. https://doi.org/10.1080/00103624.2022.2101661

Kaboneka, S., Ong’or, B., Chantal, K., Nsavyimana, G., Donatien, B., & Népomuscene, N.
(2019). Effects of Urea and Di-Ammonium Phosphate Application on Acidification of
three Burundi representative Soils. International Journal of Advances in Scientific
Research and Engineering, 5(8), 183-191. https://doi.org/10.31695/IJASRE.2019.33474

Kanter, D. R., Zhang, X., Mauzerall, D. L., Malyshev, S., & Shevliakova, E. (2016). The
importance of climate change and nitrogen use efficiency for future nitrous oxide
emissions from agriculture. Environmental Research Letters, 11(9), 094003.
https://doi.org/10.1088/1748-9326/11/9/094003

Karim, M., Halim, M. A,, Gale, N. V., & Thomas, S. C. (2020). Biochar Effects on Soil
Physiochemical Properties in Degraded Managed Ecosystems in Northeastern
Bangladesh. Soil Systems, 4(4), 69.

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(2019), 18-26.
https://doi.org/10.1016/j.fcr.2019.02.015

Kesaulya, H., Baharuddin, Zakaria, B., & Syaiful, S. A. (2015). Isolation and Physiological
Characterization of PGPR from Potato Plant Rhizosphere in Medium Land of Buru
Island. Procedia Food Science, 3(2015), 190-199.
https://doi.org/10.1016/j.profo0.2015.01.021

Khan, M., Fatima, K., Ahmad, R., Younas, R., Rizwan, M., Azam, M., Abadin, Z. ul, & Ali, S.

(2019). Comparative effect of mesquite biochar, farmyard manure, and chemical

82



fertilizers on soil fertility and growth of onion (Allium cepa L.). Arabian Journal of
Geosciences, 12(18), 563. https://doi.org/10.1007/s12517-019-4734-0

Khosravi, A., Zarei, M., & Ronaghi, A. (2017). Influence of Biofertilizers and Phosphate
Sources on the Phosphorus Uptake of Lettuce and Chemical Forms of Phosphorus in Soil.
Communications in Soil Science and Plant Analysis, 48(22), 2701-2714.
https://doi.org/10.1080/00103624.2017.1416396

Kirigo, M. P. (2019). Status of potato bacterial wilt in Nakuru County (Kenya) and its
management through crop rotation and soil amendments [Master’s Thesis]. Egerton
University.

Kizito, S., Luo, H., Lu, J., Bah, H., Dong, R., & Wu, S. (2019). Role of Nutrient-Enriched
Biochar as a Soil Amendment during Maize Growth: Exploring Practical Alternatives to
Recycle Agricultural Residuals and to Reduce Chemical Fertilizer Demand.
Sustainability, 11(11), 3211. https://doi.org/10.3390/su11113211

Kunwar, V. S., Lamichhane, J., & Gauchan, D. P. (2018). Strategies to Improve Phosphorus
Availability in A Sustainable Agricultural System. ResearchGate, 3(9), 323-331.

Kwabiah, A. B., Stoskopf, N. C., Palm, C. A, Voroney, R. P., Rao, M. R., & Gacheru, E. (2003).
Phosphorus availability and maize response to organic and inorganic fertilizer inputs in a
short term study in western Kenya. Agriculture, Ecosystems & Environment, 95(1), 49—
59. https://doi.org/10.1016/S0167-8809(02)00167-6

Lee, Y. L., Ahmed, O. H., Wahid, S. A., & AB Aziz, Z. F. (2021). Biochar Tablets with and
without Embedded Fertilizer on the Soil Chemical Characteristics and Nutrient Use
Efficiency of Zea mays. Sustainability, 13(9), 4878.

Leonel, M., do Carmo, E. L., Fernandes, A. M., Soratto, R. P., Ebdrneo, J. A. M., Garcia, E. L.,
& dos Santos, T. P. R. (2017). Chemical composition of potato tubers: The effect of
cultivars and growth conditions. Journal of Food Science and Technology, 54(8), 2372—
2378. https://doi.org/10.1007/s13197-017-2677-6

Li, Y., Hu, S, Chen, J., Miller, K., Li, Y., Fu, W, Lin, Z., & Wang, H. (2018). Effects of
biochar application in forest ecosystems on soil properties and greenhouse gas emissions:
A review. Journal of Soils and Sediments, 18(2), 546-563.
https://doi.org/10.1007/s11368-017-1906-y

83



Liu, Wang, Y., Yan, X., Li, J., Jiao, N., & Hu, S. (2017). Biochar amendments increase the yield
advantage of legume-based intercropping systems over monoculture. Agriculture,
Ecosystems & Environment, 237(2017), 16-23.
https://doi.org/10.1016/j.agee.2016.12.026

Liu, Zhang, Y., Liu, B., Amonette, J. E., Lin, Z., Liu, G., Ambus, P., & Xie, Z. (2018). How does
biochar influence soil N cycle? A meta-analysis. Plant and Soil, 426(1-2), 211-225.
https://doi.org/10.1007/s11104-018-3619-4

Lusiba, S., Odhiambo, J., & Ogola, J. (2017). Effect of biochar and phosphorus fertilizer
application on soil fertility: Soil physical and chemical properties. Archives of Agronomy
and Soil Science, 63(4), 477-490. https://doi.org/10.1080/03650340.2016.1218477

Mackie, K. A., Marhan, S., Ditterich, F., Schmidt, H. P., & Kandeler, E. (2015). The effects of
biochar and compost amendments on copper immobilization and soil microorganisms in
a temperate vineyard. Agriculture, Ecosystems & Environment, 201(2015), 58-69.
https://doi.org/10.1016/j.agee.2014.12.001

Madiba, O. F., Solaiman, Z. M., Carson, J. K., & Murphy, D. V. (2016). Biochar increases
availability and uptake of phosphorus to wheat under leaching conditions. Biology and
Fertility of Soils, 52(4), 439-446. https://doi.org/10.1007/s00374-016-1099-3

Major, J. (2009). A Guide to Conducting Biochar Trials. International Biochar Initiative.

Major, J. (2010). Guidelines on practical aspects of biochar application to field soil in various
soil management systems. International Biochar Initiative, 8(1), 5-7.

