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ABSTRACT

Food insecurity in the arid and semi-arid land regions of Kenya is partly caused by climate change
and variability resulting to prolonged dry periods and water scarcity directly affecting crop
production. The dry lands of Kitui County have been facing soil fertility decline over the years
as well as low crop yields due to crop failure resulting to food insecurity and low economic
returns. This is associated with the poor soil and water conservation methods practiced in the
area. The objectives of the study were: i) to determine the effect of zai pits in combination with
selected integrated soil fertility management (ISFM) technologies on the chemical properties of
soils in Kabati, Kitui County, ii) to determine the effect of zai pits combined with selected
integrated soil fertility management(ISFM) technologies on sorghum yield in Kabati, Kitui
County and iii) to assess the economic feasibility of using zai pits combined with selected
integrated soil fertility management (ISFM) technologies on sorghum production in Kabati, Kitui
County. An experiment was set up in a randomized complete block design (RCBD) with 8
treatments replicated thrice, sorghum gadam variety used as the test crop. The treatments were;
zai+ manure, zai+60kg N ha, zai+manure+30kg N ha, zai+ no inputs, conventional + manure,
conventional + 60kg N ha*, conventional+manure+30kg N ha™* and conventional + no inputs.
Soil sampling was done at a depth of 0-15 cm before setting up the experiment and at the end of
the experiment. The samples were analyzed in the laboratory for total nitrogen, available
phosphorous, soil pH, soil organic carbon and electric conductivity using standard methods. Data
on sorghum yield and economic returns was subjected to analysis of variance and mean separated
using Standard Error of Difference at p<0.05. The results indicated that total nitrogen reduced
significantly (p<0.05) in zai with sole manure and zai with manure and fertilizer treatments after
the two cropping seasons. Organic carbon significantly (p<0.05) reduced in conventional without
input, zai with fertilizer and zai with manure and fertilizer treatments. Soil electrical conductivity
significantly (p<0.05) increased in zai with fertilizer, zai with manure and zai with manure and
fertilizer treatments. Available phosphorous increased significantly (p<0.05) in conventional
with sole manure, zai with fertilizer and zai with manure. Sorghum grain yields were significantly
(p<.005) higher in zai with manure, zai with fertilizer and zai with manure and fertilizer
compared to the conventional counterparts during the SR2018 season. In the same season stover
yields were significantly (p<0.05) higher in zai with manure and mineral fertilizer compared to
their conventional counterpart. During the SR2018 season, return to labour was significantly
higher (p=0.0269, p=0.0252, p=0.0379, respectively) in zai with fertilizer, zai with manure and
zai with manure and fertilizer compared to their conventional counterparts. The findings of this
study highlight the importance of rain water harvesting using zai pits and the use of manure in
combination with mineral fertilizer supplements in improving soil fertility, enhancing crop yields
and profitability. To enhance crop yields, this study recommends that Zai pits should be used
with a combined application of both organic resources and inorganic soil fertility inputs. The
farmers should also be trained on the importance of using zai pit as a soil and water conservation
technique in ASALS to improve crop production.

Xi



CHAPTER ONE: INTRODUCTION

1.1 Background of the Study

The world is facing a lot of challenges in this 21% century including; food insecurity, poverty and
water scarcity which have been associated with climate change (Leonard et al., 2010; Ali and
Erenstein 2017; Ouda and Zohry, 2020). Globally, food security problems are often associated
with factors such as water scarcity, frequent and prolonged drought, and soil fertility decline.
Prolonged drought events negatively affect food security and this has also been associated with
the changing climate and variability of the weather patterns (Tumushabe, 2018). Most countries
in the world primarily depend on rain as a source of water for agricultural production which
negatively affects the overall agricultural production (Wani et al., 2009; Ali et al., 2017).
Additionally, low crop productivity experienced in areas depending on rainfall for crop
production is further caused by degraded and poorly managed lands, poor infrastructural
development, prolonged dry periods, and lack of market for their produce (Joshi et al., 2009;

Mganga et al., 2015).

In the dry lands of Africa, it is estimated that about ninety percent of the total population depend
on subsistence agriculture as a source of livelihood and they live in rural areas (Bationo et al.,
2003). The arid and semi-arid (ASALS) lands are areas characterized by low and erratic rainfall
that is poorly distributed within the growing period, degraded soils that have low water retention
capacity, crusted soils, and low nutrients (Zougmore et al., 2014). These regions make over 40%
of the global landmass with 80% of Kenyan land being arid and semi-arid (ASAL) (Kaluli et al.,
2013). A study by FAO (2010) indicates that about 60% of crop produced in the world depend

of rain with the Sub-Saharan Africa (SSA) leading in rainfed agriculture. High temperatures and



prolonged dry periods affect the amount, intensity, distribution of rainfall, cropping pattern and
the type of livestock kept which determines the type of crops grown (Obanyi et al., 2009; Ayal
et al., 2017). Agricultural productivity is declining in these regions with the economic returns
from crop production declining every season making it difficult to attain the crop yield potential

of the region (Macharia et al., 2012).

Sorghum is a cereal crop that performs well in ASALs and areas with relatively low soil fertility.
It is widely grown by small holder farmers because of its ability to do well in the ASALs
compared to other cereals (Mwadalu and Mwangi, 2013). A greater part of Eastern Kenya
consists of arid and semi-arid climate which continually experience prolonged drought, erratic
rainfall patterns, soil fertility decline and high atmospheric heat. The drylands of Eastern Kenya
generally record low crop yields because of poor degraded soils as well as water scarcity resulting
from low and unreliable rainfall (Joshi et al., 2009; Mganga et al., 2015). The small holder
farmers in the Eastern Kenya region generally rely on rainfall for crop production which is a
limiting factor during the growing season threatening their livelihood (Kiboi et al., 2017; Ogada
et al., 2020). Relying by the farmers on rainfall for crop production increases their vulnerability

to the impacts of climate change relatively high (Adimassu and Kessler, 2016; Kogo et al., 2021).

Soil fertility and water scarcity problem has driven more innovative approaches in agriculture to
strengthen subsistence and food security more especially among the small holder farmers through
adoption of the suitable technologies (Nyang’au et al., 2021). To curb the problem of water
scarcity, soil fertility and low crop yields, several strategies to conserve soil and water such as
irrigation, planting trees (mangoes, oranges, neem) and improved crop seeds have been used as
remedies of the changing climate (Gebru et al., 2020; Wawire et al., 2021). These strategies have

also been employed by the local farmers for soil fertility improvement, increasing overall crop



yield and hence improving the economic returns. This involves use of conservation practices to
improve livelihoods and reduce vulnerability to drought (Sawadogo et al., 2011; Funk et al.,
2020). These conservation practices have been used by small holder farmers to support rain-fed

agriculture in the ASALSs of Kenya (Mati, 2006; Kimaru-Muchai et al., 2020).

Water harvesting technologies have been used to increase water supply for agricultural use in an
event of prolonged drought (Liang and VVan Dijk, 2011; Patle et al., 2020). Pitting increases soil
moisture content and restores productivity in areas where rainfall is insufficient (Biazin et al.,
2012; Kimaru-Muchai et al., 2020; Ndeke et al., 2021). The economics surrounding the use of
various water harvesting techniques and nutrient inputs which include the organic inputs and
inorganic fertilizers application to improve crop production have been studied. Vanlauwe et al.
(2010) noted that integrated soil fertility management technologies have been used as a strategy
to improve crop production in a more cost-effective and eco-friendly way. Some of the
conservation strategies include use of mulch, organic and inorganic fertilizers application
(Bationo et al., 2003; Mucheru-Muna et al., 2010). Mucheru-Muna et al. (2010) also noted an
improvement in the net benefits of using the MBILI system of intercropping with adjusted

nutrient inputs compared to the conventional intercropping method.

Declining soil fertility also remains the main biophysical problem in crop production by the small
holder farmers in the dry lands of Eastern Kenya. This is because of high rates of soil erosion,
continuous cultivation without adequate addition of fertility inputs and the removal of crop
residues from the field (Njeru, 2011). Smaling et al. (1997) noted that the average loss of
nutrients in soils in Kenya ranged from 42 kg nitrogen, 29 kg of potassium (K) and 3 kg of
phosphorous (P) ha making it among the greatest in Africa. Hence managing nutrients is

important in sustainable agricultural production and alleviation of poverty in the region. The



small holder farmers in the region commonly use crop residues, mineral fertilizers, farmyard
manure and composts for short term supply of nutrients (Ngetich et al., 2012). Research has been
done on the use of zai pits as a soil and water conservation strategy with the use of both inorganic
and organic inputs to improve fertility consequently improving crop production in the west
African countries (Danjuma and Mohammed, 2015), but this technique is limited in the ASALs

of Kenya hence the focus of this research.

1.2 Statement of the Problem

In Kenya, over ten million people are suffering from food insecurity and food nutrition problems
(Lokuruka, 2020). Some of the causes of food insecurity include; land degradation and
fragmentation, climate change and variability, soil fertility decline, over-dependence on rainfed
agriculture and low investment in drought resistant crops in the dry lands of Kenya (Mugalavai
et al., 2008). A greater part of Kitui County is mainly an ASAL which is prone to prolonged and
frequent drought events, soil fertility decline, and inappropriate soil and water conservation
measures (Mwadalu and Mwangi, 2013). This negatively affects agricultural production

threatening the small holder farmers livelihood (Kiboi et al., 2017).

For over ten years, Kenya has been experiencing a decline in agricultural production evident
from low crop yields of major crops (Kogo et al., 2021). This has negatively affected the
economic returns of the small holder farmers leading to local farmers investing in local in-situ
management strategies such as mulching, use of organic and inorganic fertility inputs to improve
crop yields (Bationo et al., 2003; Mucheru-Muna et al., 2010). Improved crop production and
economic returns can be achieved by using innovative ways of water management and improving

soil fertility. Therefore, the study mainly focused on how the use of zai pits in combination with



cattle manure and organic fertilizer would improve soil fertility and sorghum production in Kitui

County.

1.3 Research Questions
The study sought to answer the following questions:
1. How do zai pits combined with integrated soil fertility management technologies affect
selected soil chemical properties in Kitui County?
2. How do the interaction between the use of zai pits and integrated soil fertility
management technologies influence sorghum yield in Kitui County?
3. How do the use of zai pits combined with integrated soil fertility management

technologies affect the economic returns of sorghum production in Kitui County?

1.4 Objectives

The objectives of the study were;

1. To assess the effects of zai pits combined with integrated soil fertility management
technologies on selected soil chemical properties in Kitui County.
2. To determine the effect of zai pits combined with integrated soil fertility management
technologies on sorghum yield in Kitui County
3. To assess the economic feasibility of using zai pits combined with integrated soil fertility

management technologies on sorghum production in Kitui County

1.5 Hypotheses

The following hypotheses guided the research:

1. Use of manure and zai pits have a significant effect on the chemical properties of the soils

2.  Zai pits and integrated soil fertility management significantly increases sorghum yield



3. Zai pits and a combination of mineral fertilizer and manure significantly increases the

economic returns of sorghum production

1.6 Significance of the Study

The research findings were beneficial in identifying the best soil fertility amendments and the
best cultivation system of the study area in terms of profits earned, increased sorghum vyield
(grain and stover). The findings of the study also provided information to the extension service
providers, small holder farmers and legislators on the benefit of zai pit, a rain water harvesting
technology, integrated soil fertility management technologies to improve soil fertility and the
economic benefits of using zai pits and integrated soil fertility management (ISFM) technologies.
This will help the small holder farmers in the ASAL regions to make better decisions when
choosing technologies to harvest rain water and improve soil fertility for increased crop
production to achieve food security. The findings of the study will also help the extension service
workers in planning and designing effective agricultural policies both at the local and the

National levels for the small holder farmers in the ASALS.

