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ABSTRACT

The exploitation of diverse cropping practices alongside residue incorporation has remained low
among small-holder rural farming households in Kenya. A three-year experiment was conducted
in Ng’elechom and Obekai in Teso south, Busia County to evaluate the three-strata forage
system (TSFS) which integrates forages for animal feeds with food crops thereby enhancing
residue incorporation. The objective of this study was to determine the effects of TSFS on vyield
and yield components of diversified food crops and its impact on the dynamics of soil chemical
properties. Food crops including cereals, legumes and African leafy vegetables were evaluated
under TSFS and in no TSFS cropping systems. In TSFS system, desmodium, brachiaria grass
and pigeon peas were grown in the peripheral area of the farm as forages. The treatments were
laid on a randomized complete block design at two locations for 3 years (2019, 2020 and 2021)
and performance of agronomic traits measured. After a 3-year field experiment was done, soil
samples both in TSFS and in no TSFS were sampled and changes in soil chemical properties
analysed. Data from both the field experiment and laboratory analysis were subjected to Analysis
of variance (ANOVA) in SAS software and means separated using LSD at 5% level of
significance. Results revealed that the effects of cropping system, location and season on crop
yields were significant at p<0.001. Yield increase of 30.69% and 12.71% was observed in the
third season in maize grown in TSFS and in no TSFS respectively. Beans on the other hand
recorded a yield increase of 76.52% and 56.25% in TSFS and in no TSFS respectively. The same
trend was observed in African leafy vegetables, where yield increase of 49.31% and 39.47% in
cowpeas was obtained in TSFS and in no TSFS respectively, during the third season. Crotalaria
also recorded a yield increase of 72.36% and 34.39% in the TSFS and in no TSFS, respectively.
In TSFS, there was an increase of 17.06%, 23.07%, 8.21% in soil pH, total nitrogen (TN) and
soil organic carbon (SOC), respectively. A decrease of 48.27% in soil exchangeable acidity in
the TSFS system was observed. However, there was no variation in levels of manganese (Mn) in
soil both in TSFS and no TSFS systems. The food crops yielded higher in TSFS than in no TSFS
system and therefore this could be an alternative cropping system for curbing food and feed
shortage as it improves soil fertility.

Vi
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CHAPTER ONE
INTRODUCTION

1.1 Background Information

Diversified cropping system improves productivity and resilience in agricultural systems.
Research towards achieving food security through diversified farming system has received
little attention despite its importance in crop production stabilization (Michler & Josephson,
2017). In Kenya, agriculture is one of the key sectors that drives the economy as visualized in
vision 2030 (Ndung’u et al., 2011). However, the growth in the sector is constrained by
inappropriate farming practices which have contributed to decline in soil fertility and low
farm productivity. Most soils in Kenya are less productive which has contributed to a decline
in crop production and reduction in livestock enterprises due to inadequate animal feeds. Soil
erosion is among the threats to decline in soil fertility and is associated with in-appropriate
farming practices in Kenya (Gachene et al., 2019).

Dry grain maize cultivated annually on estimated area of 197M ha of land globally, it
is the second most widely grown crop after wheat (FAOSTAT, 2021). Maize is the preferred
cereal crop grown by most farmers in Kenya. It is the staple food and it accounts for nearly
40% of the total cultivated area, 2.4% of total Gross Domestic Product (GDP) and 12.65% of
the agricultural GDP (FAOSTAT, 2017). However, maize production in Kenya is below
global averages in spite of its importance both at family and national levels. Further, maize
production is likely to decline between 5% and 33% by 2050 due to climate change as
predicted by climate change models (Nelson & Rosegrant, 2010). The expected decline in
production is against a projected population increase of 85 million by 2050. On the other
hand, the African leafy vegetables which include pumpkin (Cucurbita pepo L.), crotalaria
(Crotalaria retusa L.) and cowpeas (Vigna unguiculata) are increasingly becoming important
as subsistence and commercial crops in Kenya (Van et al., 2012). They are known for their
nutritional attributes and can be used to curb malnutrition challenges (Ntawuruhunga et al.,
2016). Although the consumption of these vegetables has increased for a decade in both
urban and rural areas their production has not been well implemented yet (Matui et al., 2016).

In Busia County, the agricultural sector is the main source of income as it employs
about 78% of the workforce and contributes about 50% to the household incomes
(Government of Kenya, 2013a). Even though agriculture is the main source of income,

production has remained low in the recent past. The low agricultural production is associated
1



with declining soil fertility and unfavourable climatic conditions, and this contributes to the
high food insecurity level in the County. Research has shown that 84% of crop output in
Busia County is used for household consumption since farming is majorly subsistence
(USAID, 2014). High consumption of cereals and low consumption of animal and vegetable
proteins has led to high incidence of malnutrition of children below 5 years where
approximately 15.5%, 13.3% and 14.8% are underweight, stunted and wasted respectively
(Jela, 2016). To curb these challenges there is need to improve on cropping pattern and
diversify the crops grown so as to enrich diet intake.

Crop plants and residues contribute to about 49% of livestock feed in Busia County
hence residue incorporation is generally low (Kinyua, 2019). The low incorporation of crop
residues has contributed to most agricultural land remaining bare and the soil easily exposed
to erosion. Moisture stress mostly in drier areas coupled with intense soil erosion by either
water or wind are among the most problematic hazards in Busia County (Soree, 2017).
Growing of livestock feeds and food crops in a sustainable cropping system could enhance
crop residue incorporation. Crop diversification with nutrient dense food crops and soil
fertility enhancing crops could improve soil fertility and malnutrition challenges. Through
this practice, the crops will provide total ground cover while short maturing legumes can act
as green manure. Planting of forages as hedgerows for livestock feeds could also narrow the
gap of using crop residues as animal feeds.

Three-strata forage system (TSFS) technology integrates diverse food crops such as
cereals, legumes and the traditional African leafy vegetables into a sustainable cropping
system. The food crops are planted in the core area while the forages on the peripheral areas
of the farm thereby providing protection to the food crops. This system enables the farmer to
harvest both food crops and forages in the same piece of land. The forages could be annuals
or perennials that can stay longer in the soil thereby protecting the soil against erosion and
creating an improved fallow during off seasons. The forages could serve as animal feeds and
provides an opportunity for the crop residues to be used as composts to improve soil organic
matter. The interaction of forages like brachiaria and desmodium with crop pests like
stemborers and fall army worm could also protect crops against pest attack following the idea
of ‘push-pull’ technology. The aim of this study was to evaluate the performance of food
crops grown in the TSFS and in no TSFS and further determine the impact of TSFS on soil

chemical properties.



1.2 Statement of the problem

In Kenya, agriculture is one of the key sectors that drives the economy as visualized
in vision 2030 (Ndung’u et al., 2011). However, the growth in the sector is constrained by
inappropriate farming practices which have contributed to decline in soil fertility. Soil erosion
is among the threats to decline in soil fertility and is associated with in-appropriate farming
practices in Kenya (Gachene et al., 2019). Declining soil fertility is also associated with
continuous monoculture cropping with little or no fertilizer application. In Busia County, lack
of fertilizers is one of the major challenges that famers face and therefore most farmers opt to
plant without the use of DAP fertilizers (Ali-Olubandwa et al., 2011). Continued application
of inorganic fertilizers that supplies mainly nitrogen and phosphorus has also led to mining of
other micro- nutrients to deficient levels (Pahalvi et al., 2021). There is also competition of
crop residues for soil incorporation and livestock feeds. In Busia County, crop plants and
residues contribute to about 49% of livestock feed (Kinyua, 2019). This research implies that
100% residue incorporation is generally impracticable among farmers as majority depend on
crop residues for livestock feeds. The study therefore aimed at an alternative and sustainable
cropping system that allows planting of diverse food crops together with forages and through

this, incorporation of diverse crop residues is achieved.
1.3 Objectives

1.3.1 General objective
To contribute to enhanced food, forage and nutritional security through diversifying and

integrating food with forage production in Western Kenya.

1.3.2 Specific objectives
I.  To determine the effects of a three-strata forage cropping system on yield and yield
components of the selected food crops.
ii.  To determine the influence of a three-strata forage cropping system on soil chemical

properties.

1.4 Hypotheses
I. A three- strata forage cropping system has no significant effect on yield and yield
components of the selected food crops.
ii. A three- strata forage cropping system has no significant influence on soil chemical

properties.



1.5 Justification

The population of Kenya is projected to increase by 2030, therefore there is need to
increase Kenya’s annual agricultural production by approximately 75% in order to meet the
food demand of 70 million people (FAOSTAT, 2017). Efforts to achieve this are highly
hindered by reduced soil fertility as a result of inappropriate farming practices. The three-
strata forage cropping system that provides forages and food crops is a sustainable system
that has not been fully implemented. In TSFS system, the forages will act as windbreaks
thereby reducing the speed of wind while the diverse food crops will provide total ground
cover thereby minimizing exposure of soil to agents of erosion. Crop residues incorporation
has remained low among most farmers leading to high moisture and soil loss due to erosion.
Inadequate animal feeds have also resulted to use of crop residues to feed livestock resulting
to low residue incorporation. The use of chemical fertilizers to improve soil fertility has
become uneconomical for most farmers due to high cost of production. There is need to
explore an alternative sustainable cropping system in order to achieve food, feed and nutrition
security.

Chemical fertilizers have been widely used to achieve maximum productivity in
conventional agricultural system. However, increased use of fertilizers has been reported to
accelerate the acidification of soil thus leading to environmental contamination. Crop rotation
is also a better way of improving soil fertility but this has become impracticable due to
reducing land sizes as a result of sub-division for human settlement. Crop residue
incorporation is beneficial in improving soil health and quality, however, this is yet to be
achieved by most farmers due to competition for crop residue as livestock feeds. There is
need for alternative cropping system that allows growing of crops together with forages to
create opportunity for total incorporation of crop residues. Creating awareness on the benefits
of residue incorporation through on-farm trials can encourage the adoption of a three-strata
strata forage system by local farmers. It is for this reason that this study was conducted to
determine the effectiveness of a three-strata forage cropping system in improving soil
chemical properties and crop production.



CHAPTER TWO
LITERATURE REVIEW

2.1 Crop diversification

Climate change and variability affects agricultural sector significantly and there is
need to diversify crops grown. Crop diversification involves increasing the number of crops
grown per unit area either through practice of planting numerous crops or crop rotation in
order to improve productivity (Garbach et al., 2017; Kremen et al., 2012; Wezel et al., 2014).
This system enhances sustainability and development of value chains for less important crops
thereby contributing to socio-economic benefits (Hufnagel, 2020). Crop diversification
practices can include crop rotations involving diverse crops (Reckling et al., 2016), mixed
farming (Bedoussac et al., 2015), planting of perennial grasses and leys which are locally
adapted (Hufnagel, 2020).

Maggio et al. (2018) found out that diverse cropping systems give higher yields than
the mono-cropping systems and its impact on environmental safety were lower. In order to
achieve higher and more stable yields, there is need to vary seeding time or changing
cropping patterns thereby increasing profitability and thus leading to greater resilience in
agro-ecosystems (Urruty et al., 2016). Crop diversification is the most environmentally
friendly, cost effective and reduces agricultural uncertainties among smallholder farmers
(Chibesa, 2020). Arable crop species diversity at national level is directly correlated with
greater stability of the total national harvest of all edible crops (Renard &Tilman, 2020).

Diversified cropping system tend to be more agronomically stable as it is usually
associated with reduced need for nitrogen fertilizers, reduced weeds and insect pressure
(Makate et al., 2016). Practicing of crop diversification is an environmentally sound
alternative to the control of parasites and soil fertility maintenance (Makate et al., 2016). The
system also provides habitats for beneficial insects and this reduces some crop pests by
rendering host crops less preferred by the pests for their establishment. Crop diversification
helps in controlling common crop pests and diseases (Shah et al., 2021). Crop mixtures
increases natural enemies of insect pests thereby breaking disease cycles.

Improving food, income and nutrition security especially in smallholder farming has
become a major challenge due to declining crop yields associated with poor soil fertility as a
result of environmental degradation (Zingore et al., 2015). Climate smart agriculture as one

of the sustainable agricultural practice may reduce the effects of climate change and variation
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on smallholder farming systems (Wekesa et al., 2018). Crop diversification through practices
such as integrated soil fertility management, crop rotations and intercropping could improve
crop productivity (Rosenstock et al., 2016). This system increases resilience and can also
serve as an alternative to improve soil fertility and pest control (Truscott et al., 2009). The

growing of indigenous crops and vegetables contribute to local biodiversity.

2.2 Three-strata forage cropping system (TSFS)

A three-strata forage cropping system is a technology that integrates planting and
harvesting of food crops with forages all year round in a sustainable manner (Nitis et al.,
1993). The forages are planted at the peripheral area around the crops in different layers. The
forages can be annuals/perennials that can stay longer in the soil thereby protecting the soil
against erosion and creating an improved fallow during off-seasons The forages can be used
by farmers directly as livestock feeds on the farm or sold to generate income. The crop
residues are incorporated back in the farms to add organic matter into the soil (Hansen et al.,
2020). The nutrient dense crops can also supply green manure through shedding of leaves,
good ground cover and can also be used to reduce malnutrition among children (Kinyua et
al., 2019).