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. Springer,
333(2010), 117-128. https://doi.org/10.1007/s11104-010-0327-0

Maltas, A., Dupuis, B., & Sinaj, S. (2018). Yield and Quality Response of Two Potato Cultivars
to Nitrogen Fertilization. Potato Research, 61(2), 97-114.
https://doi.org/10.1007/s11540-018-9361-8

Manirakiza, E., Ziadi, N., St. Luce, M., Hamel, C., Antoun, H., & Karam, A. (2019). Nitrogen
mineralization and microbial biomass carbon and nitrogen in response to co-application
of biochar and paper mill biosolids. Applied Soil Ecology, 142(15), 90-98.
https://doi.org/10.1016/j.aps0il.2019.04.025

84



Margalef, O., Sardans, J., Fernandez-Martinez, M., Molowny-Horas, R., Janssens, I. A., Ciais,
P., Goll, D., Richter, A., Obersteiner, M., Asensio, D., & Pefiuelas, J. (2017). Global
patterns of phosphatase activity in natural soils. Scientific Reports, 7(1), 1337.
https://doi.org/10.1038/s41598-017-01418-8

Martins, J. D. L., Soratto, R. P., Fernandes, A. M., Dias, P. H. M., Martins, J. D. L., Soratto, R.
P., Fernandes, A. M., & Dias, P. H. M. (2018). Phosphorus fertilization and soil texture
affect potato yield. Revista Caatinga, 31(3), 541-550. https://doi.org/10.1590/1983-
21252018v31n302rc

Martinsen, V., Alling, V., Nurida, N., Mulder, J., Hale, S., Ritz, C., Rutherford, D., Heikens, A.,
Breedveld, G., & 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

McElligott, Kristin. M. (2011). Biochar amendments to forest soils: Effects on soil properties
and tree growth [MSc]. University of Idaho.

Méndez, A., Céardenas-Aguiar, E., Paz-Ferreiro, J., Plaza, C., & Gasco, G. (2017). The effect of
sewage sludge biochar on peat-based growing media. Biological Agriculture &
Horticulture, 33(1), 40-51. https://doi.org/10.1080/01448765.2016.1185645

Meng, C., Tian, D., Zeng, H., Li, Z., Yi, C., & Niu, S. (2019). Global soil acidification impacts
on belowground processes. Environmental Research Letters, 14(7), 074003.
https://doi.org/10.1088/1748-9326/ab239c

Mensah, A. K., & Frimpong, K. A. (2018). Biochar and/or Compost Applications Improve Soil
Properties, Growth, and Yield of Maize Grown in Acidic Rainforest and Coastal
Savannah Soils in Ghana. International Journal of Agronomy, 2018, 1-8.
https://doi.org/10.1155/2018/6837404

Ministry of Energy. (2019). Kenya household cooking sector study: Assessment of the Supply
and Demand of Cooking Solutions at the Household Level (p. 176) [National Cooking
Sector Study]. Republic of Kenya,Ministry of energy.

Mokrani, K., Hamdi, K., & Tarchoun, N. (2018). Potato (Solanum Tuberosum L.) Response to
Nitrogen, Phosphorus and Potassium Fertilization Rates. Communications in Soil Science
and Plant Analysis, 49(11), 1314-1330. https://doi.org/10.1080/00103624.2018.1457159

85



Moreno-Riascos, S., Ghneim-Herrera, T., Moreno-Riascos, S., & Ghneim-Herrera, T. (2020).
Impact of biochar use on agricultural production and climate change. A review.
Agronomia Colombiana, 38(3), 367—-381.
https://doi.org/10.15446/agron.colomb.v38n3.87398

Mumia, B., W. Muthomi, J., D. Narla, R., W. Nyongesa, M., & M. Olubayo, F. (2018). Seed
Potato Production Practices and Quality of Farm Saved Seed Potato in Kiambu and
Nyandarua Counties in Kenya. World Journal of Agricultural Research, 6(1), 20-30.
https://doi.org/10.12691/wjar-6-1-5

Musyoka, M. W., Adamtey, N., Muriuki, A. W., & Cadisch, G. (2017). Effect of organic and
conventional farming systems on nitrogen use efficiency of potato, maize and vegetables
in the Central highlands of Kenya. European Journal of Agronomy, 86(2017), 24-36.
https://doi.org/10.1016/j.eja.2017.02.005

Muthoni, J. (2016). Soil fertility situation in potato producing Kenyan highlands: Case of
KALRO-Tigoni. International Journal of Horticulture, 6(24), 1-11.
https://doi.org/10.5376/ijh.2016.06.0025

Muthoni, J., & Nyamongo, D. O. (2009). A review of constraints to ware Irish potatoes
production in Kenya. Journal of Horticulture and Forestry, 1(7), 098-102.

Muthoni, J., Nyamongo, D. O. N., & Mbiyu, M. (2017). Climatic Change, Its Likely Impact on
Potato ( Solanum tuberosum L.) Production in Kenya and Plausible Coping Measures.
International Journal of Horticulture, 7(14), 115-123.
https://doi.org/10.5376/ijh.2017.07.0014

Muthoni, J., Shimelis, H., & Melis, R. (2013). Potato Production in Kenya: Farming Systems and
Production Constraints. Journal of Agricultural Science, 5(5), p182.
https://doi.org/10.5539/jas.v5n5p182

Naeem, M. A., Khalid, M., Arshad, M., & Ahmad, R. (2014). Yield and nutrient composition of
biochar produced from different feedstocks at varying pyrolytic temperatures. Journal of
Agricultural Science, 51(1), 8.

Nair, P. K. R., Kumar, B. M., & Nair, V. D. (2021). Soils and Agroforestry: General Principles.
In P. K. R. Nair, B. M. Kumar, & V. D. Nair (Eds.), An Introduction to Agroforestry:
Four Decades of Scientific Developments (pp. 367-382). Springer International
Publishing. https://doi.org/10.1007/978-3-030-75358-0_15

86



Nannipieri, P., Giagnoni, L., Landi, L., & Renella, G. (2011). Role of Phosphatase Enzymes in
Soil. In E. Binemann, A. Oberson, & E. Frossard (Eds.), Phosphorus in Action (Vol. 26,
pp. 215-243). Springer Berlin Heidelberg. https://doi.org/10.1007/978-3-642-15271-9 9

Naumann, M., Koch, M., Thiel, H., Gransee, A., & Pawelzik, E. (2019). The Importance of
Nutrient Management for Potato Production Part Il: Plant Nutrition and Tuber Quality.
Potato Research, 2020(63), 121-137. https://doi.org/10.1007/s11540-019-09430-3