1.7 Conceptual Framework

The small holder farmers in the dry lands of Eastern Kenya (ASALS) often rely on rainfall for
agricultural production (Zougmore et al., 2014). The unsustainable cultivation methods as well
as the low use of fertility inputs used in these areas have led to soil fertility decline over the past
years. The ASALSs are characterized with low erratic rainfall, high temperatures and poor nutrient
soils often pose a challenge to crop production more especially when water is scarce (Biazin et
al., 2012). This is evident by the low crop yields recorded each season due to crop failure
negatively affecting profitability and hence the economic returns (Figure 1.1). Various

interventions by the government and other non-governmental organizations have been



established to curb this problem including water harvesting technologies and soil fertility
management practices (Mati, 2006). For instance, zai pits a water harvesting technology has been
used to increase water infiltration, reduce soil erosion, maximize nutrient intake and more water
retention in the soil. Integrated soil fertility management options (cattle manure and mineral
fertilizer) have also been used to enrich the soil with nutrients hence improved crop production.
Figure 1.1 shows the influence of zai pits and integrated soil fertility management (ISFM)

technologies on sorghum production in Kitui County.
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Figure 1.1 Conceptual framework showing the influence of zai pits and ISFM technologies on

sorghum production in Kitui County

1.8 Definition of Terms
Climate change- It is the change in the average weather conditions or variability over an

extended period (Pachauri and Meyer, 2014).



Climate variability- It refers to the seasonal, annual temperature and rainfall variations within
and between regions or countries (Recha et al., 2017).

Integrated soil fertility management- These are practices whose purpose is to improve fertility
in the soil, improving crop production and increasing agronomic use efficiency through use of

inorganic fertilizers, organic inputs and improving germ-plasm (Roobroeck et al., 2015).

Rain-fed agriculture- It is a type of farming that primarily relies on rainfall for water (Jaramillo
etal., 2020).
Rainwater harvesting- It is the process of collecting runoff from rainfall to be used for different

purposes (Lee and Kim, 2012).

Soil fertility- Ability of the soil to supply the essential nutrients needed by plants in sufficient
quantities, proportions, forms, as well as the appropriate for growth to obtain optimum growth
(Schjoerring et al., 2019).

Zai pits- They are small pits that are used to harvest rain water for agricultural production with

a diameter of 20-30 cm and a depth of 10-20 cm (Danjuma and Mohammed, 2015).

1.9 Scope and Limitations

This study focused on the effects of Zai pits in combination with integrated soil fertility
management technologies on soil chemical properties, sorghum yields and economic returns at
Kabati in Kitui County. Soil moisture content was not measured directly during the study and the
use of zai pits is considered as a water harvesting technology, this was a limitation for the study.
On soil fertility, measurement on nutrient losses through different channels such as

denitrification, percolation, soil erosion and biomass taken away after harvesting.



CHAPTER TWO: LITERATURE REVIEW

2.1 Overview

In Kenya today, agriculture is identified as one of the main sectors that drive economic
development in the economic pillar of vision 2030 (Government of Kenya, 2010). Agricultural
production directly depends on factors of climate for agricultural production. However, crop and
livestock production are vulnerable to changes in climate as well as variability making food
security a challenge. The Global Hunger Index report (2011) ranked Kenya to be among the food
insecure countries. Food insecurity is primarily caused by poor infrastructure, fast growing
population, changing climate, land degradation and fragmentation, over dependence on rainfed

agriculture and low investment in drought resistant crops (Gemeda and Sima, 2015).

Most small holder farmers in the ASALs of Kenya primarily depend on livestock and crop
production as a form of livelihood (Omoyo et al., 2015). Small holder farms in Eastern Kenya
are not suitable for rain-fed agriculture due to unreliable rainfall, prolonged drought, and
declining soil fertility (Nezomba et al., 2014). Precipitation in the ASAL regions is lower than
the potential evaporation which results to frequent droughts during the growing season (Opiyo et
al., 2015). The frequent droughts negatively affect food security usually to the pastoralists and
small-scale agriculturalists (Ondiko et al., 2018). This has led to interventions by Government
and Non-Governmental Organizations (NGOSs) to harvest rain water and options to manage soil

fertility to improve crop productivity in these regions.

10



2.2. Sorghum Production in Kenya

Sorghum is listed as one of the major cereal crops that is grown around the globe because of its
importance and production. Its production in Kenya is declining despite the fact that it’s one of
the crops that is suitable for the ASALSs regions (Naik et al., 2016). According to US Grain
council (2010) grain sorghum is a cereal that is grown in the world mainly for food security in
the rural areas of the ASALs of Africa. Grain sorghum is mainly used as food in the tropical
regions and a raw material for alcoholic beverages (Mwadalu and Mwangi, 2013). It is a
traditional crop grown in Kenya’s arid and semi-arid regions but due to changes in climate such
as prolonged dry periods its production is still low (Muui et al., 2013). It is ranked third after
maize and wheat in cereal production and does well in soils with low fertility (Amelework et al.,
2016). Sorghum is widely grown by small holder farmers because of its ability to do well in the

ASALs compared to other cereals (Chepng’etich et al., 2015).

In Kenya the total area under production of sorghum significantly increased by 50,804 ha in a
span of four years (2005-2009) from 122,368 ha to 173,172 ha but its yield has reduced
significantly (Government of Kenya, 2010). Several interventions have been put in place to
improve sorghum production. For instance, ICRISAT& INTSORMIL have promoted breeding
and pest-disease tolerant sorghum for improved sorghum production for instance sorghum gadam
variety (Chepng’etich et al., 2015). Karanja et al. (2009) noted that there is variability between
the potential and actual production of sorghum by the small holder farmers in the lower part of
Eastern Kenya for instance, the expected potential for sorghum gadam was 2-2.5 t ha* but

farmers only produced upto1.2 t ha™.

Sorghum gadam variety is drought tolerant and fast maturing which was introduced in Kenya as

an adaptation to its changes to climate (Njeru et al., 2016). It is well adapted to the dry lands of

11



Kenya and has a direct market to the East African breweries limited for beer making (Kavoi et
al., 2013). This crop is beneficial and is grown by African subsistence farmers who use little or
no fertilizer. Therefore, the crop has a potential in reducing the risks and adapting to the changing
climate and variability. In Kenya it is a staple food for numerous households who are low-income
earners (Bryan et al., 2020). It is mostly grown in Eastern, Western, Nyanza and Rift valley
provinces the formers administrative boundaries which collectively produce over 99 percent of

the total sorghum produced in Kenya (MoA-ERA, 2012).

2.3 Effects of Drought on Crop Production

Variables of climate such as temperature and precipitation directly affect crop and livestock
production. These variables often control their growth, health, and yield (Liang et al., 2017). As
highlighted by Troy et al. (2015), the weather extremes were expected to rise with changes in
climate negatively affecting agricultural production (Troy et al., 2015). Drought is a phenomenon
that naturally occurs, and the availability of water is constrained over a long period (Vicente-
Serrano et al., 2013). In many parts of the world disasters such as drought and floods that arise
from extreme changes in weather patterns have destabilized agricultural production threatening

food security (Lesk et al., 2016).

Shortage of rainfall and soil erosion causing soil fertility decline remains a challenge to
agricultural production. These factors combined are a threat to small holder farmers in Sub-
Saharan African countries (Duncan, 2016). These small holder farmers are most vulnerable to
drought and soil fertility decline due to high food insecurity as well as poverty (Hellmuth et al.,
2009; Tabu et al., 2013). In rise to these, practices to conserve soil and water have been
introduced such as half-moon, zai pits, soil bunds and stone terraces were introduced to improve

crop production and the farmers’ general income through improved climate resilience (Ayande
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et al., 2018). Zai pits and half-moon technologies are commonly used due to their convenience
to the socio-economic conditions of the small holder farmers. There potential have also been
proven in improving soil fertility, soil and water conservation, and reduction of crop diseases,

weeds, and insects (Manda et al., 2016).

The potential direct effects of the changing climate on agricultural systems include increase in
diseases, weed and pest populations, changes in rainfall and temperature patterns affecting the
availability of water and alteration of evapo-transpiration (Rosegrant et al., 2008; Hatfield et al.,
2020). In the ASAL regions, water shortage is the main factor affecting agricultural production
with crop production directly affected by precipitation and temperature (Liang et al., 2017).
Studies have shown that drought directly affects crop production. Huho and Mugalavi (2010)
indicated that drought affected crop production negatively in the dry regions of Laikipia Kenya
in a study carried out between the year 1990 and 2005. Farmers reduced their farmlands by 30 to
60% due to rampant crop failure during the dry period. Crop yield also reduced significantly
during this period. Ray et al. (2018) recorded the lowest crop yields in 2011in Texas when a

severe drought event was recorded.

2.4 The Zai Pit System

Zai pits are described as pits for harvesting water originally used by farmers in Northern part of
Burkina Faso (Danjuma and Mohammed, 2015). It is a traditional technique to conserve soil and
water that was first practiced in Dogon, Mali. The pits measured 20-30 cm in diameter with a
depth of 10-20 cm and a spacing 60-80cm between the pits. The term zai was first coined in
Burkina-Faso referring to small planting pits filled with manure (Motis et al., 2013). They are
often referred to as planting pockets with a spacing of 70 to 80 cm apart which results to

approximately ten thousand pits per hectare. The zai pit technique hence is the small pits for
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planting which are filled with organic matter to improve crop productivity. Planting of seeds is
done in the pits after the addition of fertilizer or manure to enhance soil fertility (Motis et al.,
2013). It was discovered in 1980s after a great drought event and has widely been practiced in
western Sahel with low soil fertility, low and highly variable rainfall (Danjuma and Mohammed,

2015).

In Sub-Saharan Africa, the main issues affecting crop production include; land degradation,
declining soil moisture and fertility which have been addressed with innovation of zai pit because
it allows the concentration of water and nutrient close to the roots of the crops (Biazin et al.,
2012). They are best suited in areas receiving annual rainfall ranging from 300-800 mm but can
also be effective in highland areas which receive an excess of 1300 mm rainfall annually but
have problems water infiltration due to hardpans, crusted soils (Motis et al., 2013). Organic
matter in the soil is beneficial in maintaining the soil structure through its ability to attract
termites and soil insects. They are best suited in holding water in the soil with Danjuma and
Mohammed (2015) indicating that zai pits have over 500% water holding capacity. Therefore,

zai pit technology is used to improve fertility of poor soils particularly in dry conditions.