The TSFS is a modified crop-animal farming system which is highly appropriate and
important strategy for feed and food production. The TSFS maintains and sustain soil fertility
thereby improving crop yield and dietary feeds to livestock (Sekaran et al., 2021). The
leguminous forages act as hedgerows thereby protecting soil against erosion (Hombegowda
et al., 2020). The development of TSFS is appropriate for both highland and lowlands since it
provides feeds for livestock use, promote nutrient recycling through biological nitrogen
fixation (Huluka & Argaw, 2018). Planting of legumes improve natural fallows during off-
seasons and the plants shedding off their leaves also acts as green manure (Kar & Singh,
2023). The TSFS improves the availability of animal feeds throughout the year. The grasses
and leguminous forages in TSFS can be harvested through cut and carry or fed to livestock
directly (Singh & Kumar, 2012).

In smallholder production systems animals are mainly fed on natural pastures and
weeds from fallow lands (Gowing et al., 2020). The forages from this system of feeding have
low nutritional value to livestock and therefore cannot sustain animal growth. The low input
agriculture practiced in Sub-Saharan Africa, is prevalent and cannot deliver enough food and

feeds for the coming generation (Gowing et al., 2020).
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2.3 Selection of food crops grown in the three-strata forage system

The diversified food crops were selected on the basis of nutrient dense vegetables
which can provide good ground cover besides the nutritional benefits (Kinyua et al., 2019).
The legumes and cereals were planted in order to benefit from intercropping system in case
of crop failure and to exploit the complimentary benefits between the crops (Sahoo et al.,
2023). The food crops grown included cereals, legumes and African leafy vegetables. The

crops were grown under polyculture system, intercropping and mono-cropping systems.

2.3.1 Maize, beans and pumpkin grown as poly-culture

Polyculture involves growing of three main crops of various groups that is maize (Zea
mays L.), climbing beans (Phaseolus vulgaris L.) and pumpkin (Cucurbita pepo L.) closely
together (Boissele, 2017). The incorporation of these three crops benefit from each other,
maize provides a structure for the beans to climb, eliminating the need for poles. Often, all
legumes add organic matter into system in association with Rhizobium bacteria (Mohammed
et al., 2012). The organic matter incorporated plays a role in increasing soil stability,
resistance to soil erosion and activities of soil organisms (Chepkoech, 2015). Maize, bean and
pumpkin have different shoot structure and hence poses niche complementarity effects
(Postma et al., 2012). The beans will therefore fix nitrogen to the soil that other plants can be
able to use (Gellings & Parmenter, 2016). Pumpkin leaves acts as ‘living mulch’ which
creates a micro-climate to retain moisture in the soil (Gonsalvez, 2016).

This cropping system is important for weed control through smothering effect
(Choudhary et al., 2014). Weeds compete for resources like water, light and deplete nutrients
thus resulting in decline in crop yield if not managed properly (Bhatt et al., 2016). Pumpkin
has the ability to tolerate shade and cool temperatures (Dumlao et al., 2012). It also has
creeping growth habit and rapidly covers the soil surface thereby smothering weeds. Pumpkin
has the ability to grow well during the dry spell therefore, it is guaranteed to harvest even if
the rains are inadequate (Mertz et al., 2009). Erratic weather conditions may affect the
growth and productivity of maize and beans due to inadequate soil moisture, pests and
diseases attack but pumpkins will overcome the two adversities. Polyculture cropping system
yielded higher and supported more people per hectare compared to monocultures of the
individual crops (Pleasant, 2016).

Maize is the main staple food crop in Kenya, accounting for nearly 40% of the

cultivated area, 2.4% of Kenya’s GDP, and 12.65% of the agricultural GDP (FAOSTAT,
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2017). In Kenya, small holder farmers accounts for more than 75% of the total maize
produced although out of the 75% only 20% is sold in the market (FAOSTAT, 2017). A
research done by FAO in the year 2016 estimated that in Kenya each person consumes on
average 103 kg/year as captured in data for the year 2012-2014, compared to 73 kg/ year for
Tanzania, 52 kg/year for Ethiopia, and 31 kg/year for Uganda during the same period
(FAOSTAT, 2017). Production of maize in Kenya is below global averages in spite of its
importance at both family and nation level. Muraoka et al. (2016) found that there is a
positive significance on land productivity in Kenyan highlands when a high yielding variety
is planted with recommended fertilizer rates.

The increasing demand for maize due to high population increase implies that by
2023, maize will account for the greatest share of about 34% of the total crop area harvested
(West et al., 2014). The rising demand has often increased maize area and brought about new
land into cultivation through sustainable intensification in order to achieve an increase in
yield. The crop area has often expanded into more marginal lands with high potential threats
to crop diversity and erodible top soils in hilly slopes (Neumann et al., 2010). Soil infertility
and over-reliance on fossil fuels to produce energy for synthesis of nitrogenous fertilizers and
pesticides (Juarez & Sheinbaum, 2020).

Climate change models have predicted that maize yields are likely to decline between
5% and 33% by 2050 and this will depend on severity of climate change (Nelson &
Rosegrant, 2010). The largest fall in productivity will be experienced in under-developed
countries as a result of climate change with a possibility high rise of maize prices by about
30% (Pandeyi, 2020). Improved agricultural technology is seen as the best strategy for
increasing agricultural productivity thereby obtaining sufficient food and alleviating poverty
among farmers (Khan et al., 2011). In addition, crop productivity is declining as a result of
intensive farming which leads to soil degradation through erosion and declining soil fertility
as a result of excessive leaching (Kagabo et al., 2013).

Beans belong to the genus of Phaseolus and family of Leguminaceae and are
considered the most important crops after maize country-wide. Beans are used as vegetables
for human or animal food (YYamaguchi, 2012). Legumes including beans are capable of fixing
nitrogen and hence need less fertiliser than most plants. Maturity of beans take about 55-60

days from planting to harvest (Shurtleff & Aoyagi, 2013). Bean is very nutritious



consequently, their seeds have served as raw materials for the production and enrichment of
certain foods like breads and other bakery items (Rebello et al., 2014).

Climbing beans has high yielding potential under good management it can yield up to
4 to 5 tons/ha unlike 3 tons/ha for bush beans (CIAT, 2004). Climbing bean has high lysine
content which is deficient in maize, rice and cassava and thus highly recommended in the diet
(Katungi et al., 2009). Common beans strongly inhibit the activity of key pancreatic enzymes
trypsin and chymotrypsin thereby reducing digestion even in the presence of high amounts of
digestive enzymes (Gemede et al., 2014).

The production of climbing beans is still limited in Kenya despite the positive
attributes. The production sector is constrained by low soil fertility due to restricted access to
fertilizers associated with high prices. High cost of stakes, limited use of improved climbing
varieties and weak extension services are among the challenges associated with low bean
production in Kenya (Katungi et al., 2009). It is rich in biomass which when incorporated
into the soil can act as good ground cover and also serve as mulch.

Pumpkin (Cucurbita pepo) which originated from North America belongs to the
family Cucurbitaceae which also includes gourds, cucumber, melons and squash. Pumpkin is
adapted to a wide range of agro-ecological zones and very rich in multiple nutrients (Moa &
Jica, 2000). In Kenya, the production of pumpkin has remained low with smallholder farmers
producing less than the potential of 20 tons per hectare (HCDA, 2013). Low pumpkin
production is associated with pests and diseases infestation, unavailability of seeds and lack
of awareness on the crop’s nutritive value as majority still associate its consumption with
poverty (Shava et al., 2009).

In Kenya, the demand is high majorly in urban and peri-urban regions and the
production is still very low to meet the demand (Ngugi et al., 2007). Pumpkin can be used
either at homes as food or for commercial purposes. The seeds are rich in protein,
carbohydrates and oil containing unsaturated fatty acids (Karanja et al., 2013). They are often
grown for recreational purposes due to their attractive shape and colour. Their seed is an
excellent source of protein and has anti-fungal and anti-bacterial (Kaur & Sharma, 2018). In
addition, it is used to control type 2 diabetes or non-insulin dependent diabetes mellitus

through ingestion of crude aqueous extract of pumpkin fruits (Yavad et al., 2010).



2.4 Chickpea grown as monocrop

Mono-cropping is an agricultural practice of growing a single crop year after year on
the same piece of land. Chickpea is ranked third among the most important food legumes rich
in protein (Jain et al., 2013). Chickpea contain minerals such as magnesium (Mg), calcium
(Ca), potassium (K), zinc (Zn), phosphorus (P), and iron (Fe) (Thavarajah, 2012). It
constitutes 20-30% protein, 40-64.6% carbohydrate, 3% fibre, 3-6% oil, 4% ash, and is a
good source of absorbable ions like calcium (Ca), phosphorus (P), magnesium (Mg), iron
(Fe), potassium (K) and essential Vitamin-B (Abu-Salem & Abou-Arab, 2011).

The high nutritional composition of chickpea helps in improving digestion, boosting
mental health and strengthening bones (Mudryj et al., 2014). Chickpea is susceptible to
fungal, viral and bacterial infections which if not timely managed can cause serious economic

losses globally (Nene et al., 2012).

2.4.1 Production and economic importance of chickpea in Kenya

A report by KARI, 2011 indicated that 55,000 ha of land was under chickpea
production in Kenya and this translated to about 15,000 tons to 18,500 tons of chickpeas
produced. An annual increase of 10% has been recorded in chickpea production in Kenya
since 2017 when 550 tons of chickpea was produced. Over 270,000 households derive their
livelihood from chickpea production both in dry highlands and ASALS of Kenya (Kimurto et
al., 2014). Chickpea improves soil structure of acidic soils when applied as a green manure
(Danga et al., 2013).

In Kenya, chickpea is generally grown by smallholder farmers in dry zones of Eastern
and Rift-valley provinces (Wafula et al., 2021). The plant is developed for its nutritious seeds
which are rich in protein and fibre (Sofi et al., 2020). Chickpeas are low in fat and making it
to be credible crop for weight reduction ((Mudryj et al., 2014).). The production of chickpeas
in Kenya has been adopted by smallholder farmers in the lowlands. Chickpea creates
opportunity of enhancing other legume production as it does not compete with other legumes
especially the wet season legumes (Fikre & Ahmed, 2020). In Kenya, chickpea can be grown
after the harvest of cereals and grows under residual moisture thus ideal in areas where
farmers are planting in one season (Fikre & Ahmed, 2020). The crop residues obtained from
chickpeas are used as animal feeds or incorporated back in the soil to improve soil fertility
(Shinde et al., 2022).

10



It is more drought-tolerant than other cool season legumes and the demand is
projected to increase in future due to global population increase and climate change (Bar-El
et al., 2017). Chickpea serve as a source of energy and protein rich feed for livestock leading
to high nutrition values and less digestive problems in non-ruminants (Abu-Hafsa et al.,
2022). The green leaves are rich in minerals and therefore are consumed as vegetables while
the green immature seeds used as shack and the dry seeds milled into flour. Past studies
indicate that chickpea has the ability to improve soil fertility and yield of following cereal
crops by 24-68% in a cereal-legume relay cropping system and hence it has become attractive

to cereal farmers (Kimurto et al., 2014).

2.5 Production of cowpea -amaranth and groundnut —crotalaria as inter-crops

Intercropping as a practice of cultivating two or more crops in the same space at the
same time serve to increase production and utilize available growth resources (Lithourgidis et
al., 2011). The biological benefit is enhanced through efficient light interception by species
occupying the same land area when the inter-specific competition is less than intra-specific
competition in the same entity (Dolijanovic’ et al., 2013). Other benefits associated with
intercropping include; soil conservation, restriction of growth of weeds, reduced pests and
diseases incidences (Muperi, 2016).

Cowpeas is an annual leguminous crop which matures after a short period of time
(Ngalamu & Tongun, 2015). It is majorly grown for its seeds and leaves and residues used as
livestock feeds. Cowpeas is a good source of protein, vitamins (A, B and C) and other micro-
nutrients such as zinc, magnesium, calcium and iron (Osipitan et al., 2021). Cowpea is also
used in soups, stews or ground into flour and used in bakery industries (Yavad et al., 2018). It
can easily be grown as inter-crop with cereals or other African leafy vegetables like
Amaranth. A research done by Southern Sustainable Agriculture and Education, showed that
intercropping cowpea with vegetable crops increases its yield up to 50% (Kumawat et al.,
2022). Intercropping cowpeas and amaranth improves their survival and growth due to
companion interaction between the two crops (Mndzebele et al., 2020).

Groundnuts is a short maturing legume with multiple uses. In Kenya, the crop is
grown in an estimated area of 18,000 ha thereby producing up to 21,000 metric tonnes.
Groundnut is majorly rich in proteins but also contains oils, vitamins and minerals such as
potassium, phosphorus and calcium (Balasubramanian et al., 2020). This crop grows best in

deep, and well drained sandy soils. The crop does poor in acidic soils and is highly sensitive
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to salinity and therefore it requires optimum soil pH of between 5.3 to 7.3 (Wafula, 2021).
Groundnuts is usually planted as an intercrop either with cereals or African leafy vegetables
like crotalaria. Crotalaria is one of the most underutilized indigenous vegetables in Kenya
(Mwakha et al., 2020). Slender leaf crotalaria has contributed to dietary improvement and
even food security especially for the small holder farmers (Akinola et al., 2020). The leaves
are rich in vitamins A and C and can also be used locally as medicine for treating stomach
related ailments like abdominal pains and stomach ulcers (Nakaziba et al., 2021). This
vegetable is also capable of fixing atmospheric nitrogen, and due to its high biomass
production, it can be used as green manure in farms (Silva et al., 2021).