Ndor, E., Dauda, S., & Azagaku, E. (2015). Response of Maize Varieties (Zea mays) to Biochar
Amended Soil in Lafia, Nigeria. American Journal of Experimental Agriculture, 5(6),
525-531. https://doi.org/10.9734/AJEA/2015/12375

Nguyen, D. H., Scheer, C., Rowlings, D. W., & Grace, P. R. (2016). Rice husk biochar and crop
residue amendment in subtropical cropping soils: Effect on biomass production, nitrogen
use efficiency and greenhouse gas emissions. Biology and Fertility of Soils, 52(2), 261
270. https://doi.org/10.1007/s00374-015-1074-4

Nguyen, T. T. N., Xu, C.-Y., Tahmasbian, I., Che, R., Xu, Z., Zhou, X., Wallace, H. M., & Bai,
S. H. (2017). Effects of biochar on soil available inorganic nitrogen: A review and meta-
analysis. Geoderma, 288(2017), 79-96. https://doi.org/10.1016/j.geoderma.2016.11.004

Nieto, C. A. O. (2016). Nitrogen Use fficiency in potato: An Integrated Agronomic,
Physiological and Genetic Approach [PhD thesis, Wageningen University]. 978-94-
6257-646-9

Nigussie, A., Kissi, E., Misganaw, M., & Ambaw, G. (2012). Effect of Biochar Application on
Soil Properties and Nutrient Uptake of Lettuces (Lactuca sativa) Grown in Chromium
Polluted Soils. Am.-Eurasian J. Agric. Environ. Sci., 12(3), 369-376.

Nihorimbere, V., Ongena*, M., Smargiassi, M., & Thonart, P. (2011). Beneficial effect of the
rhizosphere microbial community for plant growth and health. BASE, 15(2), 327-337.

Novak, J., Busscher, W., Watts, D. W., Amonette, J., Ippolito, J., Lima, I., Gaskin, J., Das, K. C.,
Steiner, C., Ahmedna, M., Rehrah, D., & Schomberg, H. (2012). Biochars Impact on
Soil-Moisture Storage in an Ultisol and Two Aridisols. Soil Science - SOIL SCI, 177(5),
310-320. https://doi.org/10.1097/SS.0b013e31824e5593

NPCK. (2019). Potato Variety Catalogue. NPCK.
https://npck.org/Catalogues/NPCKOnlineDocument.pdf

87



Nyawade, S. O., Gachene, C. K. K., Karanja, N. N., Gitari, H. I., Schulte-Geldermann, E., &
Parker, M. L. (2019). Controlling soil erosion in smallholder potato farming systems
using legume intercrops. Geoderma Regional, 15(2019), e00225.
https://doi.org/10.1016/j.geodrs.2019.e00225

Nyiraneza, J., & Snapp, S. (2007). Integrated Management of Inorganic and Organic Nitrogen
and Efficiency in Potato Systems. Soil Science Society of America Journal, 71(5), 1508—
1515. https://doi.org/10.2136/sssaj2006.0261

Nzediegwu, C., Prasher, S., Elsayed, E., Dhiman, J., Mawof, A., & Patel, R. (2019). Effect of
biochar on heavy metal accumulation in potatoes from wastewater irrigation. Journal of
Environmental Management, 232(2019), 153-164.
https://doi.org/10.1016/j.jenvman.2018.11.013

Obia, A., Mulder, J., Hale, S. E., Nurida, N. L., & Cornelissen, G. (2018). The potential of
biochar in improving drainage, aeration and maize yields in heavy clay soils. PLoS ONE,
13(5), e0196794. https://doi.org/10.1371/journal.pone.0196794

Okalebo, J. R., Gathua, K. W., & Woomer, P. L. (2002). Laboratory Methods of Soil and Plant
Analysis:A Working Manual (2nd ed., Vol. 2). Sacred Africa.

Oladele, S., Adeyemo, A., Awodun, M., Ajayi, A., & Fasina, A. (2019). Effects of biochar and
nitrogen fertilizer on soil physicochemical properties, nitrogen use efficiency and upland
rice (Oryza sativa) yield grown on an Alfisol in Southwestern Nigeria. International
Journal of Recycling of Organic Waste in Agriculture, 8(3), 295-308.
https://doi.org/10.1007/s40093-019-0251-0

Omara, P., Aula, L., Oyebiyi, F. B., Eickhoff, E. M., Carpenter, J., & Raun, W. R. (2020).
Biochar Application in Combination with Inorganic Nitrogen Improves Maize Grain
Yield, Nitrogen Uptake, and Use Efficiency in Temperate Soils. MDPI, 10(1241), 1-13.
https://doi.org/10.3390/agronomy10091241

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.
Elsevier Ltd, 274(2016), 28-34. https://doi.org/10.1016/j.geoderma.2016.03.029

Oni, B. A., Oziegbe, O., & Olawole, O. O. (2019). Significance of biochar application to the
environment and economy. Annals of Agricultural Sciences, 64(2), 222-236.
https://doi.org/10.1016/j.a0as.2019.12.006

88



Onwuka, M. 1., & Nwangwu, B. C. (2016). Roles of biochar produced from animal and plant
wastes on okra (Abelmoschus esculenta) growth in Umudike area of Abia State, Nigeria.
Journal of Agriculture and Sustainability, 9(2), 158-174.

Pan, S.-Y., Dong, C.-D., Su, J.-F., Wang, P.-Y., Chen, C.-W., Chang, J.-S., Kim, H., Huang, C.-
P., & Hung, C.-M. (2021). The Role of Biochar in Regulating the Carbon, Phosphorus,
and Nitrogen Cycles Exemplified by Soil Systems. Sustainability, 13(10), 5612.