Pits have been practiced in some countries in West Africa including Burkina Faso, Mali and
Niger with studies indicating that they increase crop yield and improve soil fertility over time
(Zougmore et al., 2003). In Kenya the pit system has been promoted and is used for crop
production in the ASAL areas. The common type of zai pits known in Kenya is “five by nine”
which is used to refer to five seeds of maize in dry areas and nine seeds of maize in wet areas
(Mati, 2006). They have also been experimented in Eastern parts of Kenya and proved successful
(Kathuli and Itabari, 2014). Chololo pits a modification of zai pits which were invented in

Dodoma region of Tanzania have also been used for crop production (Mati, 2006).
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Digging pits help more rain water infiltration and with the application of both organic and
inorganic fertility inputs there is an improvement in soil fertility (Kar et al., 2013). The pit system
has been used mainly by farmers on dry eroded valley soils and bush fields to increase and retain
soil moisture, soil erosion reduction and soil fertility improvement through applying manure in
the pits before planting is done (Zougmore et al., 2014). Cow peas (Vigna unguiculata), sorghum
(Sorghum bicolor) and millet (Pennisetum glaucum) are some of the crops that have been
reported by small holder farmers to do well in the pit techniques hence an improvement in
production of the major food crops (Wildemeersch et al., 2015). Therefore, this study focused on
the use of zai pit and integrated soil fertility management technologies for sorghum production

in Kitui County.

2.5 Soil Fertility Management Options

Depletion of soil nutrients has been associated with the low and unsustainable agricultural
practices leading to food insecurity (Mbingo, 2013). Declining soil nutrients is one of the major
issues in Africa and for more than a decade agricultural production has dwindled evident by low
yield of the major crops in Kenya (Mbakaya et al., 2010; Muchai et al., 2020). Loss of soil
nutrients and the use of fertilizers below recommended rates is a threat to agricultural production
Canning et al. (2015) and with the continuous cropping without adequately applying fertility
inputs had contributed to the reduction of soil organic carbon and the soil microbial biomass
when compared to sole application of fertilizer or in combination with farmyard manure. Farmers
therefore have taken an initiative to improve this by either using both organic and inorganic

inputs for supply of nutrients and traditional fallows where possible (Gicheru, 2012).
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Agricultural intensification in SSA is a necessary move to address poverty in the rural areas and
degradation of natural resources. Soil fertility problem is a major concern of Kenya in agricultural
production more especially in the ASALs which are characterized by soil fertility problems
(Gicheru, 2012). The problem of soil fertility is worsened by poor and erratic rainfall which is
highly variable making crop failure a common feature (Gichangi et al., 2006; Raimi et al., 2017).
Soil fertility therefore focuses on supplying of nutrients from external sources. The most common
soil fertility management strategies include; crop rotation, agroforestry, intercropping, growing
of cover crops, use of organic and inorganic amendments and conservation tillage practices. All

these practices aiming at sustaining and maintaining soil fertility.

2.5.1 Integrated Soil Fertility Management (ISFM)

As defined by Vanlauwe et al. (2010), it is a means of improving crop production in an
environmentally friendly and profitable way. It is the use of technologies which improve crop
production through the use organic matter application, use of inorganic fertilizers, improved
germ-plasm and the adaptation to the local conditions by the small holder farmers (Fairhurst,
2012). It consists of best practices which are commonly used in a combination for instance, use
of fertilizers, organic inputs, and other agronomic practices. The current integrated soil fertility
management (ISFM) interventions include dual crop legume-cereal rotations, intercropping and

a combined use of organic manure and inorganic fertilizers (Vanlauwe et al., 2015).

Integrated soil fertility management (ISFM) is used to address the problem of soil fertility facing
small holder farmers. Proper use of these technologies can improve crop production and reduce
soil organic losses (Zhang et al., 2018). The integration of legumes in ISFM often maximizes
profitability and cereal-legumes intercropping being a common practice in East Africa

(Vanlauwe et al., 2019). Research has shown that a two staggered (MBILI) system of
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intercropping increases crop production and the net benefits. Mucheru-Muna et al. (2010) noted
an increase of 40% net benefits in the MBILI system comparing to the conventional method.
Legumes that were used include cow peas (Vigna unguiculata), common beans (Phaseolus
vulgaris) and groundnuts (Arachis hypogaea) where the common bean intercrop was the most

profitable.

Increased nutrient cycling efficiency is a major composition in integrated soil fertility
management. The common inputs used in the farms include; organic inputs (livestock manure
and crop residues) and small rates of inorganic fertilizers. A combination of fertilizer and organic
resources have been known to increase the efficiency of using fertilizers and crop productivity
(Tittonell et al., 2008). This has been advocated for a sustainable method of crop production for
small holder farmers since none of the inputs is found in enough quantities (Vanlauwe et al.,
2010). Studies have shown that the integrated use of inorganic and organic fertilizers increases
crop production. Mugwe et al. (2009) noted an increase in maize yield in treatments that had a
combination of both organic inputs and inorganic fertilizers. Maize yield increased by 253% in
cattle manure +30kg N ha treatment and 284% for Calliandra + 30 kg N ha™* comparing to 169%
increase in inorganic fertilizer treatment. Hence the study focused on ISFM technologies to

improve the soil nutrients and sorghum as the test crop in the study area.

2.5.2 Inorganic Fertilizers

They are essential concentrated nutrients that are needed by crops that are readily available for
plant uptake used to supplement the nutrients in the soil (Fairhurst, 2012). Effectively, balancing
the application of inorganic and organic inputs is important in achieving improved crop
production in sub-Saharan Africa (Zingore et al., 2008; Smith et al., 2015). The inorganic

fertilizers are often classified according to the minerals they have for instance nitrogen fertilizers
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provide N into the soil. The sources include ammonium and nitrate forms as well as urea.
Ammonium sulphate is widely used and it contains about 21% N and 11% S. Other fertilizers
that are known to supply both N and P include, ammonium phosphate and Diammonium
phosphate (DAP) (Muriuki, 2009). These fertilizers are water soluble and can cause damage to

seeds especially in soils with high soil pH (Silva and Uchida, 2000).

Inorganic fertilizers have been used extensively in East Africa with small holder farmers using
these fertilizers for commercial crops including tea, coffee and tobacco (Mati, 2006). The
inorganic fertilizers have been used to overcome soil fertility problems in Kenya and East African
region in general (Mugwe et al., 2009). Most soils in Eastern Kenya there are huge losses of
nitrogen and phosphorous through leaching and therefore a need to compensate them each
planting season. It has been noted that the rate of addition of fertilizer is insufficient in restoring
soil fertility and compensate the nutrients lost and generally, fertilizers are an expensive fertility
input and therefore the poor resource farmers cannot be able to buy enough fertilizer to comply

with the rates recommended for application (Bedada et al., 2014).

The main sources of inorganic nutrients include DAP, CAN, 17.17.0, 23.23.0 and 20.20.0. and
in Kenya’s semi-arid regions inorganic fertilizers are used in small quantities due to the high cost
and the perception by farmers that they negatively affect soils (Mugwe et al., 2009). The rate of
inorganic fertilizer use in the sub-humid parts of eastern Kenya has been estimated to be between
15-20 kg N ha* and research has shown that fertilizer application increases crop production more
especially maize production (Gicheru, 2012). Tittonell (2008) reported that the use of mineral N

and P widely induced maize yield across fields of individual farms.
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The recommended fertilizer application rates for sorghum in Kenya is DAP: 120 Kg per hectare,
MAP: 180 kgs/hactare, NPK 23:23:0: 100 kgs per hectare (Ministry of Agriculture, 2012). The
actual rates used in the study was 60 kg N ha® /60 kg P ha® which was similar to the
recommended rates of DAP application by the ministry of agriculture. Studies have shown that
there’s a yield gap in the ASALSs of Kitui County despite the different strategies that have been
used to optimize yield. Karanja et al. (2009) notes that the production of sorghum gadam variety
is 1.2 tons per hectare with the expected potential yield for the variety being 2 to 2.5 tons per
hectare. This study therefore opted to use mineral fertilizer as an option in soil fertility

management in the study area.

2.5.3 Animal Manure

Using organic resources is important source of nutrient inputs with manure being the major
source of nutrients (Chivenge et al., 2009). Animal manure contains all the micro and macro
elements required for growth of plants. It also contains organic matter this therefore increases
soil organic carbon when it is applied (Stockmann et al., 2013). Mugwe et al. (2009) noted that
manure is widely used in central Kenya by about 80% of households because it is affordable
compared to inorganic fertilizers. Cattle manure is readily obtained by the small holder farmers
in high quantities to enhance soil organic matter (Dunjana et al., 2012). The stock of organic

carbon present in animal manure generally increases the soil organic carbon upon its application.

Research has also shown that animal manure is able to restore soil fertility in small holder farms
because it adds soil organic matter into the soil, increases soil pH, available P, and base saturation
(Zingore et al., 2008). Mugwe et al. (2009) also noted that cattle manure significantly increased
soil pH and amounts of soil K, Ca, Mg and C after four years of cultivation in Chuka, Central

Kenya. Elsewhere in the south eastern United States, the stock of soil surface organic carbon (0-
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20cm) increased after applying poultry litter for 10 years when compared to plots that had sole
application of mineral fertilizer (Sainju et al., 2008). In another study by Huang et al. (2015) pig
manure application increased the soil surface layer (0-15cm) soil organic carbon compared to
soils that had application of fertilizer alone an indication of the significant contribution in
improving soil fertility and enhance crop production. Nitrogen loss through ammonia
volatilization is seen as a major constraint in its quality (Gichangi et al., 2006). The study used

cattle manure as a form of organic manure in sorghum production in Kitui County.

2.6 Effect of Zai Pits and Soil Fertility Management Options on the Soil Chemical
Properties

Continuous cropping has constrained agricultural intensification because of low nitrogen and
phosphorous available in the soil. Studies on the effect of zai pit technology and use of organics
and mineral fertilizers on soil properties have yielded different results. Some studies have noted
that some nutrients significantly increase, and others reduce or no effect at all to the soil nutrients.
Bedada et al. (2014) and Kihara et al. (2016) noted that a combination of compost and (Nitrogen
phosphorous) NP fertilizer increased stock of total nitrogen and organic carbon in 0-10cm when
compared to the control and NP fertilizer alone treatments. Similar results have also been
reported by Chivenge et al. (2011) on SOC whereby soil organic carbon (SOC) increased after
applying organic resources in both the organic alone and combination with the nitrogen fertilizer
comparing to the control. Mucheru-Muna et al. (2007), Dunjana et al. (2012) and Zhou et al.
(2015) also noted soil carbon increase with the addition of organic manure. Organic carbon in
the soil plays a role in maintaining soil fertility because it is a source and sinks for nutrients
(Bationo et al., 2005; Lahmar et al., 2012). Mucheru-Muna et al. (2014) also noted that the

manure treatments had a significant increase in soil available K and P contents.
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Application of cattle manure has been attributed to the increase of organic carbon in the soil in
poor fertility soils. For instance, Dunjana et al. (2012) recorded a significant increase in organic
carbon and improving aggregate stability at in clay soils and soil organic carbon increased
significantly in sandy soils. This showed that cattle manure plays a great role in soil organic
matter enhancement. Organic manure has been known to have a significant effect on soil pH.
Mucheru-Muna et al. (2014) noted a significant increase of soil pH in the sole application of
organic manure from strongly acidic soils to less strongly acidic soils with a complete opposite
with the application of sole mineral fertilizer which reduces soil pH. This was same with Mugwe
et al. (2009) and Opala et al. (2013) who reported that farmyard manure and cattle manure
improved soil fertility by increasing soil pH respectively. Soil organic carbon (SOC), Ca, K and
Mg were also increased with the application of cattle manure (Mugwe et al., 2009). Sole mineral
fertilizer application reduces the soil pH in comparison with the compost which has an effect of

increasing soil pH (Bedada et al., 2014).