Crops in the intercrop should differ in their nutrient acquisition potential for better
utilization of available resources in different soil depths. Intercropping reduces the risk of
crop failure that may result from fluctuations of weather variable factors such as inadequate
soil moisture that cause one crop to mature relatively earlier compared to the other thereby

obtaining yield of at least one crop (Alemayehu et al., 2017).

2.6 Suitability of forages used in the three-strata forage system

The selection of forages depends on their preference in the livestock sector, their
adaptability in the region and finally their importance on restoration of soil fertility. The
forages used in the study include; silver-leaf desmodium which is a nitrogen fixing legume,
brachiaria grass which is fodder grass and pigeon peas being a fodder legume. The forages
should also have higher palatability and can be used be variety of animals.

2.6.1 Production and economic importance of silver-leaf desmodium

Silver-leaf desmodium (Desmodium uncinatum) is a warm season legume as well as
cold tolerant tropical legumes and can survive frost at -10°C. Extreme frost may kill the
leaves, however, the plant recovers quickly in warm weather and it is one of the earliest
tropical legumes to grow in spring (Heuze et al., 2015). Silver- leaf desmodium is irregular
annual/perennial leguminous crop that may grow up to about 1m over the surrounding
vegetation. It has shallow root system that node during wet conditions hence rapidly forms
dense ground cover under good management (Valenzuela, 2011). The seeds of silver leaf
desmodium are olive-green in colour, triangle or oval shaped 3mm long and 2mm wide
(Heuze et al., 2015).
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Optimal growth is obtained at average temperatures ranging between 25°C and 30°C
with rainfall up to 1000 mm. It has been established that heavy rainfall of up to 3000 mm is
harmful to its growth (FAO, 2011). It is tolerant to flooding but cannot stand poorly drained
soils such as clays, or soil salinity (FAO, 2011). Silver-leaf desmodium is mainly used as
mulching material but can also be used as feed for livestock (Assefa, 2012). Silver-leaf
desmodium establish slowly in its early growth stages and therefore weed management
strategies should be put in place to avoid unnecessary competition (Lissu et al., 2016).
Desmodium has weak vines hence should be intercropped to provide support to the weak
vines and shade.

Silver-leaf desmodium requires beneficial Rhizobium bacteria to grow just like other
legumes in order to fix nitrogen from the air that may be available as a free fertilizer to the
plant (Miriko, 2018). The fixed nitrogen will reduce the need for nitrogen fertilizer and
whose trickle effect is increase in crop yields in a desmodium intercrop (Midega et al., 2013).

It is a high quality protein-rich forage and effectively controls some problematic
weeds such as Striga asiatica and S. hermonthica (Pickett et al., 2013). Desmodium has
allelopathic nature due to its high content of phenolic compounds which inhibit the growth of
other plants (Khan et al., 2008). Desmodium can be used as an effective biological striga
control due to its allelopathic quality (Sodaeizadeh & Hosseini, 2012). Due to the desirable
qualities and multiple uses of desmodium it is one of the best legumes used in the three-strata

forage cropping system as the innermost stratum which requires nitrogen fixing legume.

2.6.2 Production and economic importance of brachiaria grass

Brachiaria grass (Brachiaria decumbens) belongs to grass family mostly grown in the
tropics and sub-tropics of Asia and Africa. It can grow in numerous environments but
generally brachiaria grass do best in savannas and other open tropical ecosystems (Torres &
Morton, 2005). Brachiaria is an annual/perennial grass that grows to a height of 100 cm and
lack rhizomes but exhibit branching panicle (Chaudhari et al., 2013).

Brachiaria grass are C,4 species and can tolerate drier conditions and their leaves are
more exposed to light than some other plants (Baldissera et al., 2016). Brachiaria grass grows
faster than Napier grass with little moisture requirement due to its tufted growth habit (Nguku
et al., 2016). In the tropics, brachiaria grass is the single most important forage grass for

pastures as it can grow in less fertile and acidic soils (Singh et al., 2018).
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The crude protein content of Brachiaria grass can range from 9 to 20% thereby giving
quality and tasty forage for livestock (Garcia et al., 2019). It has high rate of re-growth after
grazing, more nutritious and highly palatable as animal feed (Ondabu et al., 2016). Brachiaria
grass has high plant vigour thereby producing more biomass even on low fertile soils
(Paciullo et al., 2010). It conserves water thereby making it drought tolerant (Odokonyero et
al., 2016).

Brachiaria grass has the ability to produce repellent chemicals that repel pests and
hence can be used as mechanism to avoid invasion of crops by pests (Cheruiyot, 2018). It can
play a significant role in soil improvement, soil conservation thereby increasing bio-diversity
and minimizing greenhouse gas emissions (Da Silva Dias, 2015). Brachiaria also has a wide
developed rooting system that enhances water and nutrients uptake from the soil and hence
resilient to effects of climate change (Midega et al., 2015). Brachiaria cultivars can grow in
less fertile and slightly acidic soils (Rao et al., 2016).

In low fertile soils, Brachiaria grass has shown to improve the fertility of soil when
rotated with food crops (Tesfai et al., 2019). Brachiaria grass has the ability to reduce nitrous
oxide emissions from the soil through biological nitrification inhibition processes (Simon et
al., 2020). The major challenges experienced by farmers in the adoption of high quality
forages are pests and diseases. The major production constraints in brachiaria Mulato 11 is the
arthropod pests. There is little exploitation in breeding programs to narrow the wide genetic
variations observed in brachiaria in order to achieve resistant species to common pest and
diseases (Cheruiyot et al., 2020). However, two brachiaria varieties Mulato Il and Piata are
important in developing management strategy such as ‘push-pull’ technology as pest

management mechanism.

2.6.3 Production and economic importance of pigeon pea

Pigeon pea (Cajanus cajan) is a grain legume crop in the family Fabaceae and mainly
cultivated in the semi-arid tropics due to its ability to withstand soil moisture stress (Ahmed
et al., 2016). Pigeon pea is an annual/perennial leguminous crop that compete less with
intercropped cereals like maize and short duration beans due to its deep root morphology.
Pigeon pea is the third most widely grown pulse crop in Kenya for its high quality protein
and high dry matter digestibility (Saxena et al., 2010). Compared to soybean, pigeon pea is
not as effective as soybean in accumulating high dry matter and protein levels under adverse

growing conditions (Rao et al., 2009).
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The vigorous root system of pigeon pea has the capacity to explore large soil volume
and nutrient recycling from deeper soil profiles (Abebe et al., 2016). Pigeon pea is
nutritionally well balanced and is an excellent source of proteins 20-30% (Karri & Nalluri,
2017). It also provides carbohydrates and high levels of vitamins A and C (Mbaeyi et al.,
2016). The biomass from pigeon pea rapidly decomposes to release nitrogen as compared to
maize stalks. Residues of high quality organic inputs on the other hand decompose quickly
and may release about 70% of the nitrogen within a season under tropical conditions (lbrahim
et al., 2018). It is also source of wood for fuel and also used for fencing purposes. The seeds
contain various amino acids components that can impose negative effects depending on the
animal species (Nwoagu et al., 2010).

In a ration of corn-silage for lactating dairy cows, 20% of seeds of pigeon peas can be
base fed without any side effect on dry matter intake of 22.5 kg/DM/day in order to achieve
milk production of 42 litres/day (Corriher et al., 2010). Incorporating heated pigeon pea in
the diets of quails increases the growth by approximately 20-30%, however, increased feed
consumption lead to degradation of feed conversion efficiency (Emefiene et al., 2014).

Pigeon peas is under-utilized despite its importance in income generation and
enhancing food security to small-holder farmers. One of the major challenges experienced by
smallholder farmers is that this crop has slow initial development and less competitive
compared to other grown legumes like cowpeas, soybeans and groundnuts. Both biotic and
Abiotic stresses affect pigeon production in Kenya (Nolipher, 2014). Major pests and
diseases that affect pigeon peas include blister beetles, aphids, pod borers, pod bugs, bacterial
leaf spot and leaf canker (Sarkar, 2020). The crop however, can adapt to wide range of soil
types even though it thrives best in well drained, loamy soils with high organic matter
content. Pigeon pea can be grown at different altitudes although in Kenya it is commonly
grown in lowland to mid-altitude areas (Mligo & Craufurd, 2005). High humidity levels lead

to increased diseases invasion especially fungal related diseases (Pande et al., 2013).

2.7 Effects of three-strata forage cropping system on soil chemical properties

Soil chemical properties including soil organic matter (SOM), soil pH, soil macro-
and micro-nutrients contribute to soil health. The type and method of crop residue
incorporated determine the rate of decomposition (Kauer et al., 2021; Stegarescu et al.,

2020). Planting of cover crops with regular field crops improves soil chemical properties and
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thus addresses the issue of soil health (Carr et al., 2013). Increased species diversity improves
the overall production per unit area and helps in retention of nutrients (Brooker et al., 2015).

Multiple crop species in a single unit area sequester more soil carbon due to the
influence of root litter decomposition (Cong et al., 2015b). Soil organic carbon (SOC) and
soil total nitrogen (STN) can be increased within 0-20 cm of the soil layer through increasing
cropping intensity (Liao et al., 2015). Enhancing carbon and nitrogen stocks improves soil
structure and soil water- nutrient-crop productivity (Naresh et al., 2018). This can be used to
mitigate emissions of greenhouse gases, such as methane (CH,) and carbon (iv) oxide (CO,)
in the atmosphere (Bento et al., 2018).

Crop rotation and management practices such as tillage cause a substantial influence
on the soil as they interfere with the normal soil-environment (Li et al.,, 2022).
Microorganisms in the soil are responsible for the decomposition of organic matter inputs in
the form of crop residues and plant litter. In the process of breaking down the residues,
carbon is incorporated into microbial biomass pool thereby becoming a key component of
SOM (Cotrufo et al., 2013). The addition of one or more crops to a monoculture increases the
amount of total microbial biomass of Carbon and Nitrogen (McDaniel et al., 2014). The
analysis also reported that by adding one or more crops into a crop rotation increases both
soil organic carbon and total nitrogen in the soil. Cover crops help to reduce the use of
herbicides in the field for weed control. The incorporation of cover crops into the soil

promote the activities of microorganisms.

2.8 Effects of residue incorporation on soil chemical properties

The increased decomposition of crop residues increases soil organic matter (SOM)
and soil fertility (Drost et al., 2020). The incorporation of residues improves soil moisture
content by reducing surface run-off and direct evaporation, water infiltration and improving
soil saturated water conductivity (Jin et al., 2020). The application of crop residues to soil
has been shown to increase the pH of topsoil and sub-soil and the effects can persist for over
26 months (Diacono et al., 2011). Crop residues have been identified as source of organic
potassium and thus can effectively replace the use of inorganic potassium fertilizers to
improve potassium supply and crop yields (Sui et al., 2014).

The decomposition of incorporated residues increases soil organic carbon into the soil
(Zhang et al., 2016). The amount of soil organic carbon is directly associated with the amount

of crop residues incorporated (Malhi et al., 2011). Chalise et al. (2019) found out that
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increased soil organic carbon and decreased soil bulk density with crop residue incorporation.
Soil nitrogen dynamics has also been observed to be directly related to that of soil organic
carbon (Moges & Holden, 2008). Ghimire et al. (2012), reported that an increase in the
amount of residue returned in the soil significantly increased soil organic carbon and nitrogen
in the system. The retention of crop residues resulted in 110% increase in the recovery of
fertilizer-derived N in vegetative biomass and a significant increase in 41% for total N in the
soil-crop system (Murphy et al., 2016).

Crop residues are generally rich in organic carbon but also contain nitrogen,
potassium, phosphorus and microelements. One of the most affordable and sustainable way
of improving soil quality without disturbing its biological balance is through crop residue
retention (Turmel et al., 2015). The crop residues decomposition increases the amount of
organic carbon, potassium and available phosphorus in soils thereby providing nutrients for
the microorganisms and the growing crops (Verhulst et al., 2010). Residue retention
improves the stability of soil aggregates, pores and moisture content (Guo et al., 2020). Crop
residue retention reduces the negative effects of allelo-chemicals on crop growth (Hussain et
al., 2021). In some conditions, crop residues have shown the inhibitory effects on some heavy
metals found in soil (Fu et al., 2021). Furthermore, the crop residues have shown positive
effects in reducing the availability of some soil organic pollutants, and improving saline soils
(Fuetal., 2021).

Diverse crop residues have been found to be important for the redistribution of
alkalinity within soils there by increasing soil pH. Xiao et al. (2013), found out that the
incorporation of crop residues into the soils increased soil pH upon decomposition. A
previous research on the contribution of crop residues to changes in soil pH under field
conditions showed that residues (10 g dry matter) increased soil pH and temporal changes in
alkalinity depended on the residue and soil type (Butterly et al., 2013). Wang et al. (2017),
found out that chickpea and canola residue amendments increased soil pH at 0-10 cm in the
podzol by up to 0.47 and 0.36 units and in the cambisols by 0.31 and 0.18 units, respectively,
at 48 months when compared with non-residue amended control.