Pandian, K., Subramaniayan, P., Gnasekaran, P., & Chitraputhirapillai, S. (2016). Effect of
biochar amendment on soil physical, chemical and biological properties and groundnut
yield in rainfed Alfisol of semi-arid tropics. Archives of Agronomy and Soil Science,
62(9), 1293-1310. https://doi.org/10.1080/03650340.2016.1139086

Peng, X., Ye, L. L., Wang, C. H., Zhou, H., & Sun, B. (2011). Temperature- and duration-
dependent rice straw-derived biochar: Characteristics and its effects on soil properties of
an Ultisol in southern China. Soil and Tillage Research, 112(2), 159-166.
https://doi.org/10.1016/j.still.2011.01.002

Perchlik, M., & Tegeder, M. (2017). Improving Plant Nitrogen Use Efficiency through
Alteration of Amino Acid Transport Processes. Plant Physiology, 175(1), 235-247.
https://doi.org/10.1104/pp.17.00608

Pfeiffer, S., Mitter, B., Oswald, A., Schloter-Hai, B., Schloter, M., Declerck, S., & Sessitsch, A.
(2017). Rhizosphere microbiomes of potato cultivated in the High Andes show stable and
dynamic core microbiomes with different responses to plant development. FEMS
Microbiology Ecology, 93(2), fiw242. https://doi.org/10.1093/femsec/fiw242

Prommer, J., Wanek, W., Hofhansl, F., Trojan, D., Offre, P., Urich, T., Schleper, C., Sassmann,
S., Kitzler, B., Soja, G., & Hood-Nowotny, R. C. (2014). Biochar Decelerates Soil
Organic Nitrogen Cycling but Stimulates Soil Nitrification in a Temperate Arable Field
Trial. PLOS ONE, 9(1), e86388. https://doi.org/10.1371/journal.pone.0086388

Qian, L., Chen, L., Joseph, S., Pan, G., Li, L., Zheng, J., Zhang, X., Zheng, J., Yu, X., & Wang,
J. (2014). Biochar compound fertilizer as an option to reach high productivity but low
carbon intensity in rice agriculture of China. Carbon Management, 5(2), 145-154.
https://doi.org/10.1080/17583004.2014.912866

Qurat-ul-Ain, Shafig, M., Capareda, S. C., & Firdaus-e-Bareen. (2021). Effect of different
temperatures on the properties of pyrolysis products of Parthenium hysterophorus.

89



Journal of Saudi Chemical Society, 25(3), 101197.
https://doi.org/10.1016/j.jscs.2021.101197

Rees, F., Simonnot, M. O., & Morel, J. L. (2014). Short-term effects of biochar on soil heavy
metal mobility are controlled by intra-particle diffusion and soil pH increase. European
Journal of Soil Science, 65(1), 149-161. https://doi.org/10.1111/ejss.12107

Rejsek, K., Vranova, V., Pavelka, M., & Formanek, P. (2012). Acid phosphomonoesterase (E.C.
3.1.3.2) location in soil. Journal of Plant Nutrition and Soil Science, 175(2), 196-211.
https://doi.org/10.1002/jpIn.201000139

Riah, W., Laval, K., Laroche-Ajzenberg, E., Mougin, C., Latour, X., & Trinsoutrot-Gattin, I.
(2014). Effects of pesticides on soil enzymes: A review. Environmental Chemistry
Letters, 12(2), 257-273. https://doi.org/10.1007/s10311-014-0458-2

Rietra, R. P. J. J., Marius, H., Dimkpa, C. O., & Bindraban, P. S. (2017). Effects of Nutrient
Antagonism and Synergism on Yield and Fertilizer Use Efficiency. Taylor & Francis
Group, 48(16), 1895-1920. https://doi.org/10.1080/00103624.2017.1407429

Roberts, T. L. (2007). Right Product, Right Rate, Right Time, and Right Place...the Foundation
of BMPs for Fertilizer. 91(4), 14-15.

Rosen, C., Kelling, K., Stark, J., & Porter, G. (2014). Optimizing Phosphorus Fertilizer
Management in Potato Production. American Journal of Potato Research, 91(2), 145-
160. https://doi.org/10.1007/s12230-014-9371-2

Rousk, J., Brookes, P. C., & Baath, E. (2009). Contrasting Soil pH Effects on Fungal and
Bacterial Growth Suggest Functional Redundancy in Carbon Mineralization. Applied and
Environmental Microbiology, 75(6), 1589-1596. https://doi.org/10.1128/AEM.02775-08

Ruza, A., Skrabule, 1., & Vaivode, A. (2013). Influence of Nitrogen on Potato Productivity and
Nutrient Use Efficiency. Proceedings of the Latvian Academy of Sciences. Section B.
Natural, Exact, and Applied Sciences, 67(3), 247—-253. https://doi.org/10.2478/prolas-
2013-0043

Saah, K. J. A, Kaba, J. S., & Abunyewa, A. A. (2022). Inorganic nitrogen fertilizer, biochar
particle size and rate of application on lettuce (Lactuca sativa L.) nitrogen use and yield.
All Life, 15(1), 624-635. https://doi.org/10.1080/26895293.2022.2080282

Sarfraz, R., Shakoor, A., Abdullah, M., Arooj, A., Hussain, A., & Xing, S. (2017). Impact of
integrated application of biochar and nitrogen fertilizers on maize growth and nitrogen

90



recovery in alkaline calcareous soil. Soil Science and Plant Nutrition, 63(5), 488-498.
https://doi.org/10.1080/00380768.2017.1376225

Satognon, F., Owido, S. F. O., & Lelei, J. J. (2021). Effects of supplemental irrigation on yield,
water use efficiency and nitrogen use efficiency of potato grown in mollic Andosols.
Environmental Systems Research, 10(1), 38. https://doi.org/10.1186/s40068-021-00242-4

Schimmelpfennig, S., & Glaser, B. (2012). One Step Forward toward Characterization: Some
Important Material Properties to Distinguish Biochars. Journal of Environmental Quality,
41(4), 1001-1013. https://doi.org/10.2134/jeq2011.0146

Schulz, H., Dunst, G., & Glaser, B. (2013). Positive effects of composted biochar on plant
growth and soil fertility. Agronomy for Sustainable Development, 33(4), 817-827.
https://doi.org/10.1007/s13593-013-0150-0

Schulz, H., & Glaser, B. (2012). Effects of biochar compared to organic and inorganic fertilizers
on soil quality and plant growth in a greenhouse experiment. Journal of Plant Nutrition
and Soil Science, 175(3), 410-422. https://doi.org/10.1002/jpIn.201100143

Selladurai, R., & Purakayastha, T. J. (2016). Effect of humic acid multinutrient fertilizers on
yield and nutrient use efficiency of potato. Journal of Plant Nutrition, 39(7), 949-956.
https://doi.org/10.1080/01904167.2015.1109106

Shan, S., & Coleman, M. D. (2020). Biochar influences nitrogen availability in Andisols of north
Idaho forests. SN Applied Sciences, 2(3), 362. https://doi.org/10.1007/s42452-020-2156-y

Shetty, R., & Prakash, N. B. (2020). Effect of different biochars on acid soil and growth
parameters of rice plants under aluminium toxicity. Scientific Reports, 10(1), 12249.
https://doi.org/10.1038/s41598-020-69262-x