A study by Yegon et al. (2016) on the effects of planting pits on soil properties indicated that soil
total nitrogen (TN) increased by 0.4 mg kg, potassium level by 0.4-0.54 cmol. kg and total
organic carbon (OC) by 0.06 mg kg™ in areas where pits were used compared to the control.
Kimaru (2017) also indicated that soil pH significantly (p=0.014) increased with total nitrogen
increasing significantly(p=0.05) with the application of manure under the zai pit system. The
change of pH was associated with the manure application. Matusso et al. (2013) noted that the
uptake of nitrogen in maize and soybean crops was significantly affected by the patterns used to

intercrop where the MBILI intercropping had the highest total nitrogen.
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2.7 Impact of Zai Pit and Soil Fertility Management on Crop Yield

Scientists are focusing on soil and water conservation to increase crop productivity (Banwart,
2011). Research has shown that soil properties greatly influence productivity (Matsumoto et al.,
2013). Mucheru-Muna et al. (2007), Chivenge et al. (2011), Dunjana et al. (2012), Mucheru-
Muna et al. (2014) and Bedada et al. (2014) reported that the application of organic inputs alone
or combined with inorganic fertilizers led to yield increment of crops when compared with where
fertility inputs were not used. This is due to its ability in sustaining soil health and improving
fertility in the soil (Satyanarayana et al., 2002). Dunjana et al. (2012) also noted that a maize

yield significantly increased where combined cattle manure and mineral fertilizer were applied.

Chivenge et al. (2011) reported higher maize harvest from treatments that combined organic
resources and fertilizers with a 114% increase and the sole application of organic inputs at 60%
compared to the control. Amede et al. (2011), Biazin et al. (2012) and Kar et al. (2013) reported
that rain water harvesting in combination with use of both inorganic and organic inputs increases
the nutrients in the soil improving crop productivity. Amede et al. (2011) reported that zai pits
and a combination of fertilizer additions increased the yield of potatoes by 500% to 2000% and
bean yield by 250%. Kimaru (2017) also noted that cattle manure + zai pit had the highest
sorghum yield of 4.18 kg ha™. zai pit combined with nutrient management options recorded
higher sorghum yield compared to the conventional method of crop production. The study
focused on the use of zai pits and selected ISFM technologies to improve crop yield in the study

area with sorghum as the test crop

2.8 Economic Benefit of Zai Pits and Soil Fertility Management
The economic benefit of an enterprise is often determined by cost-benefit analysis (CBA)

because it determines the options that are more profitable. Kalungu et al. (2015) noted that zai
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pits are labour intensive in nature as it takes approximately 450 hours ha-1 to dig holes and an
estimate of 250 hours for fertilizer application. However, the benefits are considered positive in
the end. Hatibu et al. (2006) found that economic returns land and labour increased in Tanzania
water harvesting, as water harvesting gave an opportunity for the farmers to grow vegetables and
rice. Similarly, Mazvimavi and Twomlow (2008) noted that higher yields were recorded in the

planting pits compared to the conventional practices where manure was broadcasted.

The cost effectiveness of integrated nutrient management on productivity has been reported due
to its ability to improve crop yield. Adamtey et al. (2016) reported that ISFM produced products
influenced profitability in both local and regional markets. The organically produced crops whose
profit was twice compared to that was produced conventionally. This provided alternative to the
farmers because of its economic viability. For instance, Mucheru-Muna et al. (2010) where a two
staggered (MBILI) system of intercropping (a form of ISFM) had a 40% increase in net benefits
compared to the control. The intercropping of maize and the legumes where N fertilizers were
applied yield increased and hence the economic benefits. Kearney et al. (2012) noted that greater
net benefits were recorded in combined manure and mineral fertilizer compared with the

application of sole manure and sole mineral fertilizer.

Elsewhere, Ojiem et al. (2014) also noted that the components of ISFM e.g., legume-cereal
rotation generally reduced application costs of N while the yield of one crop increased without
reducing the performance of the crops rotated. Thimmaiah et al. (2016) noted that a combination
of NPK, vermin-compost and farmyard manure had the highest yield of grain finger millet and
the gross benefits. Matusso et al. (2014) noted that the intercropping of maize and soybean has a

significant effect on the net returns, gross monetary returns, and benefit cost ratio (BCR).
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2.9 Water and Nutrient Balance

Soil and water nutrients are the most limiting agricultural resources (Sharma et al., 2015).
However, Wang and Li (2019) notes both irrigated and rainfed agriculture are affected by soil
nutrients depletion through losses such as leaching and surface runoff on rainfall events. Nutrient
balance is defined as the nutrient input such as fertility amendments and output i.e., leaving the
system through uptake by crops (Rafique et al., 2012). Nutrient input is an important aspect in
farming systems because it has critical importance in crop productivity. However, surplus
nutrients in the soil can also lead to nutrient losses which may cause economic inefficiency to
farmers as well as cause a potential harm to the environment through pollution (Kumar et al.,
2019). Nitrogen and phosphorous are two main nutrients that are potential indicators of pollution

which are presented in tons of nutrient per hectare.

2.9.1 Nitrogen and Phosphorous Gain and Losses from the Root Zone

2.9.1.1 Nitrogen and Phosphorous Gain in the Soil

Nitrogen is gained to the soil through various processes such as biological fixation, application
of chemical fertilizers as well as organic sources and atmospheric N (Schroder, 2014). Biological
fixation is a natural process by free-living micro-organisms known as diazotrophic (Norman and
Friesen, 2017). Nitrogen fixation is the major source of nitrogen in the soil where the micro-
organisms transform nitrogen to biologically available forms for uptake. Leguminous crops can

be used to fix large amounts of N2 through biological N fixation.

Research shows that more than 90 percent of nitrogen in the soil in bound to organic matter and
its availability in the soil is controlled by microbial mineralization which is also dependent on

temperature and soil moisture (Agehara and Warncke, 2015). Therefore, with increased
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precipitation and moisture in the soil, microbial activities increase which accelerates the
mineralization of nitrogen as well as nitrogen immobilization in the microbial biomass. The
application of chemical fertilizers also acts as a source of nitrogen in the soil. Anhydrous
ammonia is used in the manufacture of nitrogen fertilizers that supplement other sources of N for
crop nutrition (Lamb et al., 2014). Other sources of N in the soil include organic sources such as

manures, crop residues and soil organic matter.

Phosphorous is also gained into the soil through application of chemical fertilizers and released
from rock formations and sediments in a form of phosphate salts (Jupp et al., 2021). Unlike
nitrogen, phosphorus does not have any atmospheric component since it is not found in gaseous
form. Weathering and dissolving of the phosphate rocks in soil water makes it available for crop
uptake. However, the quantities released are small therefore, farmers apply commercial fertilizers

to supplement the small quantities found in the soil (Schroder et al., 2011).

2.9.1.2 Nitrogen and Phosphorous Loss from the Soil

In agriculture, nitrogen (N) and phosphorus (P) nutrients are lost through different ways
including when the crops are harvested and soil erosion (Bashagaluke et al., 2018).
Consequently, the application of mineral fertilizers maintains and build soil fertility. However,
when applied at excess levels the (N and P) nutrients may be lost through leaching, crop removal
by harvest, erosion, and run-off. Additionally, nitrogen is lost from the soil through processes

such as denitrification, anaerobic ammonium oxidation and volatilization (Zhu et al., 2015).

Precipitation is the main factor that affects cycling of nitrogen (N) because of its significant effect
on soil erosion, microbial activity and leaching (Cregger et al., 2014). Increased levels of

precipitation decrease nitrogen retention and increases nitrogen losses through run-off and
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leaching (Ershadi et al., 2020). Leaching involves the loss of soluble NO3z™ which moves with
water in the soil below the root zone which commonly occurs in coarse-textured soils with lower

water holding capacity.

Nitrogen is lost from the soil through denitrification where NOgz"is lost when soils are saturated
with water (Castaldelli et al., 2019). Volatilization also contributes to the loss of nitrogen from
the soil where N is lost as ammonia gas (NH3). This is common in manure and fertilizer products
that contain urea. Nitrogen is also lost from the soil through uptake by the crops under saturated
soil moisture conditions (Hamoud et al., 2019). Under high soil moisture conditions, there’s an

increased competition for nitrogen between plants and the micro-organisms.

2.9.2 The Effect of N and P Loss and Gain on Crop Production

Nitrogen and phosphorus are considered as elements that limit plant growth as well as a limiting
factor for profitable and sustainable crop production (Haileselassie et al., 2011). However, the
application of this elements more than the crops need can reduce crop yields. Morris et al. (2018)
notes that economically profitable yields can only be achieved by applying the recommended
rates of N and P. However, the yield potential for crops varies with climatic conditions, nutrient
cycling, species of crops and competition with pests and weeds. Nitrogen and phosphorus
fertilizers are applied to enhance crop yield. Dai et al. (2013) notes that omission of P fertilizer
induces a deficit of the available nitrogen in the soil as well as the concentrations of extractable
phosphorous. This is an indication that phosphorous is beneficial in growth of crops since it is

linked to the availability of nitrogen in the soil.
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2.10 Research Gap

Based on the previous studies, ISFM and Zai pits promotes agricultural sustainability through
curbing the soil fertility and soil moisture problems. However, studies that have been done in
Kabati, Kitui County have concentrated more on organic and inorganic fertility inputs with little
attention being given to the potential of ISFM and zai pits a water harvesting technology. In
addition, economic analysis on the zai and ISFM technologies presents a better basis of
comparing the most cost-effective cultivation method suitable for the small holder farmers in the

study area.
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CHAPTER THREE: METHODOLOGY

3.1 Study Area Description

The study was conducted at Kauwi primary, Kabati town, Kitui east sub-county in Kitui County.
Kitui County lies to the south east of Nairobi with latitudes 0°10, and 3°0 South and longitudes
37°50 and 39° 0 East with an altitude ranging between 400m and 1800m above sea level (Figure

3.1).
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Figure 3.1: Map of the study area

Kitui County experiences unreliable rains ranging from 250mm to 1050mm per annum with a

bimodal rainfall pattern. The short rains are experienced from October to December and the long
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rains being experienced from March to May while the rest of the year is dry. The hot months are
July to September and January-February with the temperatures ranging from14°C to 34°C and
this increases the rate at which evapo-transpiration takes place (Dolschak et al., 2019). The
climatic conditions of Kabati are suitable for sorghum production because of its ability to do well

in the ASALs compared to other cereals.

The topography of the area is described as hilly rugged uplands and lowlands. The general
landscape of the area is flat with plains gently rolling down towards the east where the altitudes
are as low as 400 metres above sea level. The soils found at Kabati are lixisols consisting of
strongly weathered, leached and finely textured materials with high base saturation (Nezomba,
2016). The soils are thin and brown with low amounts of available nutrients as well as low
organic carbon levels and well drained which makes it suitable for sorghum production in the
study area. The soils have also been classified as stable since they have soil aggregate stability
of more than 0.84mm in mean weight diameter (MWD) as described by Skidmore and Powers
(1982). Kabati is in the upper midland 3-4 (semi-arid farming zone) with various natural
resources including forests, rivers, hills and wildlife. The semi-arid zone has good agricultural
potential used for agricultural production but frequent crop failures are recorded. The main socio-

economic practices in the area include crop, livestock production, fish production and tourism.