The incorporation of crop residues increases soil organic matter in the soil through
decomposition. The organic matter helps in adsorbing and retaining nutrients in a form that
can easily be accessed by plants. Hijbeek et al. (2017) found out that there is a positive
correlation between crop yield and soil organic matter content in the soil. Crop residue
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incorporation and nitrogen fertilizer application significantly improved soil nitrogen and
maize grain yield over non-residue incorporation (Uzoh et al., 2019). Crop residue
incorporation as a source of organic matter resulted in 12% and 16% higher yield in maize
and sugar beet respectively compared to other sources (Piccoli et al., 2020).

Diverse crop residues have been found to be important for the redistribution of
alkalinity within soils there by increasing soil pH. The incorporation of crop residues into the
soils increased soil pH upon decomposition (Xiao et al., 2013). A previous research on the
contribution of crop residues to changes in soil pH under field conditions showed that
residues (10 g dry matter) increased soil pH and temporal changes in alkalinity depended on
the residue and soil type (Butterly et al., 2013). Chickpea and canola residue amendments
increased soil pH at 0-10 cm in the podzol by up to 0.47 and 0.36 units and in the cambisols
by 0.31 and 0.18 units, respectively, at 48 months when compared with non-residue amended
control (Wang et al., (2017).
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CHAPTER THREE
MATERIALS AND METHODS

3.1 To determine the effects of three-strata forage cropping system (TSFS) on yield and
yield components of selected food crops

3.1.1 Experimental site description

This study was conducted between September-December 2019 (short rains), April-
August 2020 (long rains) and April-August 2021 (long rains) cropping seasons in two
locations. The two locations were Ng’elechom (0° 34.66°N, 34° 10.05°E) and Obekai (0°
30.04°N, 34° 12.96°E) within Teso South Sub-County in Busia County, Kenya (0° 27°N, 34°
19’E). The soils in Ng’elechom are gleyic acrisols consisting mainly of unconsolidated sand
deposits while Obekai has humic cambisols with high clay content and good drainage
(Jaetzold et al., 2012). Both locations lie within lower midland cotton zone (LM3), Obekai
has an altitude of 1202 meters above sea level (m.a.s.l) while Ng’elechom has 1128 m.a.s.l
(Jaetzold et al., 2012). The two locations receive bimodal rainfall with long rains occurring
between March to August while short rains start from September to December (Jaetzold et
al., 2012). However, over recent years the rainfall pattern is not definite due to the effects of
climate change. The two locations receive an annual precipitation range of 1,000 mm-1,500

mm and have daily mean temperature range of 14-30°C (Jaetzold et al., 2012).

3.1.2 Plant genotypes

A set of diverse food crops were selected and grown which included cereal (maize),
legumes (climbing beans, chickpeas, groundnuts) and African leafy vegetables (cowpeas,
pumpkin, amaranth and crotalaria) (Table 3.1). The food crops were selected on the basis of
the regional adaptability, nutrient dense and provision of good ground cover especially the
African leafy vegetables like pumpkin. In TSFS, the strata forages planted were desmodium
(Desmodium uncinatum), brachiaria grass (Brachiaria decumbens) and pigeon peas (Cajanus
cajan). All the planting materials were certified except for the brachiaria sets, amaranth,

crotalaria, and pumpkin seeds which were sourced from local farmers.
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Table 3.1: Selected planting materials in the three-strata forage system (TSFS) trial

Plant Material Variety Source

1. Maize Duma 043 Kenya seed

2. Climbing beans Kenya Safi Kenya seed

3. Pumpkin Local variety Farmers

4. Chickpeas Saina K1 Egerton University
5. Cowpea Ken Kunde 1 KALRO

6. Amaranth ‘giant head’ Farmers

7. Crotalaria Local variety Farmers

8. Groundnuts Red Oriata KALRO

9. Desmodium Silver-leaf variety Kenya seed

10. Pigeon peas

11. Brachiaria grass

Egerton Mbaazi 3
Mulato Il

Egerton University

Farmers

3.1.3 Experimental design and treatment application

The experiments were laid out in randomized complete block design (RCBD) with
three replications per location. The eight selected food crops were grown under two different
cropping systems as polyculture, monocrop and intercrops (Table 3.2). In TSFS, the crops
were enclosed by layers of different forages at the peripheral area of the plots while in no
TSFS the crops were left open (Fig. 3.1). The plots were sub-divided into four with each
having a different crop. The crop residues were incorporated in TSFS during the second and

the third seasons. In both cropping systems, crop rotation was practiced during the second

and third seasons as a way of randomizing the crops at plot level.
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Table 3.2: Experimental layout and Treatment application

Treatment Crop(s)

Residue

Spacing

(cropping incorporation

systems)

1.TSFS Maize + Beans + Pumpkin ~ Yes 75cmx25cmand 1 mx1m
for pumpkin

2. TSFS Chickpeas Yes 60 cm x 20 cm

3. TSFS Cowpeas + Giant amaranth  Yes 60 cm x 20 cm

4. TSFS Crotalaria + Groundnuts Yes 60 cm x 20 cm

5.No TSFS  Maize + Beans + Pumpkin ~ No 75x 25 cmand 1 m x 1 m for
pumpkin

6. No TSFS Chickpeas No 60 cm x 20 cm

7.No TSFS Cowpeas + Giant amaranth  No

60cm x 20 cm

8. No TSFS Crotalaria + Groundnuts No 60 cm x 20 cm
Pigeon
peas
Maize, beans Chickpea o
and pumpkin Brachiaria
‘ grass
T 1
Cowpea Crotalaria Desmodium
and and
amaranth groundnuts
<

Figure 3.1: TSFS cropping system, the arrows show how crop rotation was practiced

3.1.4 Field preparation, experimental layout and agronomic management

The land was prepared by oxen-driven plough and seedbed prepared to improve the

soil tilth depending on the seed size. In the first plot of polyculture system consisting of
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maize, beans and pumpkin, one maize seed was sown per hill at a spacing of 75 cm x 25 cm
to give a plant population of 54,595 plants/ha. The climbing beans were also sown one seed
per hill in between the maize rows at a spacing of 75 cm x 30 cm (44,445 plants/ha) and
pumpkins were planted at a spacing of 1.5 m x 1.5 m (4,445 plants/ha) in an alternate row of
maize and beans.

In the second plot chickpeas were planted as a sole crop at a recommended spacing of
40 cm x 20 cm (125,000 plants/ha). In the third plot an inter-crop of cowpeas and amaranth,
cowpeas were planted at a spacing of 60 cm x 20 cm (83,334 plants/ha) with double row of
amaranth drilled in between and later were thinned to a spacing of 60 cm x 20 cm (83,334
plants/ha) two weeks after emergence. Lastly, an inter-crop of crotalaria and groundnut,
crotalaria seeds were drilled and later thinned to a spacing of 60 cm x 20 cm (83,334
plants/ha) two weeks after emergence with double row of groundnuts at spacing of 60 cm by
20 cm (83,334 plants/ha).

All the plots measured 4.5 m x 4.5 m and thus the application of fertilizer was equal
with 6 furrows of fertilizer in each plot. A compound fertilizer, grade 23-23-0 (NPK), was
used during planting which supplied an equivalent of 11.5 kg N/ha and 11.5 kg P,Os/ha. A 50
cm alley way was maintained between the crops and forages. The inner-most stratum
consisted of silver-leaf desmodium planted at a spacing of 30 cm x 30 cm to achieve a
seeding rate of 2.5 kg/ha. The second stratum consisted of Brachiaria ruzizinsis variety
Mulato. The brachiaria sets were planted at a spacing of 50 cm apart, distance between the
inner and the second stratum was 50 cm. A medium maturing pigeon peas variety Mbaazi-1
was planted in the outer-stratum at a spacing of 50 cm x 10 cm at a seed rate of 12 kg/ha. The
crops were hand weeded twice in the 4™ and 9™ week after emergence. Thunder
(Imidacloprid 100 g/L + Betacyfluthrin 45 g/L) was used at the rate of 100 ml/ha for
protection against common insect pests in pigeon peas during flowering. There was no
pesticide used on the food and vegetable crops.

A field trial experiment was set earlier (April-August 2019) before the beginning of
the first season of the experiment. This was done in order to give TSFS enough time to
establish. After the first cycle of cropping season all the residues obtained from crops both in
the TSFS and those in no TSFS were combined, chopped into smaller pieces and
incorporated back in the plots inside the TSFS. However, the plots in no TSFS were left bare,
this was done with assumption that residues were used as animal feeds a practice that is
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common with local farmers. The same crops were planted during the second and the third

cropping seasons and similar set of data taken.

3.1.5 Data collection

Data was collected on growth, physiological response, yield and yield components;
the data collected for each crop depended on the value of the parameter in assessing its
performance. The data were collected in randomly selected plants within the plots. Five
plants of each crop species in a plot were randomly selected and the parameters taken. The
data collected on pumpkin, chickpeas and pigeon peas in the three seasons at both locations
were excluded from the analysis owing to crop failure at a flowering and pod formation
stages due to heavy rains (Appendix 5).

For maize, the plant height was determined at 30 days after planting and at maturity
by measuring the height from the ground level to the leaf collar of the highest fully expanded
leaf. The chlorophyll content in leaves and stomatal conductance were measured 60 days
after sowing using chlorophyll meter and leaf porometer, respectively. The above ground
biomass was determined at maturity after harvesting the cob, 100 seed weight was obtained
through physical counts and grain yield determined and expressed in tons/ha on dry weight
basis at 13% moisture content.

For the legumes planted (beans, groundnuts and cowpeas) the plant heights were
determined at 30 days after planting and at maturity by measuring the height from the ground
level to the leaf collar of the highest fully expanded leaf. The chlorophyll content in leaves
and stomatal conductance were measured 60 days after sowing using chlorophyll meter and
leaf porometer, respectively. The above ground biomass was determined at maturity after pod
picking, number of pods counted per plant and grain yield determined and expressed in
tons/ha on dry weight basis at 13% moisture content.

The harvest index of the maize and the legumes were determined by calculating the ratio of
grain yield to total biomass using the following formula.

Grain yield

Harvest index(HI) =

Total biomass (Equation 1)
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The African leafy vegetables (cowpeas, giant amaranth and crotalaria) data on
chlorophyll content, stomatal conductance in leaves were measured using chlorophyll meter
and leaf porometer, respectively, 60 days after planting. The fresh leaves of cowpeas and
crotalaria were harvested in the entire plot twice during the growing seasons at 30 and 45
days after emergence and their respective weights recorded. After which, the vegetables were
left to flower and achieve physiological maturity. The grain yield for the giant amaranth and

cowpeas were measured at maturity (85 days after sowing) and yield expressed in tons/ha.

3.1.6 Data analysis
All the quantitative data collected were analysed using the following model:
Yijk = U+ 5; T Ry + T + STy + Gy + SCij +TCy + My + SMim + STCMijum + £ j3ymn

1 = the overall mean,

5, = effect due to cropping system in the i" observation,

R = effect due to replication in the j" observation,

T, = effect due to crops in the k*"observation,
STk = effect due to interaction between cropping system and crops in the i" and Kt
observations,

C; = effect due to season in I" observation,
SC; = effect due to interaction between cropping system and season in the i™ and I”

observations,
TC,,; = effect due to interaction between crops and season in the k™ and 1™ observations,

M, = the effect due to location in the m™ observation,

SMim = the effect due to interaction between cropping system and location in the i and m™
observations,

STCMium = the effect due to interaction between cropping system, crops, season and location

th kth Ith

inthei and m™ observations,

£ ;2 = random error

All the data collected were first subjected to Shapiro-Wilk’s test (W) to check if the
distribution of the values were statistically different from the normal distribution. The data
were then subjected to Analysis of Variance (ANOVA) using PROC GLM followed by

PROC SORT procedure in SAS to compare the performance of each crop both in TSFS and
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no TSFS. The data were analysed using PROC GLM in SAS to compare the TSFS and no
TSFS cropping systems in the two locations. Fisher’s protected least significant difference
(LSD) test at 5% level of significance was adopted for mean separation following the formula
below (Williams et al., 2010).

W = (E;!:lﬂz'x(i:lj: .................. (Equation 2)
Iy (x — x)%

Where a; is the constant generated from the means, variance and covariance of order

statistics, n is the sample size and x;, is the ordered sample values.

2MSE _
LSD = tlerrorX |—— .iiiiiiiiiiiiin, (Equation 3)
df r

where; t is the t-value, o is the level of significance, d.f is the degree of freedom, 2MSE is the

two mean square errors and r is the number of replicates.

3.2 The effects of three-strata forage (TSFS) cropping system on soil chemical
properties

The experiment detailed in section 3.1 was maintained for three years, after which soil
chemical properties were measured. In determination of soil chemical properties, soil samples
were taken at a depth of 0-30 cm. Soil sampling using soil auger was randomly done from
each of the plots within the TSFS and those without TSFS cropping systems. The samples
were air-dried and sieved through 2 mm (10 mesh) and analyzed for: soil PH, exchangeable
acidity, total nitrogen, soil organic carbon, phosphorus, potassium, calcium, magnesium,

manganese, copper, iron, zinc and sodium levels for each cropping system.