Shikorire, T. J., Asudi, G. O., Ng’ang’a, M. M., Kirubi, G., & Hassanali, A. (2019). Analysis of
emission profiles from charcoal produced from selected tree species by different
pyrolysis methods. International Journal of Environmental Science and Technology,
16(10), 5995-6004. https://doi.org/10.1007/s13762-019-02220-x

Shirzadeh, N., Aliasgharzad, N., & Najafi, N. (2022). Changes in enzyme activities, microbial
biomass, and basal respiration of a sandy loam soil upon long-term exposure to Pb levels.
Archives of Agronomy and Soil Science, 68(8), 1049-1061.
https://doi.org/10.1080/03650340.2020.1869214

91



Sika, M. P., & Hardie, A. G. (2014). Effect of pine wood biochar on ammonium nitrate leaching
and availability in a South African sandy soil. European Journal of Soil Science, 65(1),
113-119. https://doi.org/10.1111/ejss.12082

Simansky, V., Horék, J., Igaz, D., Jonczak, J., Markiewicz, M., Felber, R., Rizhiya, E. Y., &
Lukac, M. (2016). How dose of biochar and biochar with nitrogen can improve the
parameters of soil organic matter and soil structure? Biologia, 71(9), 989-995.
https://doi.org/10.1515/biolog-2016-0122

Simoneti, J. S. F., Calonego, J. C., Moraes Bar, A. de, Catuchi, T. A., & Tiritan, C. S. (2016).
Availability of Phosphorus in Soil and Straw in Successive Tropical Grasses Crop
Fertilized with Different Phosphates. Journal of Agronomy, 15(3), 104-113.
https://doi.org/10.3923/ja.2016.104.113

Sistani, K. R., Simmons, J. R., Jn-Baptiste, M., & Novak, J. M. (2019). Poultry Litter, Biochar,
and Fertilizer Effect on Corn Yield, Nutrient Uptake, N20 and CO2 Emissions.
Environments, 6(5), 50-55. https://doi.org/10.3390/environments6050055

Solaiman, Z. M., Abbott, L. K., & Murphy, D. V. (2019). Biochar phosphorus concentration
dictates mycorrhizal colonisation, plant growth and soil phosphorus cycling. Scientific
Reports, 9(1), 5062. https://doi.org/10.1038/s41598-019-41671-7

Soratto, R. P., & Fernandes, A. M. (2016). Phosphorus Effects on Biomass Accumulation and
Nutrient Uptake and Removal in Two Potato Cultivars. Agronomy Journal, 108(3),
1225-1236. https://doi.org/10.2134/agronj2015.0333

Sorrenti, G. (2015). Biochar in perennial crops: Nutritional, agronomical and environmental
implications [Master’s Thesis]. University of Bologna.

Steiner, C., Teixeira, W. G., Lehmann, J., Nehls, T., de Macédo, J. L. V., Blum, W. E. H., &
Zech, W. (2007). Long term effects of manure, charcoal and mineral fertilization on crop
production and fertility on a highly weathered Central Amazonian upland soil. Plant and
Soil, 291(1), 275-290. https://doi.org/10.1007/s11104-007-9193-9

Tabatabai, M. A., & Bremner, J. M. (1969). Use of p-nitrophenyl phosphate for assay of soil
phosphatase activity. Soil Biology and Biochemistry, 1(4), 301-307.

Tag, A. T., Duman, G., Ucar, S., & Yanik, J. (2016). Effects of feedstock type and pyrolysis
temperature on potential applications of biochar. Journal of Analytical and Applied
Pyrolysis, 120, 200-206. https://doi.org/10.1016/j.jaap.2016.05.006

92



Thornton, M. K., Novy, R. G., & Stark, J. C. (2014). Improving Phosphorus Use Efficiency in
the Future. American Journal of Potato Research, 91(2), 175-179.
https://doi.org/10.1007/s12230-014-9369-9

Tomczyk, A., Sokotowska, Z., & Boguta, P. (2020). Biochar physicochemical properties:
Pyrolysis temperature and feedstock kind effects. Reviews in Environmental Science and
Bio/Technology, 19(1), 191-215. https://doi.org/10.1007/s11157-020-09523-3

Torres-Rojas, D., Lehmann, J., Hobbs, P., Joseph, S., & Neufeldt, H. (2011). Biomass
availability, energy consumption and biochar production in rural households of Western
Kenya. Biomass and Bioenergy, 35(8), 3537—-3546.
https://doi.org/10.1016/j.biombioe.2011.05.002

Uzoma, K. C., Inoue, M., Andry, H., Fujimaki, H., Zahoor, A., & Nishihara, E. (2011). Effect of
cow manure biochar on maize productivity undersandy soil condition. Soil Use and
Management, 27, 205-212. https://doi.org/10.1111/j.1475-2743.2011.00340.x

Van Hoolst, R., Eerens, H., Haesen, D., Royer, A., Bydekerke, L., Rojas, O., Li, Y., &
Racionzer, P. (2016). FAO’s AVHRR-based Agricultural Stress Index System (ASIS) for
global drought monitoring. International Journal of Remote Sensing, 37(2), 418-4309.
https://doi.org/10.1080/01431161.2015.1126378

Veneklaas, E. J., Lambers, H., Bragg, J., Finnegan, P. M., Lovelock, C. E., Plaxton, W. C., Price,
C. A, Scheible, W.-R., Shane, M. W., White, P. J., & Raven, J. A. (2012). Opportunities
for improving phosphorus-use efficiency in crop plants. New Phytologist, 195(2), 306—
320. https://doi.org/10.1111/j.1469-8137.2012.04190.x

Vithanage, M., Bandara, T., Al-Wabel, M. I., Abduljabbar, A., Usman, A. R. A., Ahmad, M., &
Ok, Y. S. (2018). Soil Enzyme Activities in Waste Biochar Amended Multi-Metal
Contaminated Soil; Effect of Different Pyrolysis Temperatures and Application Rates.
Communications in Soil Science and Plant Analysis, 49(5), 635-643.
https://doi.org/10.1080/00103624.2018.1435795

Waaswa, A. (2021). Relationship between Selected Factors and the Practice of Climate-Smart
Agriculture among Smallholder Potato Farmers in Gilgil Sub-County, Kenya [Master’s
Thesis, Egerton University]. http://41.89.96.81:8080/xmlui/handle/123456789/3028