The major crops grown for food in the area include; legumes such as green grams (Vigna
radiata), cowpeas (Vigna unguiculata), pigeon peas (Cajanus cajan) and beans (Phaseolus
vulgaris). Cereals include maize (Zea mays), sorghum (Sorghum bicolor) and millet (Pennisetum
glaucum) with tuber crops being cassava (Manihot esculenta) and sweet potatoes (Ipomoea
batatas). Fruits include avocado (Persea americana), watermelon (Citrullus lanatus), pawpaw

(Carica papaya) and mangoes (Mangifera indica) (Mutie et al., 2020).
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The recommended fertilizer application rates for sorghum in Kenya is DAP: 120 kg per hectare,
MAP: 180 kgs/hactare, NPK 23:23:0: 100 kgs per hectare (Ministry of Agriculture, 2012). In
both LR and SR seasons the rainfall ranges between 500 mm and 1050 mm. Sorghum gadam
variety which has maturity between 110-130 days approximately requires 450 to 650 mm of
water during the growing season but the water varies depending on the stage of growth (Assefa
et al., 2010). In Kabati, the SR2018 season received a total of 382.31 mm and LR2019 receiving
a total of 116.3mm. This shows a water deficit in the two cropping seasons which negatively

affects sorghum yields.

3.2 Experimental Layout, Treatment Combinations and Management

The experiment was laid out as a randomized complete block design (RCBD) with 8 treatments
that were replicated thrice (Table 3.1). The plot size measured 6m by 4.5m, a spacing of 1m
between the plots and 1m for the guard zone. Figure 3.2 shows the plot layout at Kabati, Kitui

County.
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Figure 3.2 Plots Layout at Kabati, Kitui County

CMF30=Conventional + Cattle Manure + 30 kg N ha*, CNO= Conventional with no inputs,
CM60= Conventional + Manure, CF60=Conventional+ 60 kg N ha*, ZNO=zai with no inputs,

ZMF30=Zai+ Cattle manure+ 30 kg N ha, ZM60=Zai + Manure, ZF60=Zai+ 60 kg N ha*

The zai pits were made by digging out the top soil to make 60cm wide, 60 cm long and a depth
of 30cm (Danso-Abbeam et al., 2020). The top soil was then refilled to a level of 15cm before
the fertility amendments were added. Sorghum gadam seeds variety a drought tolerant crop was
sown at a spacing of 75 cm (inter-row) and 20 cm (intra-row) with two sorghum plants planted

per hill.
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Weeding was done twice during the planting period using a hand hoe with no diseases being
observed on the sorghum plants during the two cropping seasons. Six out of the eight treatments
had three external fertility amendments inputs in both zai and conventional planting (1) Cattle
manure (2) cattle manure+30 kg N ha™/30 kg P ha (3) 60 kg N ha™/60 kg P ha™* were applied
at the beginning of every season to give an equivalent of 60 kg N ha*and 60 kg P ha™ the KARLO
recommended rate of application for N and P for sorghum totaling to six treatments (Karanja et
al., 2014). The seventh and eight treatments were absolute control in both conventional and zai
planting where no external fertility inputs were applied. Table 3.1 shows the treatments in the

experiment at Kabati, Kitui County.

Table 3.1: Treatment combinations of the experiment at Kabati in Kitui County

Treatments N from manure N and P from inorganic fertilizer
Kghat Kg ha 1

Zai pits + Manure 60 0

Zai pits + Inorganic fertilizer 0 60 N and 60 P

Zai pits+ Manure+ Inorganic 30 30Nand 30 P

fertilizer

Zai pits +No inputs 0 0

Conventional + Manure 60 0

Conventional+Inorganic fertilizer 0 60 N and 60 P

Conventional+Manure + 30 30Nand 30 P

Inorganic fertilizer

Conventional + No inputs 0 0

3.3 Data Collection

3.3.1 Soil Sampling
The experiment was conducted in two seasons i.e., short rains of 2018 and the long rains of 2019.

Soil sampling was done before setting up the experiment in SR2018 season (October, 2018) and
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the end of LR2019 season (March, 2019). Soil sampling in all the plots was done at a depth of 0-
15 cm by use of a soil auger. The soil samples were then taken in each plot from five points
within the plot. The soil samples were put in a clean bucket and mixed thoroughly. A
representative soil sample was taken from the mixture, put in a bag and marked clearly for
identification of the sample. The bags were then tied at the opening tightly to avoid contamination

and taken for analysis in the laboratory.

3.3.2 Soil Laboratory Analysis

3.3.2.1 Soil Chemical Properties

All the laboratory analyses on the chemical properties of the soil were done using the standard
methods for analyzing soils by Motsara (2008). Total nitrogen was analyzed using the Kjeldahl
method, the available phosphorus (P) was measured using the Brays method, potassium (K) was
estimated with a flame photometer, soil pH was measured by an electronic pH meter, electric
conductivity of the soil was measured by electric conductivity meter, and organic carbon (OC)

was analyzed by the ignition method.

3.3.2.2 Soil Physical Properties

Soil aggregate stability (dry sieving) was determined as highlighted by Ekwuea et al. (2018). As
described by Motsara (2008), bulk density of soil was determined by the core sampling method
with the soil particle size determined by the hydrometer method. Table 3.2 shows the averages

for the initial soil characteristics at Kabati, Kitui County.
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Table 3.2: Initial soil characteristics of Kabati, Kitui County

Parameter Min Max Mean
Sand (%) 52 70 61
Silt (%) 5 11 8
Clay (%) 23 37 30
Bulk density (g/cm?®) 1.15 1.29 1.22
Soil aggregate stability 1.20 2.42 1.81
(MWD) mm

TN (%) 0.31 0.46 0.39
EC (S)_dS/m 183.8 249.8 216.8
pH (H20) 5.40 5.59 5.50
OC (%) 1.07 1.45 1.26
Phosphorous (ppm) 6.37 12.75 9.56

Note: Min=Minimum values of each parameter, Max=Maximum value of each parameter,

Mean=Average of each parameter

3.3.3 Sorghum Yields

Sorghum heads and stover were harvested from the net area of each plot at maturity, weighed
(field weight) and recorded. The sorghum heads were sundried and the dry weight recorded as
well. The sorghum heads were then threshed and the sorghum grain weighed to get the dry
weight. Grain moisture content was then measured using a moisture meter and adjusted to 12.5%

after sun drying.

3.3.4 Rainfall Measurement
Rainfall data was collected using a simple rain-gauge calibrated in millimeters and daily rainfall

measured and recorded with monitoring visits done to ensure accuracy of the rainfall data.
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3.3.5 Economic Analysis

For evaluation of economic returns of using zai pits and integrated soil fertility management
(ISFM) technologies on sorghum production, partial budgeting was used to compare the costs
and financial benefits of each treatment. The benefits and costs of each treatment was evaluated
comparing to not using the ISFM technologies with zai pits. The costs included; fertility
enhancing inputs (manure and inorganic fertilizer), pitting and labour with benefits being
increased sorghum yield. The prevailing market prices in the study area were used to derive the
input and output prices with the values that were used in the economic analysis shown in Table

3.3.

Table 3.3: Parameters used in cost-benefit analysis

Parameters Cost (US Dollars)
Cost of NPK (per kg) 0.687
Labour cost (man/day ha*) 3.602
Cost packet of sorghum seeds (2 kg) 3.435
Price of sorghum grains (per kg) 0.785
Cost of cattle Manure (tonnes) 5.888

Official exchange rate (September 2019)  1USD=Ksh.101.9

Detailed data on the labor was collected in the two seasons for all the various field operations
including; Pitting, land preparation, application of cattle manure and inorganic fertilizer, weeding
and harvesting. A stop watch was used to record the time taken for every activity with the labor
valued at the local (study area) wage rate (USD man/day) (USD 3.602) per working day (8
hours). To assess profitability, three economic tools i.e., the net benefit, benefit cost ratio (BCR)

and return to labour were used which were calculated using the following formulas;
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Net benefits Total benefits -Total costs

Benefit cost ratio = Net benefits
Total Cost
Return to labour = Net benefits

Labour costs

3.4 Data Analysis

3.4.1 Soil Chemical Properties

Data on soil chemical properties was subjected to Analysis of Variance (ANOVA) in the proc
ANOVA procedure in SAS 9.2 software and means separated using standard error of differences
(SED) at p<0.05. Comparisons on soil nutrients from soil samples collected before setting up the

experiment and the end of the experiment were analyzed using t-test.

3.4.2 Sorghum Yields

Data on sorghum yields was subjected to Analysis of Variance (ANOVA) in the proc ANOVA
procedure in SAS 9.2 software and means separated using standard error of differences (SED) at
p<0.05. To compare the effects of each treatment on sorghum yield, conversion of relative
increases in comparison to the control were done. Changes in yield were compared between the

two seasons using t-test
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3.4.3 Economic Returns
To compare the effects of the treatments and tillage systems on the economic returns, the data
collected was analyzed using analysis of variance (ANOVA) using the proc ANOVA procedure

in SAS 9.2 software and means separated using standard error of differences (SED) at p<0.05.
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CHAPTER FOUR: RESULTS AND DISCUSSION

4.1 Distribution of Rainfall During SR2018 and LR2019 Seasons

The two growing seasons (SR2018 and LR2019) recorded varying amounts of the rainfall
received with SR2018 season receiving a total of 382.31mm and LR2019 receiving a total of
116.3mm (Figure 4.1). During the SR2018 season rain was experienced in 33 days and the
LR2019 cropping season, rainfall was experienced in 10 days only with the rest of the season
being dry. Out of the 33 days that rainfall was received during the SR2018, 22 days received
rainfall less than 15 mm with the highest amount of the received rainfall recorded in the season
being 45.2 mm which was received on the 48" day of the growing season. During the LR2019
season only 3 days received rainfall more than 15 mm with the highest amount of rainfall received
being 40 mm at the 19" day of the growing period. Seven days received rainfall below 15 mm in

the LR2019 season.
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Figure 4.1: Distribution of rainfall during the SR2018 and LR2019 seasons at Kabati, Kitui

County

During the SR2018 season, the daily rainfall recorded ranged between 0.01 mm and 45.2 mm
with the LR2019 season ranging between 0.5 mm and 40 mm. During the SR2018 season, the
highest rainfall event was recorded on the 25" and 48" days of the growing period with 44.2 mm
and 45.2 mm respectively. During the LR2019 season the highest rainfall event recorded was

28.6 mm and 40 mm in the 2" and 19" day of the growing season. High rainfall intensity is likely
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to increase surface runoff and high quantities of sediments causing soil erosion as described by
Mohamadi and (Kavian, 2015) hence carrying away the soil nutrients. The high rainfall events
recorded in the two cropping seasons would have likely increased the surface runoff affecting
soil fertility. The prolonged dry spell during the LR2019 season was detrimental to the growth
of sorghum because it coincided with the flowering stage leading to low crop production and

almost a complete crop failure.