3.2.1 Determination of soil pH

Soil pH was determined using a pH electrode meter in soil water ratio of 1:2.5
(Okalebo et al., 2002). A 20 g of air-dried and sieved soil was weighed into 50 ml plastic
bottle for both soils obtained from TSFS and in no TSFS cropping systems and in each plastic
bottle 50 ml of distilled water was added. A mechanical shaker was used to shake the content

for 30 minutes then the soil suspension allowed to settle for additional 10 minutes. The pH
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meter was turned on then allowed to warm for 15 minutes after which it was standardized
using pH buffer 7.0 and 4.0. The pH of the soil suspension was determined and the pH value
recorded to the nearest 0.1 unit. The electrode was then removed from the soil suspension and
cleaned with distilled water.

3.2.2 Determination of exchangeable acidity in soil

In both cropping systems, exchangeable acidity was determined following the
procedures of Mclean (1965). 10 g of air-dry (2 mm) soil was placed into a 50 ml plastic
beaker and 25 ml of 1 M KCI added into the beaker. The contents were stirred using a clean
glass rod and allowed to stand for 30 minutes. The mixture was then filtered through
Whatman No. 42 paper and leached with 5 successive 25 ml aliquots of 1 M KCI. 5 drops of
phenolphthalein indicator were added into the solution and titrated with 0.1 M NaOH to the
first permanent pink colour of end point. The titration readings were corrected for a blank of
titration of 150 ml KCI solution. The same procedures were repeated for soils obtained in no

TSFS cropping system. The exchangeable acidity was calculated using the formula below:

EA (cmol (+) Kg-1) = (ml NaOH sample - ml NaOH blank) x 10 .................. (Equation 4)

3.2.3 Determination of total soil nitrogen

Total nitrogen was determined following the Kjeldahl procedure as described by
Bremner (1960). The procedure consists of three steps; digestion of the soil samples followed
by distillation and finally titration. 2 g of soil samples from TSFS cropping system were
weighed and placed in a digestion flask, 15 ml of concentrated sulphuric acid (H.SO,), 7 g of
potassium sulphate and copper as a catalyst were added. The mixture was heated at 400°C for
90 minutes until white fumes were seen.

The mixture was then left to cool for 30 minutes and 250 ml of water was added.
Sodium hydroxide (NaOH) was also added to the mixture in order to raise the pH so as to
convert the ammonium (NH,") ions to ammonia gas (NHs). Ammonia gas was distilled and
vapor trapped in special trapping solution of about 15 ml HCI in 70 ml of water. The trapping
flask was removed and the condenser rinsed with water to ensure that all NH3 is dissolved.

Indicator dye was added to the acid, a standard solution of NaOH was put in the
burret and bit by bit it was added into the solution of the acid and dye. The end-point was

indicated once the dye turned orange and this indicated that all the acid had been neutralized
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by the base. The volume of the neutralizing base used was recorded. The same procedure was
repeated in soils obtained from the no TSFS cropping system. In order to calculate the
percentage (%) nitrogen, the number of moles of acid in the trapping flask and the moles of
base (NaOH) added were calculated as shown below.

Moles of acid= molarity of acid x volume used in the flask
Moles of base=molarity of base x volume added from the burret

In order to calculate the number of moles of ammonia from the soil sample, the moles of base
added were subtracted from the moles of acid present at the beginning. The amount of N in

grams was calculated following the formula below:

N (grams) = moles of N x Atomic mass of N

Nin grams

% N = ( ) x100% ............... (Equation 5)

grams of soil sample
3.2.4 Determination of soil organic carbon (SOC)

The soil organic carbon was determined using Walkley-Black colorimetric method
(Matus et al., 2009). The soil samples were passed through 0.5 mm sieve to obtain finer
particles. 0.5 g of soil was weighed and placed in a 500 ml conical flask, 10 ml of 1 N
potassium dichromate (K,Cr,0;) was then added into the flask with a burette. 15 ml of
concentrated sulphuric (H,SO4) was added then swirled gently on a fume hood for one minute
until the soil and reagents were mixed. It was allowed to stand for 30 minutes and then 200
ml of distilled water, 5 ml of concentrated phosphoric acid (HsPO4) and 10 drops of
diphenylamine indicator added.

A similar procedure was repeated for the blank with 10 ml of potassium dichromate
and 20 ml of concentrated H,SO, without soil. The sample and the blank were then back-
titrated with 0.5 N ferrous ammonium sulphate (Fe(NH,),SO,) until the colour changed from
dark blue to green at the end-point and the amount of Fe(NH,4),SO, used recorded. A similar
procedure was repeated for soils obtained in no TSFS cropping system. Soil organic carbon

was then calculated using the formula below and results recorded.

Organic carbon (%) = (B-S) x 0.3 X V/ (Wt. X B) .......coooviiiiiniini, (Equation 6)
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Where, B= blank titre (20.5 mls), S= sample titre, V= volume of 1 N K,Cr,O7 (10 mls), Wt. =
weight of sample used (0.5 g), 0.3= 1 N K,Cr,O,= (3 grams of carbon/1000) x 100%

3.2.5 Determination of available phosphorus in soil

The available P was determined using Olsen method (Okalebo et al., 2002). A 2.5 g
of air-dried (2 mm) soil was weighed and placed into a 250 ml polythene shaking bottle. 50
ml of the Olsen’s extracting solution (0.5 M 42 NaHCO3 pH 8.5) was added to the bottle. The
bottle was well closed using a stopper and placed on a mechanical shaker for 30 minutes.
After shaking, the suspension was filtered through Whatman No. 42 paper with a pore size of
2.5 pum. Charcoal was then added in order to obtain a clear filtrate. This filtrate was used for
the colorimetric P measurements. 10 ml of each P standard solution was placed on a pipette
and 10 ml of the sample filtrates and 2 reagent blanks placed into 50 ml volumetric flasks. 5
ml 0.8 M boric acid was added to each flask. Beginning with the standards and blanks, 10 ml
of the ascorbic acid reagent was then added to each flask and filled to the 50 ml mark with
distilled water. The contents were closed using a stopper and placed on a mechanical shaker.
The absorbance of the solution was measured using a spectrophotometer after an hour, at a
wavelength setting of 880 nm. P in ppm in the solution was obtained from the standard P
curve. Similar procedures were repeated on soils from no TSFS cropping system. The
concentration of phosphorus in the soil sample was calculated as follows and results

converted into ppm.

_ (a—b) x vxfx1000 .
P (mg kg-1) = 1000 X vy e (Equation 7)

where a = the concentration of P in the sample, b = the concentration P in the blank, v =
volume of the extracting solution, f = dilution factor, w = weight of the soil sample.

3.2.6 Determination of potassium, magnesium and sodium in soil

Potassium, magnesium and sodium levels in soil were determined using Mehlich-I11
(weak organic acid) method (Mehlich, 1984). 3 g of air-dried soil samples were weighed and
placed on 50 ml centrifuge tube. In 1 litre of volumetric flask with 500 ml of distilled water,
55 g of ammonium fluoride (NH4F) was weighed and added into the volumetric flask. 29 g of
ethylene diamine tetra-acetic acid (EDTA) was added into the flask and left for 30 minutes to

dissolve and the sample marked as stock solution. 700 ml of water was placed into the
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volumetric flask and ammonium nitrate (NH4NO3), 50 ml of stock solution, 57 ml of glacial
acetic acid and 41 ml of 10% of nitric acid added and left for 30 minutes to dissolve.
Dilution, filtration and colorimetric readings were made depending on the nutrient element

and values recorded.

3.2.7 Determination of calcium, manganese, copper, iron and zinc in the soil

The soils from each cropping system was analyzed separately. Micro nutrients like
Ca, Mn, Cu, Fe and Zn were determined through spectrophotometric method (Waiman et al.,
2012). 15 grams of air-dried soil sample was weighed and placed in volumetric flask and 20
ml of Di-ethylenetriamine extracting solution added. The mixture was placed in electrical
shaker for 2 hours. The sample was then filtered and the extract analyzed by inductively
coupled plasma atomic emission spectrophotometer and results reported as parts per million
(ppm).
3.2.8 Data analysis

All the data collected from laboratory analysis were first subjected to Shapiro-Wilk’s
test (W) to check if the distribution of the values were statistically different from the normal
distribution. The data were then subjected to Analysis of Variance (ANOVA) using PROC
GLM followed by PROC SORT procedure in SAS to compare the differences in soil
chemical properties in the TSFS and no TSFS cropping systems in the two locations.
Fisher’s protected least significant difference (LSD) test at 5% level of significance was
adopted for mean separation following the formula below (Williams et al., 2010). The model
below was used in the analysis

Yijk =uh+ Si + Rj + T+ ST + £} ki

M = overall mean,

S; = effect due to location in the i observation,

R; = effect due to replication in the j™ observation,

Ty = effect due to cropping system in the k™ observation,

STi = effect due to interaction between location and cropping system in the i and k™
observations

£; = random error
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Pearson’s correlation coefficient (r) analysis was used to assess the associations

among the soil chemical properties (Shrestha, 2020.) using the following formula:

p= el EnEy) (Equation 8)
JInExT—(Ex) ") (nEy" - (Ey)7]

Where; r = Pearson’s correlation coefficient, n = the number of samples, x = the

independent variable and y is the dependent variable.
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CHAPTER FOUR
RESULTS

4.1 The effects of three-strata forage cropping system (TSFS) on vyield and vyield
components of selected food crops

Results showed enhanced crop performance in the TSFS plots than those planted in the
no TSFS. Yield and yield components of grain crops like maize, beans and groundnuts were
significantly higher at p<0.001 in the TSFS compared to the no TSFS (Table 4.1). The same
trend was also observed in African leafy vegetables (cowpeas, amaranth and crotalaria). Growth
and physiological responses in crops were higher in crops grown in the TSFS compared to those

in no TSFS system.

4.1.1 The effect of TSFS on yield and yield components of maize, beans and groundnuts

The results showing the effect of TSFS on yield and yield components of maize, beans
and groundnuts are presented in Table 4.1. From the results obtained, maize yielded 6.97 t/ha in
TSFS compared to 6.01 t/ha in no TSFS cropping system. However, there were no significant
differences in number of grains per cob and harvest index between crops grown inside the TSFS
and those in no TSFS (Table 4.1). The results revealed that bean crop in TSFS system, had
higher (p<0.001) biomass and the number of pods per plant than those in no TSFS. A yield
increase of 23.6% was observed in beans grown in TSFS compared to those in no TSFS (Table
4.1). However, the TSFS had no significant impact on harvest index (HI) and 100 seed weight of
bean crop (Table 4.1). Biomass, pods per plant, 100 seed weight and yield of groundnuts were
higher in groundnuts grown in TSFS compared to those in no TSFS (Table 4.1). The groundnuts
yielded 0.49 t/ha higher in TSFS compared to those in no TSFS (Table 4.1).
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Table 4.1: Yield and yield components of maize, beans and groundnuts in both the three-

strata forage system (TSFS) and no TSFS cropping systems

Crop Cropping Biomass  Grains/cob (Maize) Harvest 100 seed Yield
system (9/ plant) and pods/plant in Index weight(g)  (t/ha)
legumes

Maize TSFS 218.76a 423a 0.53a 346.75a 6.97a
No TSFS 197.34b 404a 0.52a 322.08b 6.01b
LSD(0.05) 21.42 31.65 0.01 13.40 0.64
Beans TSFS 134.35a 16.54a 0.43a 298.31a 1.57a
No TSFS 121.51b 13.08b 0.41a 287.45a 1.27b
LSD(0.05) 6.32 0.96 0.03 3.21 0.24
Groundnuts TSFS 97.08a 17.02a 0.20a 363.61a 2.10a
No TSFS 86.95b 14.34b  0.18b 327.59b 1.61b
LSD(0.05) 5.63 0.93 0.01 0.19 0.19

Means followed by the same letter within a column are not significantly different at (p<0.05)

4.1.2 The effect of TSFS on growth and physiological responses in maize, beans and

groundnuts

The results showing the effect of TSFS on growth and physiological responses in crops

are presented in Table 4.2. The crops grown in TSFS had higher growth vigor 30 days after

planting that resulted into higher plant height at maturity compared to those in no TSFS (Table

4.2). In maize crop, chlorophyll content and stomatal conductance in leaves were higher than

those in no TSFS (Table 4.2). The same trend was also observed in beans and groundnut crops

(Table 4.2).
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Table 4.2: Growth and physiological response in maize, beans and groundnuts as

influenced by TSFS cropping system

Crop Cropping  Plant vigor Chlorophyll Stomatal Plant height
system (cm) 30  content (umol m?) conductance (cm) at
days after 60 days after (mmol m2s) 60  maturity
planting planting days after
planting
Maize TSFS 51.93a 51.60a 25.42a 120.60a
No TSFS 50.94a 49.88b 23.64b 111.40b
LSD(0.05) 1.87 1.12 0.90 4.81
Beans TSFS 27.36a 24.42a 22.79 82.98a
No TSFS 25.88b 23.68b 21.71b 79.86b
LSD(0.05) 1.71 3.31 1.09 4.20
Groundnuts TSFS 19.32a 25.81a 20.75a 50.57a
No TSFS 18.36a 24.75b 19.48a 49.12b
LSD(0.05) 0.98 1.10 1.29 1.90

Means followed by the same letter within a column are not significantly different at (p<0.05)

4.1.3 The effects of location and season on the performance of maize, beans and groundnuts

The results showing the effect of location and season on crop performance are presented
in Table 4.3 and Table 4.4, respectively. The crop environment emerged as a major contributor
to crop response in TSFS. Results showed that variation existed between the two locations for
the agronomic traits evaluated. Plant vigor, plant height at maturity, biomass, grains per cob, HI,
100 seed weight and yield of maize were higher in Obekai than Ng’elechom. Maize crop yielded
higher in Obekai (7.56 t/ha) than Ng’elechom (5.43 t/ha). However, no significant impact
observed on chlorophyll content and stomatal conductance in maize leaves (Table 4.3). In beans,
plant vigor, chlorophyll content, plant height, biomass, number of pods per plant,100 seed weight

and yield were higher in Obekai compared to Ng’elechom. Beans yielded 0.14 t/ha more in
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Obekai than in Ng’elechom. The same trend was observed in groundnuts, the yields obtained in
Obekai was 2.27 t/ha compared to 1.43 t/ha obtained in Ng’elechom. However, there was
variation on chlorophyll content in leaves, plant height, biomass and HI of groundnuts between
the two locations (Table 4.3).