Waaswa, A., Nkurumwa, A. O., Kibe, A. M., & Kipkemoi, N. J. (2021). Communicating climate

change adaptation strategies: Climate-smart agriculture information dissemination

93



pathways among smallholder potato farmers in Gilgil Sub-County, Kenya. Heliyon, 7(8),
e07873. https://doi.org/10.1016/j.heliyon.2021.e07873

Waaswa, A., Nkurumwa, A. O., Kibe, A. M., & Ng’eno, J. K. (2021). Understanding the
socioeconomic determinants of adoption of climate-smart agricultural practices among
smallholder potato farmers in Gilgil Sub-County, Kenya. Discover Sustainability, 2(1),
41. https://doi.org/10.1007/s43621-021-00050-x

Waaswa, A., Oywaya Nkurumwa, A., Mwangi Kibe, A., & Ngeno Kipkemoi, J. (2022). Climate-
Smart agriculture and potato production in Kenya: Review of the determinants of
practice. Climate and Development, 14(1), 75-90.
https://doi.org/10.1080/17565529.2021.1885336

Waaswa, A., & Satognon, F. (2020). Development and the Environment: Overview of the
Development Planning Process in Agricultural Sector, in Uganda. Journal of Sustainable
Development, 13(6), 30—36. https://doi.org/10.5539/jsd.v13n6pl

Walter, R., & Rao, B. K. R. (2015). Biochars influence sweet-potato yield and nutrient uptake in
tropical Papua New Guinea. Journal of Plant Nutrition and Soil Science, 178(3), 393—
400. https://doi.org/10.1002/jpIn.201400405

Wang, D., Fonte, S. J., Parikh, S. J., Six, J., & Scow, K. M. (2017). Biochar additions can
enhance soil structure and the physical stabilization of C in aggregates. Geoderma,
303(2017), 110-117. https://doi.org/10.1016/j.geoderma.2017.05.027

Wang, X., Tang, C., Mahony, S., Baldock, J. A., & Butterly, C. R. (2015). Factors affecting the
measurement of soil pH buffer capacity: Approaches to optimize the methods. European
Journal of Soil Science, 66(1), 53-64. https://doi.org/10.1111/ejss.12195

Wang, Y., Zhong, B., Shafi, M., Ma, J., Guo, J., Wu, J., Ye, Z,, Liu, D., & Jin, H. (2019). Effects
of biochar on growth, and heavy metals accumulation of moso bamboo (Phyllostachy
pubescens), soil physical properties, and heavy metals solubility in soil. Chemosphere,
219(4), 510-516. https://doi.org/10.1016/j.chemosphere.2018.11.159

White, P. J., Bradshaw, J. E., Brown, L. K., Dale, M. F. B., Dupuy, L. X., George, T. S.,
Hammond, J. P., Subramanian, N. K., Thompson, J. A., Wishart, J., & Wright, G. (2018).
Juvenile root vigour improves phosphorus use efficiency of potato. Plant and Soil,
432(1-2), 45-63. https://doi.org/10.1007/s11104-018-3776-5

94



Whitman, T., Nicholson, C. F., Torres, D., & Lehmann, J. (2011). Climate Change Impact of
Biochar Cook Stoves in Western Kenyan Farm Households: System Dynamics Model
Analysis. Environmental Science & Technology, 45(8), 3687-3694.
https://doi.org/10.1021/es103301k

Wijesinha-Bettoni, R., & Mouillé, B. (2019). The Contribution of Potatoes to Global Food
Security, Nutrition and Healthy Diets. American Journal of Potato Research, 96(2), 139—
149. https://doi.org/10.1007/s12230-018-09697-1

World Agroforestry Centre (ICRAF), Ndegwa, G., Sola, P., liyama, M., Okeyo, I., Njenga, M.,
Siko, 1., & Muriuki, J. (2020). Charcoal value chains in Kenya: A 20-year synthesis.
World Agroforestry Centre (ICRAF). https://doi.org/10.5716/WP20026.PDF

Wr,a0,asbel-Tobiszewska, A. (2014). Biochar as a soil amendment and productivity stimulus for
Eucalyptus nitens plantations [Master’s Thesis, University Of Tasmanial].
https://doi.org/10.25959/23236973.v1

Xia, H., Riaz, M., Zhang, M., Liu, B., Li, Y., EI-Desouki, Z., & Jiang, C. (2022). Biochar-N
fertilizer interaction increases N utilization efficiency by modifying soil C/N component
under N fertilizer deep placement modes. Chemosphere, 286(1), 131594.
https://doi.org/10.1016/j.chemosphere.2021.131594

Xin, X., Qin, S., Zhang, J., Zhu, A., Yang, W., & Zhang, X. (2017). Yield, phosphorus use
efficiency and balance response to substituting long-term chemical fertilizer use with
organic manure in a wheat-maize system. Field Crops Research, 208(7), 27-33.
https://doi.org/10.1016/j.fcr.2017.03.011

Xu, C.-Y., Hosseini-Bai, S., Hao, Y., Rachaputi, R. C. N., Wang, H., Xu, Z., & Wallace, H.
(2015). Effect of biochar amendment on yield and photosynthesis of peanut on two types
of soils. Environmental Science and Pollution Research, 22(8), 6112—6125.
https://doi.org/10.1007/s11356-014-3820-9

Xu, M., Luo, L., Yang, G., Zhang, X., Peng, H., Yu, X., & Wang, L. (2017). The factors
affecting biochar application in restoring heavy metal-polluted soil and its potential
applications. Chemistry and Ecology, 34(2), 177-197.
https://doi.org/10.1080/02757540.2017.1404992

Yadav, V., Karak, T., Singh, S., Singh, A. K., & Khare, P. (2019). Benefits of biochar over other

organic amendments: Responses for plant productivity (Pelargonium graveolens L.) and

95



nitrogen and phosphorus losses. Industrial Crops and Products, 131, 96-105.
https://doi.org/10.1016/j.indcrop.2019.01.045

Yang, Y., Ma, S., Zhao, Y., Jing, M., Xu, Y., & Chen, J. (2015). A Field Experiment on
Enhancement of Crop Yield by Rice Straw and Corn Stalk-Derived Biochar in Northern
China. Sustainability, 7(10), 13713-13725. https://doi.org/10.3390/su71013713

Yasmin, F., Othman, R., Sijam, K., & Saad, M. (2009). Characterization of beneficial properties
of plant growth-promoting rhizobacteria isolated from sweet potato rhizosphere. Afr J
Microbiol Res, 3(11), 815-821.