Small holder farmers in the ASAL regions often experience low yields resulting from water stress
(Nyakudya and Stroosnijder, 2011). In sub-Saharan Africa, the agroecosystems are faced with
dry spells as well as meteorological droughts (Rockstrom et al., 2010; Biazin et al.,2012) which
gives an explanation made over the study period. Dry spells and a meteorological drought were
experienced in the two planting seasons with SR2018 season experiencing two rainfall events
between day 11 to day 24 and between day 74 to day 115 respectively after planting. In the
LR2019 season, several dry spells were experienced between day 11 to day 18, day 27 and day
101 and day 103 and day 130 after planting. Research has shown that dry spells create a high
evaporative demand which in turn creates severe constraints in growth of crops and yield in the
sub humid and dry lands of East Africa and this often coincides with the critical stages such as
the flowering stage (Wildemeersch et al., 2015). Several strategies are being used by the small
holder farmers to effectively cope with the effects of dry spells being experienced which include
drought tolerant crop production and diversifying crop production to avert high food insecurity.
Mavhura et al. (2015) noted that despite the measures taken by small holder farmers to avert the
negative effects of drought, these strategies are insufficient to cope with the uncertainty in rainfall
variability. Rain water harvesting techniques have played a role in averting the associated risks

with dry spells within the seasons which then serves to bridge the gap between the rainfall events.
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4.2 Effect of Zai Pit and ISFM on Soil Chemical Properties at Kabati, Kitui County

Nitrogen content was significantly (p=0.0214) influenced by zai pit and ISFM technologies at
the end of LR2019 season. Under the zai tillage system, nitrogen content significantly (p=0.0390,
p=0.0310 and p=0.0005, respectively) reduced in zai pit with manure and half rate mineral
fertilizer, zai with sole manure and zai without input treatments at the end of the two cropping
seasons. Under the conventional tillage system, nitrogen content reduced significantly
(p=0.0212, p=0.0198, p=0.0007, respectively) in conventional with manure and fertilizer,
conventional with sole manure and conventional with sole mineral fertilizer treatments (Table
4.1). Zai planting with sole mineral fertilizer had the highest percentage reduction in nitrogen
content by -65.22% and conventional with manure recording the lowest percentage reduction -

38.71% at the end of the experiment.
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Table 4.1: Soil chemical properties (0-15cm) at the beginning of SR2018 and end of LR2019 seasons at Kabati, Kitui County

Soil Total Nitrogen (%) Soil pH (H20) Electrical conductivity =~ Organic Carbon (%) Available Phosphorous
Parameters (dS/m) (ppm)
Treatments Beg End t-testp Beg End t-testp Beg End t-testp Beg End t-testp Beg End t-test,
p
CF60 0.40* 0.15* 0.0007 5.43* 540*® 0.7607 192.3* 288.3* 0.0037 1.28* 1.17*® 0.0596 6.37% 18.68*  0.1508
CM60 0.31*  0.19® 0.0198 558 5.76° 0.1836 194.1* 311.1* 0.2710 1.35% 0.82® 0.2602 7.11* 21.03* 0.0266
CMF30 0.38% 0.21° 0.0212 553 563 05950 234.8° 384.3° 0.0415 1.44® 0.59° 0.0631 15.30° 37.70° 0.0773
CNO 0.31* 0.16* 0.0737 5.44* 550*® 0.7098 183.8* 289.5* 0.0180 1.07* 0.32* 0.0015 8.83* 20.02* 0.1142
ZF60 0.46% 0.16° 0.1196 5.49° 548 09018 210.7¢ 352.4° 0.0010 1.37° 0.87° 0.0146 10.20° 61.30° 0.0114
ZM60 0.382 0.18® 0.0390 559 5.87° 0.0909 209.9% 342.4° 0.0175 1.45% 0.51* 0.1055 11.02% 26.62*¢ 0.0258
ZMF30 0.39* 0.19* 0.0310 5.59* 5.66*° 0.5648 200.2* 318.3* 0.0067 1.36* 0.58* 0.0109 8.46* 37.47d 0.0632
ZNO 0.378  0.19° 0.0005 5.40° 5.36° 0.4557 249.8% 303.3* 0.2257 1.33* 0.43* 0.1047 12.75% 1454 0.1387
SED 0.0483 0.0112 0.1071 0.1313 18.4474 16.658 0.1729 0.1897 2.0173 5.6397
P value 0.4011 0.0214 0.812 0.1511 0.2677  0.0097 0.8296 0.0974 0.0971 0.0005

Beg=Beginning of experiment SR2018, End=End of experiment LR2019, *=significant at p<0.05 between SR2018 & LR2019
seasons, CMF30=Conventional + Cattle Manure + 30 kg N ha, CNO= Conventional with no inputs, CM60= Conventional +
Manure, CF60=Conventional+ 60 kg N ha, ZNO=zai with no inputs, ZMF30=zai+ Cattle manure+ 30 kg N ha, ZM60=zai +
Manure, ZF60=zai+ 60 kg N ha!

Means followed by a different letter are not significantly different (p<0.05).
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The treatments did not record any significant (p=0.1313) effect on soil pH at the end of the study
period (Table 4.1). However, the pH rating for treatments with sole manure increased while those
with fertilizer (60 kg N ha) reduced in both zai and conventional tillage systems (Table 4.1).
The treatments significantly (p=0.0097) increased the electrical conductivity at the end of the
LR2019 season (Table 4.1). Under the conventional tillage treatments, electrical conductivity
significantly (p=0.0415, p=0.0180, p=0.0037, respectively, t-test p) increased in conventional
with manure and mineral fertilizer, conventional without inputs and conventional with sole
mineral fertilizer treatments at the end of LR2019 season. Under the zai pit tillage treatments
electrical conductivity significantly (p=0.0067, p=0.0175, p=0.0010, respectively t-test p)
increased in zai with manure and fertilizer, zai with sole manure and zai with mineral fertilizer
treatments at the end of LR2019 (Table 4.1). Compared to the control, electrical conductivity
increased significantly (p=0.0010, p=0.0167, p=0.0392, respectively, t-test p) in conventional
with manure and fertilizer, zai with sole mineral fertilizer and zai with sole manure treatments at

the end of the two cropping seasons (Table 4.1).

Soil organic carbon (SOC) significantly (p=0.0015, p=0.0109, p=0.0146, respectively, t-test p)
reduced in conventional without inputs, zai with manure and mineral fertilizer and zai with
mineral fertilizer treatments at the end of the LR2019 season. There was a reduction in the soil
organic carbon percentages in all the treatments with conventional without fertility input
recording the highest decrease -70.09% (Table 4.1). Available phosphorous was significantly
(p=0.0005) influenced by zai pit planting and ISFM technologies at the end of LR2019 season.
The total percentages of available phosphorous increased at the end of the two cropping seasons
with the highest increase recorded in zai with mineral fertilizer by 500.98% with the lowest

increase recorded in zai without fertility input by 14.04%. Available phosphorous increased
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significantly (p=0.0258, p=0.0114, p=0.0266 respectively) in zai with sole manure, zai with sole
mineral fertilizer and conventional planting with sole manure treatments at the end of LR2019

season (Table 4.1).

From the results obtained there was an indication that the use of zai pits and addition of fertility
inputs influenced the chemical properties of soil. Manure and mineral fertilizer application
significantly reduced total nitrogen at the end of the LR2019 season. This could be because the
application of this fertility inputs makes nitrogen readily available for plant uptake hence the
reduction of total nitrogen in the soil. The reduction of nitrogen could also be attributed to loss
through volatilization, nitrous oxide emission, leaching, erosion and oxidation of nitrogen as
reported by Pal et al. (2020). These results were concurred with Pasley et al. (2019) who noted
that an increase in nitrogen fertilizer application increased nitrogen uptake by crops reducing its
availability in the soil. Similarly, Omara et al. (2019) also reported that the efficiency of nitrogen
uptake by crops was accelerated by manure and fertilizer application. However, other studies
recorded a significant increase in total nitrogen in the soil. For instance, Bedada et al. (2014)
noted that combining compost and nitrogen phosphorous (NP) fertilizer increased total nitrogen
0-10 cm compared to the control experiment and nitrogen phosphorous (NP) fertilizer alone
treatments. Similarly, Mattuso et al. (2014), Yegon et al. (2016), Kihara et al. (2016) and Liu et
al. (2020) also reported that the addition of manure and mineral fertilizer increased total nitrogen

in the soil.

There was no significant effect on soil pH at the end of the two cropping seasons. However, the

soil pH rating slightly increased in treatments that had sole mineral fertilizer and increased in

treatments that had sole cattle manure in both conventional and zai tillage systems. This was in
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line with what other researches had recorded that cattle manure has the ability to restore soil
fertility in small holder farms because it increases soil pH (Zingore et al., 2008; Mugwe et al.,
2009). The increase in the rating of soil pH could be associated with the application of cattle
manure which has calcium carbonate and bicarbonates as well as the organic anions present in
manure which neutralizes the H+ ions (Butterfly et al., 2012). The decrease in soil pH rating as
a result of mineral fertilizer application could be due to the acidifying effect of the mineral
fertilizer and the increase of electrical conductivity (Han et al., 2016). Mucheru-Muna et al.
(2014) also recorded a significant increase of soil pH in sole application of organic manure and
reduction of soil pH with sole application of mineral fertilizer. Elsewhere, Bedada et al. (2014)
had also recorded that a decrease in soil pH in treatments that had sole application of mineral

fertilizer at p<0.001 after 6 years of consecutive treatments.

The application of sole manure increased the electrical conductivity of soil. This could be
associated with the high amounts of dissolved salts in manure. Soil electrical conductivity
increases resulting from manure application is related to the high amounts of dissolved salts that
is beneficial in supplying a pool of nutrients and ions into the soil. Similarly, Carmo et al.
(2016a), Carmo et al. (2016b) and Miller et al. (2016) have also reported that electrical

conductivity increased with manure application.

Conversely, organic carbon reduced in all the treatments at the end of LR2019 season. This could
be due to the slow changes in organic carbon in compacted, poorly drained soils and clayey soils
compared to sloping and coarse-textured soils. Tillage also speeds up soil the loss of soil organic
carbon by intensifying the mineralization process and other losses through erosion. This is

because mixing of soils with litter favours bacteria and promotes the rapid breakdown process of
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organic carbon. Tillage induced erosion of soils is also the cause of severe loss of soil organic
carbon more especially in upland landscapes. Liu et al. (2003), Blanco-Canqui et al. (2013) and
Corsi et al. (2013) also reported similar results which indicated that soil organic carbon declined
significantly in the first five years of cultivation. Long-term experiments are required to detect
changes in organic carbon in the soil because it responds slowly to changes in agricultural
management. This means that the changes may require a long period of time to be detected and
quantify the effect of the management activities (Haddaway et al., 2015). A similar study on the
changes of soil organic carbon in an established plantation in northern China recorded an initial
decrease in soil carbon (Lei et al., 2019). This could be attributed to the loss of carbon through

decomposition which outweighed gains of carbon from litter.