The performance of crops in the TSFS was also influenced by the changes in growing
seasons, all the crops yielded higher during the third season compared to the first and second

Seasons.

34



Table 4.3: Growth, physiological responses, yield and yield components of maize, beans and groundnuts in two locations

Crop Location Plant  vigor Chlorophyll Stomatal Plant Biomass Grains/cob Harvest 100 Yield
(cm) 30 days content (umol conductance Height  (g/plant) and Index  seed (t/ha)
after planting m?) 60 days (mmol m? s (cm) at pods/plant weight

after planting 60 days after maturity (9)
planting
Maize Obekai 53.27a 51.24a 24.59a 140.36a 247.76a 453.91a  0.54a 360.3l1a 7.56a
Ng’elechom 49.59b 50.27a 24.49a  91.34b 165.22b 384.81b  0.51b 308.53b 5.43b
LSD(0.05) 1.87 1.12 0.90 4.81 4.45 31.65 0.02 13.40 0.64
Beans Obekai 28.15a 25.72a 2457a 8l.44a 133.74a 1492a  0.3la 265.8la 1.49a
Ng’elechom 25.09b 22.39b 23.87a  75.40b 122.14b 13.67b  0.32a 234.93b 1.35b
LSD(0.05) 1.71 3.31 1.09 4.20 6.32 0.96 0.03 245 0.24
Groundnuts Obekai 19.86a 25.70a 21.03a 50.17a 92.54a 16.57a  0.18a 368.17a 2.27a
Ng’elechom 17.82b 25.66a 19.19b 485l1a 91.48a 14.78b  0.20a 323.03b 1.43b
LSD(0.05) 0.98 1.10 1.29 1.90 5.63 0.93 0.01 16.35 0.19

Means followed by the same letter within a column are not significantly different at (p<0.05)
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Table 4.4: Growth, physiological response and yield in crops obtained in three different growing seasons (SR 2019, LR 2020 and LR
2021)

Crop Seasons Plant height (cm) Chlorophyll Stomatal conductance Yield
30 days after content (umol m) (mmol m?s™) 60 (t/ha)
planting 60 days after days after planting
planting

Maize SR 2019 48.90c 24.57b 111.74b 5.60b
LR 2020 50.49b 27.54a 115.56b 6.85a
LR 2021 52.83a 28.56a 121.16a 7.03a
LSD (0.05) 1.38 1.10 5.89 0.78
Beans SR 2019 72.07b 20.53c 18.87b 1.04c
LR 2020 74.95a 24.79b 20.75a 1.25b
LR 2021 88.24a 25.84a 23.05a 1.99a
LSD (0.05) 5.14 4.06 1.34 0.29
Groundnuts SR 2019 47.39b 22.35b 19.10b 1.74b
LR 2020 48.54b 23.03b 19.78b 1.84ab
LR 2021 51.10a 25.68a 20.41a 1.98a
LSD (0.05) 2.33 1.35 1.58 0.23

Means followed by the same letter within a column are not significantly different at (p<0.05), SR- Short rains, LR- Long rains
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4.1.4 The performance of maize and beans in TSFS and in no TSFS over seasons

In TSFS cropping system, maize yielded 6.06 t/ha, 6.51 t/ha and 7.92 t/ha during the SR 2019, LR 2020 and LR 2021 seasons,
respectively while in the no TSFS, maize yielded 5.43 t/ha, 5.86 t/ha and 6.12 t/ha during the SR 2019, LR 2020 and LR 2021 seasons,
respectively. This translated to about 31% and 13% yield increase from the SR 2019 to the LR 2021 in TSFS and in no TSFS cropping
system, respectively (Fig 4.1a). In the TSFS cropping system, beans yielded 1.15 t/ha, 1.34 t/ha and 2.03 t/ha during the SR 2019, LR
2020 and LR 2021 seasons, respectively while in the no TSFS, 1.12 t/ha, 1.15 t/ha and 1.75 t/ha of beans were obtained during the SR
2019, LR 2020 and LR 2021 seasons, respectively. This translated to about 77% and 57% yield increase from the SR 2019 to the LR
2021 season in TSFS and in no TSFS cropping system, respectively (Fig 4.1b).
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Figure 4.1: The yield of maize and beans in TSFS and in no TSFS during the SR2019, LR 2020 and LR 2021 seasons
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4.2 Response of African leafy vegetables to the TSFS system

African leafy vegetables in the study were amaranth, cowpeas and crotalaria. They
yielded higher in the TSFS cropping systems than in no TSFS system. Plant vigor, chlorophyll
content and yield (t/ha) were notably higher in the TSFS than in the no TSFS. In cowpeas, the
stomatal conductance in leaves was higher in plants grown in the TSFS than in no TSFS.
However, there were no variation in plant height and biomass for both cowpeas and amaranth
grown in TSFS and in no TSFS system (Table 4.5).
Table 4.5: Growth, physiological response, yield and yield components of amaranth and

cowpeas in TSFS and in no TSFS cropping systems

Crops Cropping Plant  Chlorophyll Stomatal Plant Biomass  Yield
system vigor content conductance Height  (g/plant) (t/ha)

(cm)  (umolm?  (mmolm?3?)  (cm)

Amaranth TSFS 23.41a 21.81a 25.15a 129.22a 183.56a 1.58a
No TSFS 22.01b 19.88b 25.11a 115.67a 179.72a 1.17b
LSD(0.05) 1.29 0.98 1.77 16.68 8.15 0.15
Cowpeas TSFS 28.65a 69.21a 26.03a 69.27a 103.97a 2.04a
No TSFS 26.48b 63.71b 24.55b 66.75a  97.63a 1.71b
LSD(0.05) 1.73 2.84 0.83 4.32 12.82 0.36

Means followed by the same letter within a column are not significantly different at (p<0.05)

4.2.1 The effect of location and season on the performance of amaranth, crotalaria and
cowpeas

The leafy vegetables performed differently in the two locations. Cowpeas and amaranth
yielded slightly higher in Obekai than Ng’elechom (Fig 4.2). The harvestable leaves of crotalaria
and cowpeas in grams/m? obtained during the third season were higher than the second and first
seasons (Fig 4.3a). A vyield increase of about 49% and 40% was observed in cowpeas grown in
the TSFS and in no TSFS cropping system, respectively. Crotalaria on the other hand recorded a
yield increase of about 72% and 34% in the TSFS and in no TSFS, respectively (Fig 4.3a). The
fresh weight obtained during the second harvest were higher compared to the first harvests (Fig
4.3b).
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Figure 4.2: The performance of amaranth and cowpeas (t/ha) in Obekai and Ng’elechom

locations
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in yield between 1% and 2" harvests (b)
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4.3 The performance of strata forages in TSFS cropping system

The TSFS had forages alongside crops unlike in the no TSFS cropping system. The two
forage species performed differently in the two locations. Brachiaria grass yielded higher in
Ng’elechom (8.79 tons/ha) than in Obekai (7.14 tons/ha) (Fig. 4.4). Desmodium on the other
hand performed higher in Obekai (2.81 tons/ha) than in Ng’elechom (2.6 tons /ha) (Fig. 4.4). The
differences in soil type between the two locations could have contributed to variations in

performance of the forages.
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Figure 4.4: Fresh biomass of brachiaria grass and desmodium in Obekai and Ng’elechom

locations

4.4 The effects of TSFS cropping system on chemical properties of soil

The results showing the effects of TSFS on soil chemical properties are presented in
Table 4.6. Phosphorus, magnesium, iron and sodium levels were higher in the TSFS than in no
TSFS. The TSFS system, however, had no significant impact on the levels of potassium,
calcium, manganese and zinc (Table 4.6). Soil pH, total nitrogen and soil organic carbon were
higher in TSFS system than in no TSFS, however, exchangeable acidity and copper levels were
higher in no TSFS system than in the TSFS (Fig. 4.5).
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Table 4.6: The effects of TSFS cropping system on soil chemical properties

Cropping P K Ca Mg Mn Fe Zn Na
system  (ppm) (meq (meq (meq (meq (ppm) (ppm) (meq
%) %) %) %) %)

No TSFS 27.04 0.8 0.37 1.05 025 59.78 153 0.18
TSFS 334177 020 041 1107 022 6566 173 0207

*, *** Significant at p<0.05 and p<0.001 respectively, TSFS; three-strata forage system

Cu (pp) S, 15,
ToC () [— )

Soil chemical properties

N % 810
EA (Meq %) ML0-38

0 1 2 3 4 5 6
mTSFS mNo TSFS

Figure 4.5: Chemical properties of soil as influenced by TSFS and no TSFS cropping
systems after 28 months

4.4.1 The effects of location and TSFS system on soil chemical properties

Combined analyses of variance over the TSFS system revealed that location exhibited
significant effects at (P<0.001) on all the measured soil chemical properties except for
manganese (Table 4.7). Total nitrogen, soil organic carbon, phosphorus, calcium, magnesium,
copper and zinc levels were higher in soils in Obekai than those in Ng’elechom while
exchangeable acidity, potassium and sodium levels were higher in soils in Ng’elechom than
Obekai (Table 4.8).
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Table 4.7: Effects of interaction between location and cropping systems on soil chemical properties

Location Cropping Soil Exchangeable TN TOC P K Ca Mg Mn Cu Fe Zn Na
VM pH acidity(meq (%) (%)  (ppm) (meq (meq (meq (meq (ppm) (ppm)  (ppm) (meq
%) %) %) %) %) %)
Ng’elechom No TSFS 3.927 1.197 0137 1167 29337 0227 028 095 030 177 7207 1347 0197
Ng’elechom TSFS 42077 076 0107 1.42™" 29417 041777 0307 11777 0419 17277 76587 1.277 0217
Obekai No TSFS 4.407 0527 01477 15177 247677 0.4 0457 116 021 206" 47497 17277 016
Obekai TSFS 5547 0397 0217 148 3742 0247 0517 1.047 025 187 547477 2197 0197
*** Significant at p<0.001
Table 4.8: The effects of location on the chemical properties of soil
Location SoilpH EA TN TOC P K Ca Mg Mn Cu Fe Zn Na
(meq %) (%) (%) (ppm) (meq (meq  (meq (meq (ppm) (ppm)  (ppm) (meq
%) %) %) %) %)
Obekai 4.36a 0.46b 0.17a 1.49a 31.09a 0.19b 0.48a 1.10a 0.23a 1.96a 65.66a 1.95a 0.18b
Ng’elechom 4.06b 097a 0.12b 1.29b 29.37b 0.20a 0.29b 1.06b 0.24a 1.75b 59.78b 1.30b 0.21a
LSD(0.05) 0.08 0.08 0.01 0.05 194 0.01 0.02 0.02 0.01 0.03 0.78 0.05 0.01

Means followed by the same letter within a column are not significantly different at (p<0.05); TN-Total Nitrogen, EA-Exchangeable

acidity, TOC-Total Organic Carbon, P-Phosphorus, K-Potassium, Ca-Calcium, Mg-Magnesium, Mn-Manganese, Cu-Copper, Fe-lron,

Zn-Zinc, Na-Sodium
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4.4.2 The correlation among soil chemical properties in TSFS cropping system

Pearson’s correlation results indicate a positive relationship among different soil
chemical properties in the two cropping systems (Table 4.9). The soil pH values in no TSFS
cropping system showed significant positive correlation with calcium (r = 0.66) while in TSFS a
positive correlation with nitrogen (r = 0.68), potassium (r = 0.79), manganese (r = 0.73) and zinc
(0.63) was shown. In no TSFS cropping system, the exchangeable acidity was significantly
correlated with all soil properties except nitrogen, zinc and sodium while in the TSFS there was a
positive correlation of exchangeable acidity with iron (r =0.59). There was significant positive
correlation between total nitrogen with calcium (r = 0.70) and zinc (r = 0.52) in no TSFS system
while in TSFS it positively correlated with potassium (r = 0.87), calcium (r = 0.64), manganese
(r=0.79) and zinc (r = 0.83). A significant positive correlation between total organic carbon and
magnesium (r= 0.66), manganese (r = 0.55) and copper (r = 0.61) were observed in no TSFS
system while in TSFS it positively correlated with phosphorus (r = 0.47) and copper (r = 0.55).