Zaheer, K., & Akhtar, M. H. (2016). Potato Production, Usage, and Nutrition—A Review.
Critical Reviews in Food Science and Nutrition, 56(5), 711-721.
https://doi.org/10.1080/10408398.2012.724479

Zahid, Z., Iftikhar, S., Ahmad, K. S., & Gul, M. M. (2018). Low-cost and environmental-friendly
Triticum aestivum-derived biochar for improving plant growth and soil fertility.
Communications in Soil Science and Plant Analysis, 49(22), 2814-2827.
https://doi.org/10.1080/00103624.2018.1546869

Zhai, L., Caidi, Z., Liu, J., Wang, H., Ren, T., Gai, X., Xi, B., & Liu, H. (2015). Short-term
effects of maize residue biochar on phosphorus availability in two soils with different
phosphorus sorption capacities. Biology and Fertility of Soils, 51(1), 113-122.
https://doi.org/10.1007/s00374-014-0954-3

Zhang, L., Jing, Y., Chen, C., Xiang, Y., Rezaei Rashti, M., Li, Y., Deng, Q., & Zhang, R.
(2021). Effects of biochar application on soil nitrogen transformation, microbial
functional genes, enzyme activity, and plant nitrogen uptake: A meta-analysis of field
studies. GCB Bioenergy, 13(12), 1859-1873. https://doi.org/10.1111/gcbb.12898

Zhang, M., Riaz, M., Zhang, L., El-desouki, Z., & Jiang, C. (2019). Biochar Induces Changes to
Basic Soil Properties and Bacterial Communities of Different Soils to Varying Degrees at
25 mm Rainfall: More Effective on Acidic Soils. Frontiers in Microbiology, 10.
https://www.frontiersin.org/article/10.3389/fmicb.2019.01321

Zhang, Q., Dijkstra, F. A., Liu, X., Wang, Y., Huang, J., & Lu, N. (2014). Effects of Biochar on
Soil Microbial Biomass after Four Years of Consecutive Application in the North China
Plain. PLOS ONE, 9(7), €102062. https://doi.org/10.1371/journal.pone.0102062

96



Zhang, Shen, J., Zhang, J., Zuo, Y., Li, L., & Chen, X. (2010). Chapter One - Rhizosphere
Processes and Management for Improving Nutrient Use Efficiency and Crop
Productivity: Implications for China. In D. L. Sparks (Ed.), Advances in Agronomy (\Vol.
107, pp. 1-32). Academic Press. https://doi.org/10.1016/S0065-2113(10)07001-X

Zhang, Song, Y., Wu, Z., Yan, X., Gunina, A., Kuzyakov, Y., & Xiong, Z. (2020). Effects of six-
year biochar amendment on soil aggregation, crop growth, and nitrogen and phosphorus
use efficiencies in a rice-wheat rotation. Journal of Cleaner Production, 242, 118435.
https://doi.org/10.1016/j.jclepro.2019.118435

Zhu, Q., Peng, X., & Huang, T. (2015). Contrasted Effects of Biochar on Maize Growth and N
Use Efficiency Depending on Soil Conditions. International Agrophysics, 29(2), 257—
266. https://doi.org/10.1515/intag-2015-0023

Zwetsloot, M. J., Lehmann, J., Bauerle, T., Vanek, S., Hestrin, R., & Nigussie, A. (2016).
Phosphorus availability from bone char in a P-fixing soil influenced by root-mycorrhizae-
biochar interactions. Plant and Soil, 408(1-2), 95-105. https://doi.org/10.1007/s11104-
016-2

97



APPENDICES

Appendix A: Analysis of variance for growth and yield parameters.

Source of variation DE Stem Plant height  Plant height  Plant height vield Marl_<etab|e Tubers Dry matter
52DAP 45 DAP 52 DAP 66 DAP yield per plant %
Season 1 109.26*** 1741.15***  1300.02***  310.08** 1624.60*** 288.17** 168.82*%** 8155 77***
Site 1 10.15***  3195.04***  5410.91***  2462.40***  278.76** 17.43 272.66*** 564
Site*Season 1 9.66*** 2757.33***  5100.18***  5318.31***  3841.38*** 1391.46*** 302 37*** 169
Rep(Site*Season) 8 0.16 17.31 7.97 13.69 2.66 12.98 1.82 10.75
Variety 1 21.55***  19119.99*** 33704.27*** 50793.20*** 822.35***  365.07** 179.05%**  11.92
Season*Variety 1 10.17*** 139.81* 3.05 0.07 408.10***  180.75** 30.27%* 3.83
Site*Variety 1 1.26* 1746.60***  1687.12***  438.33** 512.08***  589.28*** 18 95** 4.78
Site *Season*Variety 1 0.01 1.46 11.19 371.31** 5.35 4.58 4.85 66.52*
Rep*Variety (Site*Season) 8 0.22 17.52 8.05 26.97 14.39 15.36 1.24 6.84
Trt 8 5.11*** 134.64*** 545.02*** 480.56*** 401.20%**  447.92%** 72 A8*** 19.89***
Season*Trt 8 0.24 111 24.98* 5.03 94.56*** 10.42 2.49 5.61
Site*Trt 8 0.26 15.56 13.36 7.63 53.34*** 8.33 1.88 7.75
Site*Season*Trt 8 0.12 7.24 10.55 8.924 42 .37*** 25.11 0.48 28.17***
Variety*Trt 8 0.05 16.28 11.33 15.05 55.84*** 11.51 2.4 6.99
Season*Variety*Trt 8 0.13 4,09 11.09 11.69 52.11*** 19.16 1.45 17.64**
Site*Variety*Trt 8 0.15 7.73 3.35 3.04 39.91*** 19.43 2.09 33.71***
Site *Season*Variety*Trt 8 0.19 8.86 5.69 9.09 67.06%** 23.18 0.81 24.49***
Error b 0.16 10.99 12.37 15.08 7.45 13.54 1.62 5.64
CV % 11.07 11.54 7.92 5.76 10.88 15.41 12.81 7.39
R? 0.91 0.95 0.97 0.97 0.93 0.81 0.89 0.92

*, ** Fx* gignificant at (p<0.05); (p<0.01), (p<0.001) respectively, Yield: Total yield, Trt: Treatment, DAP: days after planting, CV:
Coefficient of Variation, R? R-squared.
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Appendix B: Analysis of variance for selected soil parameters