Available phosphorous increased in treatments that had sole manure in zai and conventional
tillage systems an indication that manure could be associated with the increase in phosphorous
in the soil. The current trend of results is similar with findings of Ali et al. (2019) who noted that
the application of manure as an amendment in agricultural soils improved the soil physiochemical
properties and cycling of nutrients through enhancing enzyme as well as the soil microbial
activities leading to improved phosphorous bioavailability for crop uptake. Buckley and
Makortoff (2004) reported that manure contains about 45% to 90% of inorganic orthophosphates
a form in which phosphorous is readily available for uptake by plants which makes it a rich
supplier of phosphorous into the soil. Mucheru-Muna et al. (2014) also noted that the compost

treatments significantly increased soil available phosphorous content.
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4.3 Effects of Zai Pit in Combination with Selected ISFM Technologies on Sorghum Yields
The highest sorghum grain and stover yields (4.38 t ha! and 12.71 t ha), respectively were
recorded during the short rains (SR2018) season while the lowest grain (0.06 t ha*) and stover
(1.29 t ha®) yields were recorded during the long rains (LR2019) season (Table 4.2). Variation
of grain and stover yields due to seasons, tillage systems (zai and conventional) and the different
fertility inputs were observed during the two cropping seasons. During the SR2018 season,
sorghum grain yields were significantly (p<0.001) influenced by zai pits and ISFM technologies
(Table 4.2). Sorghum grain yields were significantly (p<.0001) higher in zai treatments when
compared to the conventional treatments during the SR2018. During the LR2019 the grain and
stover yield were also significantly (p=0.0005, p=0.0007, respectively) higher in zai treatments

compared to their conventional counterparts.
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Table 4.2: Sorghum grain and stover yield during the SR2018 and LR2019 seasons at Kabati,

Kitui County

Treatments Grain yield Stover yield

(t hal) (t hal)

SR2018 LR2019 SR2018 LR2019
Conventional + Fertilizer 2.54° 0.242 6.35° 2.18bcd
Conventional + Manure 2.88P 0.10? 7.34° 1.49¢
Conventional + Manure + Fertilizer 3.13° 0.062 5.95¢ 1.85%
Conventional + No inputs 2.06° 0.112 6.75° 1.29¢
Zai +Fertilizer 4.38? 0.28? 7.81%¢ 3.628
Zai +Manure 3.862 0.182 10.37% 2,98
Zai + Manure + Fertilizer 4.372 0.20? 12.712 2.33%
Zai +No inputs 3.06" 0.142 6.74° 1.97¢
P <.0001 0.1209 0.0005 0.0007
SED (0.05 0.2908 0.0547 0.8613 0.2926

SED=Standard Error of Difference, SR=Short Rains, LR=Long Rains

Means followed by a different letter are significantly different (p<0.05)

The SR2018 season recorded averagely higher grain yield compared to LR2019 season.
Averagely the zai tillage system had higher grain and stover yield compared to their conventional
counterparts in both SR2018 and LR2019 seasons. However, during the LR2019 season the grain
yields in both conventional and zai treatments were lower due to the prolonged dry spell during

the season.

In SR2018 season, grain yield was highest in zai with sole fertilizer (4.38 t ha™*) and lowest in
conventional without inputs (2.06 t ha'?) treatments. In LR2019 season, the highest grain yield
was recorded in zai planting with fertilizer (0.28 t ha) and the lowest grain yield recorded in

conventional with manure and mineral fertilizer treatments (0.06 t ha) (Table 4.2). During the
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two cropping (SR2018 and LR2019) seasons stover yield ranged between 5.95 t ha™ to 12.71 t

ha and 1.29 t ha to 3.62 t ha?, respectively (Table 4.2).

During the SR2018 season, significant higher grain yields were recorded in zai with sole
fertilizer, zai planting with sole manure and zai with manure and fertilizer (p=0.0027, p=0.0036,
p=0.0116, respectively) compared to conventional with fertilizer, conventional with sole manure
and conventional with manure and mineral fertilizer. During the same season, stover yields were
significantly (p=0.0009) higher in zai planting with manure and fertilizer as compared to
conventional planting with manure and mineral fertilizer. During the LR2019 season,
significantly higher stover yields (p=0.0498, p=0.0390, respectively) were recorded in zai
planting with mineral fertilizer and zai with sole manure as compared to conventional with sole

fertilizer and conventional with sole manure (Table 4.2).

On average, the LR2019 season recorded lower grain and stover yields compared to the SR2018
season. This could be associated with the dry spells and prolonged meteorological drought that
was experienced in the planting (LR2019) season where the cumulative rainfall declined (Figure
4.1) affecting the growth and production of sorghum. Rockstrom (2010), Ibrahim et al. (2011)
and Nyakudya and Stroosnijder (2011) also reported similar results that low yields experienced
were because of water stress which is often experienced by the smallholder farmers in the ASAL
regions.

Zai pits as a water harvesting technique increased the grain yields in SR2018 and this could be
because they are able to retain moisture in the soil and improve the efficiency of nutrient uptake.

These results were similar with Amede et al. (2011) and Wouterse (2017) who noted that the zai
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pit technology was an intervention used by smallholder farmers to increase agricultural
productivity through improving precipitation capture, reduction of runoff, increase infiltration
and evaporation of water from the soil. The current trend of results also corroborated by Kathuli
and Itabari (2014) who highlighted that the use of zai pits significantly increased sorghum grain
yield. Similarly, Mazvimavi and Twomlow (2008) noted higher yields in pitting technology

when comparing to the conventional tillage system.

During the SR2018 season, grain yields were significantly higher in zai with full-rate fertilizer
when compared with zai without fertility input an indication that mineral fertilizer significantly
increased the grain yields. This could be because mineral fertilizer improves soil properties by
increasing the availability of soil nutrients and promotes the growth of crops. During the same
season grain yields were significantly higher in zai with manure and zai with manure and mineral
fertilizer comparing to the control. This could also be associated to the ability of the combination
to enhance the release of nutrients and uptake by crops. Tittonel et al. (2008), Kihara et al. (2017)
and Mi et al. (2018) also attributed the grain yield increase to the combined use of inorganic
fertilizer and manure. Mattuso et al. (2014) linked the significant increase in grain yield to the
ability of the combination to enhance the nutrient release and uptake. Amede et al. (2011) also
reported that zai pits and a combination of fertilizer additions increased the yield of potatoes by

500% to 2000% and bean yield by 250%.

The application of sole manure or in combination with inorganic fertilizer increased crop yield

and this could be associated with the increase in the nutrients supplied into the soil as well as the

ability of the combination to enhance release of nutrients hence increase in nutrient availability.
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This was similar with Mucheru-Muna et al. (2014) and Chen et al. (2018) who reported that the
application of sole organics or in combination with fertilizers led to improved crop yield
compared to the sole mineral fertilizers. Elsewhere, Chivenge et al. (2011) also reported an
increase in maize yield in treatments that had a combination of organic resources and fertilizers
(114%) and sole organic resources (60%). Biazin et al. (2012), Dunjana et al. (2012) and Kar et
al. (2013) also noted that rainwater harvesting in combination with the use of both inorganic and

organic inputs increases the nutrients in the soil improving crop productivity.

4.4 Economic Feasibility of Zai Pit Utilization Combined with Selected Integrated Soil
Fertility Management on Sorghum Production in Kitui County

Labour costs varied significantly among the treatments with the zai tillage system recording
higher labour costs incurred during the SR2018 compared to the conventional tillage system.
During the same season, zai planting with mineral fertilizer treatment recorded the highest labour
costs (1153.35 USD ha™) and the lowest labour costs were recorded in conventional planting

without fertility input (145.85 USD ha) (Table 4.3).
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Table 4.3: Economic analysis of the different treatments during the SR2018 and LR2019 seasons

Treatment Labour Labour Total Total Total Total Net Net Return Return BCR BCR
cost cost cost cost benefit benefit benefit benefit to to SR2018 LR2019
SR2018 LR2019 SR2018 LR2019 SR2018 LR2019 SR2018 LR2019 Labour Labour
USD/Ha USD/Ha SR2018 LR2019
CF60 228.71¢  230.06° 271.279  271.278  1993.65° 188.158  1722.38%¢ -83.12%  7.47¢ -0.37%  6.349 -0.312
CM60 150.006  144.22¢ 172.48"  172.48% 2234.89° 73.63? 2062.39%¢ -08.86% 14.30° -0.69° 11.96%¢ -0.572
CMF30 207.83¢  212.10°  246.4° 246.4° 2616.67° 43.142 2369.83%° -203.69° 11.16%  -0.96° 9.59¢d -0.822
CNO 145.85¢  145.02° 145.029  145.02F 2242.86° 84.112 2097.84%¢ -60.78%  14.45Pd 0 42% 14.45%¢  _0.422
ZF60 1153.35% 150.57° 1194.55% 191.79° 3596.78% 221.66%  2402.23% 29.888  15.0923%c¢ (212 12.518¢ 0.167
ZM60 1118.56° 115.78% 1167.93% 157.78%" 3815.14% 140.18%  2647.21* -17.60® 22.82%  -0.15% 17.09¢  -0.117
ZMF30 1149.922 147.14° 1189.36* 186.59°¢ 3980.852 156.93%2  2791.48% -29.66% 19.20% -0.20% 15.23%  -0.162
ZNO 1118.36° 115.65¢ 1118.36° 115.659 2399.68° 112.24%  1281.31°¢ -3.412 11.09¢¢  -0.018 11.09d  _0.012
P <0001 <.0001 <.0001 <0001 <.0001 0.1202 0.0049 0.0393 0.0001 0.0956 0.0036 0.1115

SED (o5 3.809 3.2578 6.0487 6.0916 226.7482 42.9366  227.866 42.8921 15772  0.2532 1.5147  0.2229

CMF30=Conventional + Cattle Manure+30 kg N ha, CNO= Conventional with no inputs, CM60=Conventional+Manure,
CF60=Conventional+ 60 kg N hat, ZNO=zai with no inputs, ZMF30=zai+ Cattle manure+ 30 kg N ha, ZM60=zai + Manure,
ZF60=zai+ 60 kg N ha* BCR=Benefit Cost Ratio, SR= Short Rains, LR=Long Rains

Means followed by a different letter are not significantly different (p<0.05)

(SED) Standard Error of Difference
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Total costs were significantly (p<0.0001) influenced by the treatments in both cropping seasons.
Generally, total costs were higher in zai planting compared to conventional planting with the
same treatments during the SR2018 season. The highest total costs during the SR2018 were
recorded in zai with sole fertilizer (1194.55 USD ha) and the lowest recorded in conventional
without input (145.02 USD ha). During the LR2019 season, the total costs were higher in
conventional treatments compared with the zai tillage system. The highest total cost recorded in
the season was recorded in conventional with fertilizer (271.27 USD ha™) and the lowest
recorded in zai without input (115.65 USD ha™). The total benefits were significantly (p<0.0001)

influenced by the treatments during the SR2018 season (Table 4.3).

The three economic tools i.e., the net benefits, return to labour and benefit cost ratio (BCR) were
significantly (p=0.0049, p=0.0001, p=0.0036, respectively) influenced by zai pits and ISFM
technologies during the SR2018 season. The highest net benefit during the SR2018 season was
recorded in zai planting with manure and mineral fertilizer (2791.48 USD ha') and the lowest
recorded in zai without input (1281.31 USD ha) in the same season (Table 4.3). During the
SR2018 season, return to labour was significantly higher (p=0.0269, p=0.0252, p=0.0379,
respectively) in zai with fertilizer, zai with manure and zai with manure and fertilizer as compared
to conventional with fertilizer, conventional with manure and conventional with manure and

fertilizer.