In both cropping systems, phosphorus showed a significant negative correlation with
calcium (r = -0.41) and sodium (r = -0.46) in no TSFS and TSFS, respectively. Potassium on the
other hand had a significant positive correlation with manganese (r = 0.87) in no TSFS while in
TSFS it positively correlated with manganese (r = 0.96) and zinc (r = 0.92). Calcium correlated
positively with magnesium (r = 0.46) and zinc (r = 0.46) in no TSFS, however, in TSFS a
positive correlation with manganese (r = 0.51) was observed. In both cropping systems,
magnesium had a significant negative correlation with manganese (r = -0.66) and (r = -0.63), in
no TSFFS and TSFS respectively. Magnesium also showed a negative correlation with iron (r = -
0.71) and zinc (r = -0.75) in no TSFS system and TSFS respectively. In no TSFS system,
manganese had significant negative correlation with copper (r = -0.61) and a positive correlation
with zinc (r = 0.89) in TSFS. There was no significant correlation between copper and other soil
chemical properties in TSFS while in no TSFS system it correlated with zinc (r = 0.48) and

sodium (r = -0.6). Fe, Zn and Na had no significant correlations with other elements.

44



Table 4.9: Correlation coefficient (r) between chemical properties of soil in no TSFS and TSFS cropping systems

PH EA

Without Strata (No TSFS)

PH 1

EA -0.68*** 1

N Ns Ns

C 0.41* -0.66***

P -0.48* 0.50**

K ns 0.51**

Ca 0.66*** -0.56**

Mg ns -0.63**

Mn ns 0.44**

Cu ns -0.53**

Fe ns 0.41*

Zn ns Ns

Na ns Ns

With Strata (TSFS)

PH
EA
N

1
-0.59**
0.68***

1
-0.50*

TN

1

Ns

Ns
0.59**
0.70%**
Ns

Ns

Ns

Ns
0.52**
Ns

TOC P

1

Ns 1
-0.63** Ns
Ns -0.41*
0.66***  Ns
-0.55** Ns
0.61** Ns
-0.45** Ns
0.43** Ns
Ns Ns

K Ca

1

ns 1
-0.58** 0.46*
0.87*** ns
-0.66*** ns

ns -0.54**
ns 0.46*
ns -0.62**

Mg Mn

1

-0.66*** 1

ns -0.61**
-0.71***  ns

ns ns

ns ns

Cu

1

ns

0.48*
-0.64***

Fe

1
ns

ns

Zn

ns

Na
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C ns

P ns

K 0.79%**
Ca  0.59**
Mg -0.50**
Mn  0.73***
Cu ns

Fe ns

Zn  0.63***
Na ns

Ns

Ns

Ns
-0.43*

Ns

Ns
-0.57**

0.59**

Ns

Ns

Ns
Ns
0.87***
0.64***
-0.61**
0.79***
Ns
-0.59**
0.83***
Ns

0.47*
Ns

Ns

Ns

Ns
0.55**
Ns

Ns

Ns

1

Ns
Ns
Ns
Ns
Ns
Ns
Ns

-0.46*

1
0.59**
-0.65***
0.96***
Ns
Ns
0.92***
Ns

1
ns
0.51**

ns

-0.51**

ns

ns

1
-0.63*** 1
ns ns 1
ns ns ns 1
-0.75***  0.89*** ns ns 1
ns ns ns ns ns

* *x *%*% significant at p<0.05, p<0.01 and p<0.001 respectively; ns-not significant, EA exchangeable acidity, TN Total Nitrogen,

TOC Total Organic Carbon, K Potassium, Ca Calcium, Mg Magnesium, Mn Manganese, Cu Copper, Fe Iron, Zn Zinc, Na Sodium
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CHAPTER FIVE
DISCUSSION

5.1 The effects of three-strata forage system (TSFS) on yield of the selected food crops

The selected food crops grown yielded higher in the TSFS than in no TSFS. The
contribution of the TSFS to enhanced crop productivity is attributed to positive interaction
between strata crops and crop pests. Planting of brachiaria grass and desmodium as
hedgerows help in curbing common pests which could attack crops thereby increasing crop
yields in TSFS cropping system. These results are in agreement with Hailu et al. (2018), who
reported that planting of desmodium and brachiaria grass as intercrops with maize proven to
be effective for controlling stemborers, fall army worm and the parasitic striga weed. The
‘push-pull’ companion cropping systems reduced the maize damage mean score of fall
armyworm by 168%, compared to the control and this translated to 46.80% and 51.11%
increase in maize grain yield and biomass yield, respectively (Yeboah et al., 2021).

Desmodium species improves soil fertility as it fixes nitrogen thereby improving soil
organic matter content into the soil. The nature of its trailing vines conserve soil moisture as
it provides good ground cover. These results are in agreement with Toniutti et al. (2017), who
reported that inclusion of desmodium species results to symbiotic relationship with the
rhizobia thereby fixing nitrogen into the soil hence plays an important role in sustainable
agriculture. The inclusion of pigeon peas also acted as windbreaks thereby protecting the
crops within the TSFS from external factors like strong winds and this made the crops to
perform better as compared to those in the no TSFS system.

The higher yield obtained in a TSFS cropping system could also be as a result of crop
residue incorporation. The crop residues act as habitat and substrate for soil flora and fauna
and hence increase soil nutrients upon mineralization (Pal, 2016). Other benefits include, soil
surface cover thereby decreasing soil erosion and also aids in soil moisture retention, which
could not be guaranteed in the no TSFS. The vigorous crop growth can be explained on the
basis of the differences in soil organic matter. Consistent addition of crop residues season
after season is expected to sustain an improved soil structure which serves to increase both
water infiltration and storage (Turmel et al., 2015). A well-structured soil sustains root
growth by enabling the growing plants to capture a sufficient proportion of the available
nutrients (White et al., 2013a, b).

The forages included in the TSFS could be used as feed to replace the common
practice of removal of crop residues by local farmers to feed livestock. The trend in crop
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performance seemed to be dependent on residue incorporation. The crop residues
incorporated decomposed yielding organic matter in the soil. The organic matter helped in
adsorbing and retaining nutrients in a form that can easily be accessed by plants. Hijbeek et
al. (2017) found out that there is a positive correlation between crop yield and soil organic
matter content in the soil. These results are consistent with the findings of Uzoh et al. (2019)
who also reported that crop residue incorporation and nitrogen fertilizer application
significantly improved soil nitrogen and maize grain yield over non-residue incorporation.
Crop residue incorporation as a source of organic matter resulted in 12% and 16% higher
yield in maize and sugar beet respectively compared to other sources (Piccoli et al., 2020).

The TSFS with integrated forages for feed had added advantage over the no TSFS
cropping system. The addition of forage crops could be added advantage to the farmers since
it guarantees ready feeds that can be used directly in the homesteads or sold for income. The
two forage species performed differently in the two locations. Brachiaria grass yielded higher
in gleyic acrisols soils with low fertility in Ng’elechom than humic cambisols in Obekai.
Brachiaria grass is adaptable and more resistant in soils with low fertility due to its capacity
to absorb and accumulate silicon in aerial parts. Brachiaria grass does well in sandy soils
compared to clay and loamy due to its high tolerance to both alkalinity and salinity.
Desmodium on the other hand tolerates slight acidity and hence performed better in humic
cambisols soils in Obekai than acrisols soils in Ng’elechom. Pitman & Sotomayor, (2000),
reported that desmodium has the capacity to tolerate aluminium toxicity in soil and this
makes it to tolerate slight acidity as well.

In regard to location, there was variation in growth, physiological responses, yield and
yield components of the selected food crops. Even though the two locations lie within the
same agro-ecological zone (LM3 zone), the crops grown in Obekai performed slightly higher
than those grown in Ng’elechom. The observed differences could be due to differences in soil
type. Obekai has humic cambisols soils which are well drained and contain high content of
humic top soils which supported the crop growth unlike Ng’elechom with gleyic acrisols
soils consisting of unconsolidated sand deposits. Cambisols soils contain high content of clay
(Abdissa et al., 2011) while acrisol type of soil has very low inherent chemical fertility and
water holding capacity (Pardo et al., 2003).

During the LR 2021 season, a significant yield increase was observed in crops grown
both in the TSFS and in no TSFS cropping system. Even though yield increase was observed

in both systems, crops grown in TSFS yielded higher compared to those in no TSFS.
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Consistent addition of crop residues over the seasons could have increased water infiltration
and storage. The accumulation of organic matter due to more residues incorporation also
improved soil structure that supported plant growth thereby resulting to higher yield increase
during the LR 2021 season. Turmel et al. (2015), found out that consistent addition of crop
residues season after season is expected to sustain an improved soil structure which serves to
increase both water infiltration and storage (Turmel et al., 2015). During LR 2021 season, a
well-established forages acted as hedgerows in the cultivated plots thereby creating a barrier
preventing soil loss. A vetiver (Chrysopogon zizanioides) hedgerow can reduce up to 31-69%
and 62-86% of runoff volume and soil loss, respectively compared to non vetiver hedgerow
(Aziz & Islam, 2023).

The long rains in the third season supported the plant growth and general performance
of crops. The crops are dependent on water during their entire lifecycle in order to survive
and thrive and therefore water availability for crop use enhanced good production. These
results are in agreement with the findings of Mkonda (2014), who reported that there is a
relationship between rainfall variability and crop production. The window of time between
the time of residue incorporation and the third season also gave the soil microorganisms
opportunity to breakdown the residues into usable nutrients thereby adding organic matter
into the soil. The available nutrients were utilized by plants during the third season thereby
increasing yield of the selected crops. The nutrient content in crop residues is not readily
available to plants primarily after incorporation hence there is need for mineralization in

order to convert them into a form available for plants (Chen et al., 2014).

5.2 The effect of residue incorporation on growth and physiological response in plants

From the results obtained, the crops grown in the TSFS had higher growth rate than
those in no TSFS system. Chlorophyll content in leaves of crops in the TSFS system were
slightly higher than those in no TSFS. The crop residues added in the soil increased nitrogen
content which contributed to nitrogen found on leaves and hence chlorophyll increase in plant
leaves. The availability of enough nutrients in the soil further resulted into higher growth rate.
These results are in agreement with findings elsewhere (Aminifard et al., 2012; Sikuku et al.,
2016).

Crop residue retention improves the physical and chemical composition in soil
thereby promoting growth and development in plants. It also improves soil water storage by
increasing infiltration thereby reducing losses associated with run-offs and evaporation.
About 40% of crop residues contain organic carbon which is involved in regulating soil
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properties and soil stability through the formation of large soil aggregates. In a previous
research by Ali et. (2020), found out that a treatment of 5% raw garlic stalk incorporated in
soil increased soil organic carbon by 52% and 50% in 2016 and 2017, respectively. The
retention of residues can also help in reducing organic carbon loss (Chen et al., 2016). The
incorporation of soil residues also improves soil health thereby promoting plant growth. Crop
residues has the capacity to alleviate the pressure of saline-alkali soils thereby improving
their quality (Fu et al., 2021).

Crop residues also increases soil organic matter thus providing favourable
environment for the growth and proliferation of the beneficial micro-organisms in the soil
(Zhang et al., 2021). The quality of soil health depends on the type of residues incorporated.
Wheat straw return lowers the diversity of fungus community in the soil while in corn straw
there was higher fungal pathogenic risks that were observed (Su et al., 2020). It was also
reported that long-term combination of rice straw and inorganic fertilizers in paddy rice had

positive impacts on the diversity of fungus family (Nie et al., 2018).
5.3 The effects of TSFS on the chemical properties of soil

5.3.1 Soil pH

Most essential elements and nutrients are available in soils with pH range of between
5.5 and 7.2. In this study, though all soils were acidic (pH<6.4) in all cropping systems, soils
in the TSFS cropping system ended with significantly higher pH than those in no TSFS
cropping system after LR 2021 season. The general acidity of the soils in the study areas
could be due to acidic parent material from which soil particles are made or high mean annual
rainfall. High mean annual rainfall removes basic cations from the surface horizons through
leaching thereby making the soils to be acidic (Wei et al., 2019). The variation in pH could
be due to differences in management practices between the two systems. In the TSFS, the
forages acted as hedgerows thereby reducing the effects of run-off during rainy seasons
unlike the no TSFS system. Soil pH showed significant correlations with most crop nutrients
in the soil. This was expected because the availability plant nutrients in the soil is dependent
on the soil pH.

The incorporation of crop residues could also be a factor in higher soil pH in the
TSFS cropping system. Diverse crop residues have been found to be important for the
redistribution of alkalinity within soils there by increasing soil pH. This observation is in
agreement with the findings of Xiao et al. (2013), who found out that the incorporation of

crop residues into the soils increased soil pH upon decomposition. A previous research on the
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contribution of crop residues to changes in soil pH under field conditions showed that
residues (10 g dry matter) increased soil pH and temporal changes in alkalinity depended on
the residue and soil type (Butterly et al., 2013). Wang et al. (2017), found out that chickpea
and canola residue amendments increased soil pH at 0-10 cm in the podzol by up to 0.47 and
0.36 units and in the cambisols by 0.31 and 0.18 units, respectively, at 48 months when
compared with non-residue amended control.