Source of variation DF pH Acid enzyme ';:L(;#ge Nitrate Ammonium Phosphorus
Season 1 24.89*** 155671.47*** 277660.40*** 119363.56*** 112709.00***  68117.42***
Site 1 1.19* 19581.31***  2151.27*** 18306.35*** 97161.31***  5777.58***
Site*Season 1 0.07 36002.63***  2364.86*** 529.88 64172.11***  7204.89***
Rep(Site*Season) 8 0.06 205.44 91.38 272.32 65.36 27.21
Variety 1 1.18* 4586.48*** 121.04 5745.04** 1034.46*** 128.78**
Season*Variety 1 0.45 20619.98***  3.14 11117.38*** 275.04* 287.50***
Site*Variety 1 0.73* 1027.17* 809.95*** 3265.03* 15809.98***  958.11***
Site *Season*Variety 1 2.30** 10591.98***  2700.81*** 9709.24*** 13534.97***  763.51***
Rep*Variety (Site*Season) 8 0.13 96.4 27.17 321.62 29.94 8.14

Trt 8 5.25%**  11003.41***  9428.13*** 44948.15*** 22290.56***  951.04***
Season*Trt 8 0.25** 2362.57*** 4718.62*** 1899.06*** 5897.41*** 891.68***
Site*Trt 8 0.40***  500.16*** 411.23*** 724.34*** 5653.03*** 685.99***
Site*Season*Trt 8 0.38***  891.72*** 419.53*** 617.42*** 3746.38*** 684.99***
Variety*Trt 8 0.18* 547.02*** 115.35* 825.82*** 318.34*** 1494 .56***
Season*Variety*Trt 8 0.19* 458.90** 58.86 4165.80*** 276.56*** 1609.13***
Site*Variety*Trt 8 0.18* 862.26*** 392.88*** 1190.75*** 1293.91*** 1419.07***
Site *Season*Variety*Trt 8 0.22* 965.55*** 396.36*** 2545.37*** 307.22*** 1272.99***
Error b 0.09 140.17 49.37 170.23 38.23 10.1

CV % 491 9.95 9.91 11.33 10.85 14.3

R2 0.88 0.95 0.98 0.96 0.99 0.99
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Appendix C: Analysis of variance for nutrient use efficiency

Source of variation DF N uptake P uptake NUE PUE

Season 1 199846.02***  4222.34*** 95404.32 1279122.92
Site 1 8950.06*** 1082.73***  2640.33 2310.12
Site*Season 1 2723.56*** 1481.45***  4120.47 2768.84
Rep(Site*Season) 8 39.34 87.22 9991.07 126899.71
Variety 1 14126.44***  400.82***  6821.22 5578.76
Season*Variety 1 655.08*** 157.29** 11113.36 233780.16
Site*Variety 1 33.56 242.36***  44470.36 640239.44
Site *Season*Variety 1 6066.80*** 0.56 135135.53 1129185.74
Rep*Variety

(Site*Season) 8 13.21 9.51 32279.11 434974.68
Trt 8 3259.84*** 22.24%** 45434.01***  1319812.96***
Season*Trt 8 1376.29*** 21.71%** 30438.42***  832652.39***
Site*Trt 8 3840.41*** 18.65*** 9350.75 184797.26
Site*Season*Trt 8 1402.25*** 13.53* 9883.39 216701.68
Variety*Trt 8 2984.89*** 24.15%** 9134.34 20350.3
Season*Variety*Trt 8 1565.93*** 44, 73%** 6765.54 53193.79
Site*Variety*Trt 8 1365.95*** 18.84*** 18093.13***  340061.91*
Site *Season*Variety*Trt 8 944,29*** 28.76*** 15681.45**  378105.44**
Error b 18.58 5.17 4982.23 130507.22
CV % 6.24 14.91 79.55 197.8

R2 0.98 0.93 0.74 0.67
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*, *¥*kF* significant at (p<0.05); (p<0.01), (p<0.001) respectively, Trt: Treatment, CV: Coefficient of Variation, R2: R-squared.
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of Niachar and Irorgartc Forttbaer ox 5ol Dachining scdl fertility 15 2 major constraimt bo potate farming, the second
Biochomical Properso b Miom Sub-Comty,  most important foed oop in Kanya The objedire of the sody was o detor-

Maazm Comrly, Kerp ioen fourmlaf5al myng the offact of different raies of Beochar and inorganic fertiizer on some
S 13, 173256

Bisgmidos g 43 g 330 1770 sodl properties; sodl pH, soll phosphomoncesterases, incrganic nitrogen: and
extractahle phosphores. The sody was conductad for twe seasons (short and

Beodved My |E, 1017 long rains) at two locabioms {Egerton Untversity agricoltural feld and far-
Amrpied faly 4, 202 mix's field in Mau Marok} using a sphit-plot design in a randomized complete
Pablished: [y 7, 2023 block (RCBD) armangement with variety as the main pot and sl emend-
Ciopreght 1 3023 by stheoels) menis as the sobplot. Biochar and DMammoniem Phosphate (DAF] at 0, 5,
scaritfe Roand Fablohing e and 10 tha* and 0, 50, and 500 kg-ka * respectwaly, were applied, resalting
Thizwerk i hermad ander the Crotow in ning treatment combinations. Twn potatn varieties [ Shamet and Dot p
e At=btion srratiol wore used tn the study. A comimation of 5 tha' binchar and 500 kgka™

e [CEaT Al DAF and sle application of biochar a1 § 132 reshied in = mcresse of L35,
154 umils in soil pH in two seasons, respectively. Similarly, 2 combination of
5 tha ! bsockar and 250 kg-ba ' DAF mncreasad sadl available phesphorus by
105 unts from 30.7 maky ' 1o 126 mgky . The apphcation rate of 5 tha™
binchar with 250 ar 500 kg-ha ' DAP sgnificantly Increased soll mitrate by
122.11 amd 11£.14 umdls, respectively. Soils amended with béochar 21 5 tha™
combined with 500 kg-ha® DAF, 10 tha™ of blockar combined with either
50 kg or 500 kg of DAF gave the bighest alkaline enzymes (mM pHF = kg™
# h7') Hiowaver, the highest add sodl phosphomomoesterases were obtained
under the sole applicabion of DAP at 500 ka™'. Thus, using biochar with
chemmical fertilizer seems 2 plausible oplion bo ameliorate the declining nu-
triznt base of farmland in Kenya, which could sastainably sappori potaio
Erowth
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