In the LR2019 season the most of the treatments recorded a negative change in the net benefits
(Table 4.3). The highest net benefit was recorded in zai with fertilizer (29.88 USD ha™') and the
lowest recorded in conventional with manure and fertilizer (-203.69 USD ha). During the

SR2018 season, the highest return to labour was recorded in zai with sole manure treatment
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(22.82 USD ha') and the lowest recorded in conventional with fertilizer treatment (7.47 USD ha’
. In the LR2019 season the highest return to labour was recorded in zai with fertilizer treatment
(0.21 USD ha') and the lowest in conventional with manure and fertilizer (-0.96 USD ha). BCR
was highest in zai with sole manure (17.09 USD ha!) and lowest in conventional with fertilizer
(6.34 USD hal). In LR2019 the BCR was highest (Table 4.3) in zai with fertilizer (0.16 USD ha

1y and lowest in conventional with manure and fertilizer (-0.82 USD hal).

There was a significant effect on the economic parameters in the two cropping seasons, with
SR2018 performing better than the LR2019 season. This could be because the LR2019 recorded
lower grain yields due to the prolonged dry spell. Ray et al. (2018) noted that drought causes
significant reduction in yields and economic returns in both irrigated and rainfed crops because
of the reduction of water and moisture available for crop growth. The SR2018 season had higher
benefits in treatments that had a combination of manure and fertilizer in both conventional and
zai tillage systems compared to the control. This was an indication that the combined application
of organics and inorganics fertilizers was economically viable to the small-holder farmers. Hobbs
et al. (2011) and Kebede et al. (2020) attributed the high net benefits with soil fertility
amendments and water conservation techniques used in crop production. This generally explains
the higher net benefit results in the SR2018 season that averagely, the combined use of cattle
manure and fertilizer recorded higher net benefits than the rates recommended for fertilizer

application (Olarinde et al., 2012; Girma et al., 2020).

The net benefits, return to labour and BCR were higher in zai treatments compared to

conventional treatments with similar fertility inputs. This could be associated with the water
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conservation and fertility technologies in the zai treatments which increased the overall net
benefits. Hobbs et al. (2011) reported that zai pits has been used as an intervention to increase
productivity by improving water availability and nutrient efficiency. Higher net benefits, return
to labour and BCR were recorded in treatments that had combined manure and fertilizer in both
zai and conventional planting. This could be due to the increased supply of nutrients hence high
productivity. Similar results have also been reported by Mutegi et al. (2012) who revealed that
averagely, the combined use of organics and mineral fertilizers recorded higher net benefit and
Benefit Cost Ratio when compared with sole fertilizers application. Kearney et al. (2012), Ojiem
et al. (2014), Matusso et al. (2014) and Thimmaiah et al. (2016) noted that greater net benefits
were recorded in a combined application of inorganics and fertilizers when compared to the

application of sole inorganics and sole fertilizer.

During the SR2018 season, BCR was greater than one in all the treatments compared with the
LR2019 season whereby the BCR was less than one in all the treatments. When the Benefit Cost
Ratio (BCR) is greater than one, it indicates that the technologies can be beneficial as Shively
and Galopin (2012) reported. Higher BCR was recorded in zai planting with manure and zai with
manure and mineral fertilizer compared to their conventional counterparts in the two cropping
seasons. This could be a consideration because its more economical and a feasible alternative
available for nutrient supplementation compared to the higher costs of fertilizers (Mucheru-Muna

et al., 2007).
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CHAPTER FIVE: SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

5.1 Summary of the Findings

From the findings, zai pits and the integrated soil fertility management technologies had a very
minimal effect on the soil chemical properties. Soil total nitrogen and organic carbon reduced at
the end of the LR2019 season. Application of both sole cattle manure increased soil pH in both
conventional and zai pit planting. This was an indication that cattle manure played a role in
increasing soil pH. Conversely, application of sole fertilizer reduced soil pH at the end of LR2019
season in both zai and conventional planting. Electrical conductivity and available phosphorous
increased in all the treatments at the end of the two cropping seasons. Available phosphorus and
electrical conductivity of the soil increased significantly in treatments that sole application of
manure. The organic matter present in manure increased the phosphorous content and the

electrical conductivity in the soil.

On average, sorghum yields were higher in zai tillage system compared to conventional tillage
system in the two cropping seasons. The LR2019 season recorded lower yields than the SR2018
season due to the prolonged meteorological drought that was experienced during the season.
Lower stover yields were also recorded in conventional planting in the two planting seasons. On
assessing the economic feasibility of zai planting with the selected ISFM technologies, zai
planting generally recorded higher labour costs compared to conventional planting which
recorded lower labour costs in the SR2018 season. This was attributed to the higher costs of
installing zai pits. The lowest labour costs were recorded in conventional planting without
fertility inputs. Generally, total costs were higher in zai planting compared to conventional

planting with the same treatments during the SR2018 season. The total benefits were significantly

56



higher in zai treatments compared to their conventional counterparts with the same fertility

inputs.

The three economic tools i.e., the net benefits, return to labour and Benefit Cost Ratio (BCR)
were significantly influenced by zai pits and ISFM technologies during the SR2018 season.
During the SR2018 the highest net benefit was recorded in zai planting with manure and mineral
fertilizer and the lowest recorded in zai without input in the same season. During the SR2018
season, return to labour was significantly higher in zai with fertilizer, zai with manure and zai
with manure and fertilizer as compared to their conventional counterparts with the same fertility
inputs. During the LR2019 season the highest return to labour was recorded in zai with fertilizer
treatment and the lowest in conventional with manure and fertilizer. BCR was highest in zai with
sole manure and lowest in conventional with fertilizer during SR2018 seasons. In LR2019 the

BCR was highest in zai with fertilizer and lowest in conventional with manure and fertilizer.

5.2 Conclusion

Cattle manure an amendment used to improve soil fertility increased soil pH in both zai pit and
conventional planting. The use of sole mineral fertilizer decreased soil pH in both tillage systems.
Total nitrogen content significantly decreased in all the treatments at the end of the two cropping
systems. There was a reduction in the soil organic carbon in all the treatments at the end of the
two seasons but the changes were not significant. The available phosphorous content also
increased significantly in treatments that had sole manure application in both zai and

conventional planting.
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Averagely the zai tillage system had higher grain and stover yield compared to their conventional
counterparts in both SR2018 and LR2019 seasons. The SR2018 season recorded higher grain
yield compared to LR2019 season due to the prolonged dry spell during the season. During the
two cropping seasons, labour costs and total costs were higher in zai treatments with zai with
sole fertilizer recording the highest labour and total costs. The total benefits were also higher in

zai treatments in both cropping seasons compared to their conventional counterparts.

The three economic tools i.e., the net benefits, return to labour and benefit cost ratio (BCR) were
significantly influenced by zai pits and ISFM technologies during the SR2018 season. Zai
planting was the best in enhancing sorghum grain yields and economic returns compared to
conventional planting that had lower yields hence lower economic returns. Application of cattle
manure and mineral fertilizer is essential as it improves productivity through enhancing soil

fertility and hence improved productivity and better economic returns.

5.3 Recommendations

From the results of this study, it is recommended that;

I.  To enhance crop yields, Zai pits should be used with a combined application of both
organic resources and inorganic soil fertility inputs to supplement nutrient deficiencies
due to the limited purchasing power of the farmers for improved crop production

ii.  Farmers should also be trained on the importance of using zai pit as a soil and water

conservation technique in ASALS to improve crop production.
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5.4 Further Research

This study was limited to the use of Zai pits and integrated soil fertility management for sorghum
production at Kabati in Kitui County for two cropping seasons. Further research should consider
how the data collected for the two cropping seasons (SR2018 and LR2019) seasons can be
enhanced through crop modelling to enable more generalized statements on the impact of Zai
pits and ISFM on sorghum yields. Further, more soil and water conservation technologies should
also be considered as well as their effects and sustainability on small holder farmers in the ASAL

regions of Kenya.
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APPENDICES

Appendix 1. Steps of laboratory analysis of the soil chemical properties

Total Nitrogen

Kjeldahl method

The apparatus needed include; distillation unit and Kjeldahl digestion, burettes, conical flasks.
Reagents included; CuSO4.H20, H2SO4, Potassium Sulphate, 35% NaOH, 0.1M NaOH, 0.1M

HCI, Salicylic and Devarda alloy

Procedure: Weigh 1g of the soil sample and put in a Kjeldahl flask, add 1.5g of K>SO 0.7g of
copper sulphate, 1.5g of K2SO4 &30 ml of H2SO4, Heat lightly until frothing stops, Boil until
you get a clear solution and digest for 30 minutes. Cool, transfer into in to a distilling., Put
20ml of (0.1M HCI) into a conical flask, Add 2 drops of methyl red indicator, Cool with tap
water through the condenser, In the distilling flask add 30 ml of 35% NaOH and do not mix,
Distil ammonia by heating for 30 minutes, Remove and rinse the outlet tube wit distilled water.

The excess acid in the distillate should be titrated

Available phosphorous

Bray’s Method; The apparatus required include: a spectrophotometer, pipette, beakers/flasks.
The reagents: Bray’s Extract (0.03M NH4F in 0.025M HCL), Molybdate reagent, Stannous

chloride solution (stock solution), Stannous chloride solution
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Procedure

Preparation of the standard curve, Extraction: weigh 5g of the soil sample, Add 50 ml of the
Bray’s Extractant No. 1 to the sample and shake it for about 5 minutes and filter, color
development: measure 5ml of the filtered soil extract with a bulb pipette to 25ml measuring
flask. Add 5 ml of the molybdate reagent using, add 20 ml of distilled water to dilute, shake
and add 1 ml of the dilute SnCI2 solution, add 25 ml of distilled water and shake, Set the
spectrophotometer at 660 nm at 0 and read the blue color after 10 minutes with and without the

soil.

Soil pH

The apparatus include: a pH meter ranging 0—14 pH, beakers, pipette and a glass rod.

reagents: Buffer solutions and Calcium chloride solution (0.01M)

The procedure is: Use two buffer solutions (neutral pH 7.0 and range of soil) calibrate the pH
meter. Place the buffer solutions into the beakers and place the electrode to measure the pH.

Weigh 10g of soil and put it in a beaker and add 20ml of CaCL2 solution. Let the soil absorb
CaCL2 solution and then stir using a glass rod for 10 seconds. pH recording on the calibrated

pH meter after stirring for 30 minutes.

90



Electrical conductivity

The apparatus required: an EC meter, Erlenmeyer flasks, pipettes beakers, filter paper.

Reagents required; potassium chloride solution,

Procedure: Weigh 40g of soil into a 250-ml Erlenmeyer flask, add 80ml of distilled H20O,
shake for one hour and filter. Ensure you clean the conductivity electrode with distilled and
rinse with standard KCI solution. Put KCI into a beaker and dip the electrode in the solution.
Adjustment should be made to the conductivity meter to read 1.412 mS/cm and should be

corrected to 25 °C. Dip the electrode it into the soil extract and record

Organic carbon

Loss of weight on ignition

Required apparatus include: oven, a sieve, a beaker and a muffle furnace.

Procedure: Weigh 5g of sieved soil into a beaker. Place the beaker in a drying oven and set at
105 °C for 4 hours. Remove the beaker from the drying oven, cool and weigh a place in a muffle

furnace and add temperature to 400°C for 4 hours. Remove, cool and weigh to the nearest 0.01g.
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Appendix 2. Sample Partial Budget for Economic Returns Analysis

Benefits Value (US Dollars) | Costs Value (US Dollars)
Additional yield Labor

Additional labor

Total costs reduced Total costs added
Total income added Total income reduced
and costs reduced and costs added

Change in net income
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