5.3.2 Exchangeable acidity

I** ions retained or fixed on soil colloid after the

This is the measure of H" and A
active acidity is measured (McCarty, 2003). In this study, the exchangeable acidity in soils
was higher in no TSFS cropping system than the TSFS cropping system. In no TSFS system,
the crops were not enclosed in strata forages and therefore during off-seasons the farm was
left bare. This could expose agricultural land to agents of erosion like the run-offs thereby
sweeping away top fertile soil. Soil erosion leads to poor soil structure and water infiltration
thus high concentration of H* in soil-water solution. The higher the concentration of H" in the
soil water solution the lower the pH value and the higher the acidity of the soil. The acidity of
the soil affects soil chemical reactions such as the solubility of Al, Fe, Mn and Zn thereby
leading to their toxicity to crops (Liu & Hanlon, 2012).

The high exchangeable acidity in no TSFS cropping system implied that the residue
incorporation could have contributed to the observed variation. The effect of climatic
conditions like high rainfall amount could have resulted into leaching of nutrients thereby
reducing soil pH and increasing the level of exchangeable acidity in the soil in no TSFS. The
more the exchangeable cations held by soil colloids were replaced by H*, the more the H*
held by the exchange complex of soil in relation to basic cations held, the greater the acidity
of the soil (Shaheen et al., 2013).

5.3.3 Total nitrogen, phosphorus and soil organic carbon (macro-nutrients)

Total nitrogen, phosphorus and organic carbon levels were higher in the TSFS
cropping system than in no TSFS system. This could be due to the decomposition of
incorporated residue thereby yielding high organic matter in the soil. The soil organic matter
released served as a reservoir for nutrients for plant use. These results are consistent with the
findings of Uzoh et al. (2019), who reported that crop residue incorporation and nitrogen
fertilizer application significantly improved soil nitrogen and maize grain yield over non-
residue incorporation. Ghimire et al. (2012), reported that an increase in the amount of

residue returned in the soil significantly increased soil organic carbon and nitrogen in the
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system. Murphy et al. (2016), also reported that the retention of crop residues resulted in
110% increase in the recovery of fertilizer-derived N in vegetative biomass and a significant
increase in 41% for total N in the soil-crop system.

The forage strata in the TSFS acted as hedge-rows in the cultivated plots thereby
creating a barrier preventing soil loss either through run-offs or wind. The practices involved
in conservation agriculture like crop residue retention holds the potential of enhancing
phosphorus availability by altering the activities of enzymes and microbial diversity in the
soil which in turn increases soil phosphorus availability (Bezerra et al., 2015; Bhan &
Behera, 2014).

The residues incorporated decomposed thereby increasing soil organic carbon into the
soil. Zhang et al. (2016), found out that the incorporation of straw significantly increased the
levels of organic carbon and storage levels as compared to control. According to Malhi et al.
(2011), the amount of soil organic carbon is directly associated with the amount of crop
residues incorporated. Previous research by Chalise et al. (2019) reports increased soil
organic carbon and decreased soil bulk density with crop residue incorporation. The high
levels of soil organic carbon in TSFS cropping system was expected as it is closely related to
soil nitrogen. Soil nitrogen dynamics has also been observed to be directly related to that of

soil organic carbon (Moges & Holden, 2008).

5.3.4 Potassium, Calcium and Magnesium levels

There was no significant difference in K levels in both cropping systems. This finding
is not in agreement with Madar et al. (2020), who found that crop residue retention at 6.0 t/ha
significantly improved grain yield of maize and wheat by (10.17% and 9.87%, respectively),
dry matter accumulation and K uptake and redistribution in K pools compared to control. The
availability of K in the soil depends on geochemical conditions, the addition of K fertilizers,
crop residue and tillage practices (Britzke et al., 2012; Singh et al., 2018). The levels of
potassium in both cropping systems could have been attributed by soil temperatures. Low soil
temperatures affect the levels of potassium in soil.

Calcium is a secondary macro-nutrient and is essential in the formation of new cells
needed for plant roots, stems and leaves to grow (Dong et al., 2021). In this study, the levels
of calcium had no significant differences in both cropping systems. This results are not in
agreement with the previous studies that showed, calcium ions in soil are easily affected by

changes in soil pH, cation exchange capacity and soil moisture (Khaledian et al., 2017). In
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this study, the levels of calcium could have been affected by the presence of other competing
ions like Mg ions thereby reducing their availability in the soil.

Magnesium is an essential element for crops and its deficiency could affect plant
processes like photosynthesis and carbohydrate partitioning (Farhat et al., 2016). In this
study, Mg levels in soil were found to be higher in the TSFS cropping system than in no
TSFS. This variation could be due to different agricultural practices in the two cropping
systems. The availability of Mg in the soil could depend on climatic conditions and
agronomic management practices as observed by Mikkelsen (2010). In the TSFS, the residues
incorporated reduced nutrient losses through leaching and thus high Mg?* ions levels. Mg**
ions are highly mobile in nature and this makes it susceptible to leaching from the root zone
by heavy rainfall (Gransee & Fuhrs, 2013; Grzebisz, 2011).

Iron is an essential micronutrient that plays a significant role in plant metabolic
processes like respiration, DNA synthesis and photosynthesis (Rout & Sahoo, 2015). Its
availability in soil highly depends on soil pH level. The results obtained from soil analysis
indicated that Fe levels were higher in the TSFS cropping system than in no TSFS. The
residues incorporated decomposed thereby releasing organic matter in the TSFS system.
During organic matter decomposition, Fe previously tied up in the organic compounds is

released in the soil in forms available for plant use (Mimmo et al., 2014).

5.3.5 Manganese, Iron and zinc levels

Manganese is an essential micronutrient for plant growth and development and also
sustains metabolic roles within plant cells (Alejandro et al., 2020). In this study, Mn showed
no significant difference in both TSFS and in no TSFS cropping systems. This result is not in
agreement with previous research on Mn levels in the soil. Most available Mn in soil occurs
as exchangeable Mn and this is associated with organic matter (OM) content in the soil. Soils
high in OM are likely to be deficient in Mn due to the increased formation of OM and Mn
complexes (Li et al., 2021). Soil micro-organisms also appear to reduce the availability of
Mn by oxidizing Mn to less available forms (Zobiole et al., 2011). In this study, the constant
levels of manganese in both cropping systems could have been due to soil temperature and
seasonal variations.

Zinc is an essential micronutrient and is involved in activating enzymes responsible
for protein synthesis (Hafeez et al., 2013). In this study, there was no difference in the levels
of Zn®" ions in the two cropping systems. This was contrary to previous research on Zn levels
in soil and factors affecting its availability. Generally, in sandy and leached soils the levels of
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Zn** ions are usually low (Swietlik, 2010). Soils with low organic matter have also been
reported to exhibit Zn deficiency (Dhaliwal et al., 2019). The results could have been due to
high concentrations of magnesium in the soil that led to constant zinc levels in both cropping
systems.

Copper is an essential mineral for plants, it is involved in photosynthetic and
respiratory electron transport chains and cell wall metabolism (Rehman et al., 2019). Higher
levels of Cu were observed in no TSFS than in TSFS cropping system. This was expected
due to the differences in soil pH and soil organic matter. The results obtained are consistent
with those reported by (Bravo et al., 2017), who found that Cu levels are higher in more
acidic soils than alkaline soils. Organic matter levels in the soil also dictate the level of
copper in the soil. In the TSFS cropping system, the organic matter from decomposed crop
residues formed complexes with copper thereby reducing its availability. Copper is strongly
bound to organic matter, an increase in the organic matter further increases the probability of

copper deficiency (Usman et al., 2012).
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CHAPTER SIX
CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions
This study is an effort to determine an alternative cropping system that can provide food, feed
and restore the fertility of the soil. Based on the results, the conclusion is as follows:
i.  The crops yielded higher in TSFS than in no TSFS system, TSFS could be alternative
cropping system that can provide food and feed within the same plot of land.
ii.  The TSFS system is environmentally friendly as production is not pegged on fertilizer
application and can easily be adopted by most farmers.
iii.  Crop management practices like residue incorporation influences soil chemical

properties like nitrogen, phosphorus and soil organic carbon.

6.2 Recommendations
The following recommendations were derived from this study
i.  Three-strata forage cropping system should be adopted by farmers to provide
livestock feeds thereby reducing chances of using crop residues as animal feeds.
ii. A few crops should be included in the three-strata forage cropping system as multiple

crops could be quite challenging for small holder farmers.
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APPENDICES

Appendix A. ANOVA table for growth, yield and yield components of maize crop in two locations across three seasons

Source of variation  Df Plant Chlorophyll ~ Stomatal Plant Height Biomass Grains per 100 seed Yield

vigor conductance (cm) cob weight (g)  (tons/ha)
content (9)

(umolm?  (mmol m?s™?)

TSFS 1 8.82 26.67 28.55 82455  5421.137 7701.52 5476.74 8.22""
Location 1 121.807 9.15 0.14 21628.117" 61301.637" 42972597 24128.96 40.817"
TSFS*location 1 2.01 18.10" 0.03 299.11 164.22 40.59 34.75 0.05
Season 2 99.177 46.947 438.72" 279.337  1128.427" 1146.93 24456.54" 7.257"
Location *season 2 26.63" 82.777 1.57 433.84™"  2361.297 3609.10 1397.91 0.13
TSFS* L*S 4 6.68 4.66 0.11 299.19™ 215.24™" 360.85 290.25 0.17
Error 24 7.43 2.69 1.72 48.91 41.89 2117.45 379.65 0.87
cv 5.30 3.23 5.35 6.03 3.13 10.97 5.82 14.39
R? 0.69 0.79 0.95 0.95 0.98 0.54 0.90 0.75

*, **x %k Significant at (P<0.05), (P<0.01) and (P<0.001) respectively, TSFS-three strata forage system, L-location, S-season
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Appendix B. ANOVA table for growth, yield and yield components of beans in two locations across three seasons

Source of variation df Plant Chlorophyll ~ Stomatal Plant Biomass  Pods per Yield
vigor content conductance I(—|C?Ti]§);ht © plant (tons/ha)
(umol m?)  (mmol m?s™)
Cropping system 1 19.71 4,927 11.46° 749.84 148391  55.80 0.79°
Location 1 84517 99.63 439 328577  1209.30 1153 0.16
Cropping system*location 1 8.80 49.91 0.02 0.14 17.48 1.27 0.01
Season 2 260.63 5.19" 368.497" 893.16 4529.16  28.68° 298"
Location *season 2 85227 5.55 0.33 577517 3878.63 8.15 0.10
Cropping system * Location* Season 4 1.85 19.13 0.93 21.87 51.76 0.23 0.03
Error 24 6.23 18.17 2.55 37.27 84.59 1.98 0.12
cV 9.38 20.05 6.59 7.78 7.18 12.39 24.52
R’ 0.84 0.81 0.92 0.82 0.90 0.75 0.71

* HwEk Significant at (P<0.05),(P<0.01) and (P<0.001) respectively
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Appendix C. ANOVA table for growth, yield and yield components of groundnuts crop in two locations across three seasons

Source of variation df Plant Chlorophyll ~ Stomatal Plant Biomass Pods per 100 seed Yield
vigor conductance Height plant weight (g)  (tons/ha)
content (cm)
(umolm?  (mmol m?s™)
Cropping system 1 8.307 45.93™ 14.49 54.29 92436°  64.69° 11675.16 2147
Location 1 37357 0.01 30.69™ 24.81 10.11 28.69 18339.02"" 6.36
CS*L 1 3.94 0.43 1.90 5.51 54.46 1.49 159.72 0.17
Season 2 26317 324.607" 16.66 27.88 1433.12"°  126.32"7  3943.097" 0.17
Location *season 2 1.67 60.04"" 16.33  95.86 1468.15""  49.05  5751.62"" 0.02
CS*L*S 4 2.87 0.95 3.33 4.49 19.05 6.53 483.08 0.03
Error 24 2.02 2.57 3.53 7.65 67.12 1.84 565.14 0.08
cv 7.56 6.24 9.34 5.61 8.91 8.67 6.87 14.92
R? 0.71 0.92 0.69 0.66 0.81 0.91 0.79 0.83

* kxR Significant at (P<0.05),(P<0.01) and (P<0.001) respectively, CS-Cropping system, L-location, S-season
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Appendix D. Means for soil chemical properties in TSFS and no TSFS cropping systems in two sites

Source of df Soil EA TN SoOC P K Ca Mg Mn Cu Fe Zn Na
Variation pH

Location 1 1097 3197 0037 0517 3544 0017 0427 0027 0427 0027 0017 056  6461.66
Replication 4 094 153 008 038 147872 019 065 022 065 022 051 038 6764.88
Cropping system 1 013" 0947 0017 0147 486.85  0.017 0017 0037 0017 0037 0017 0177 415487
Location*cropping 1 0.38"  0.26 0.03" 025 47546 0.06 001 035 001 035 006 005 22447
system

R? 34 068 072 002 028 37348 001 005 004 005 004 003 014 61.14
cv 3.36 20.28 15.92 6.5 1096 333 979 339 979 339 1276  3.47 2.13
R? 083 091 091 092 087 099 09 095 096 095 098 097 0.99

*#* Significant at (P<0.001)
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Appendix E. Mean monthly rainfall (mm) and temperature (0°C) for the two locations

during the three growing seasons in 2019, 2020 and 2021

Month 2019 2020 2021

Rainfall Temperature Rainfall Temperature Rainfall Temperature

(mm) @c)  (mm) ©c)  (mm) (0°C)
January 23.3 24.9 140.7 21.9 108.8 23.9
February 46.8 22.6 61.9 23.2 140.3 23.1
March 63.5 25.7 260.2 24.6 112.2 24.7
April 252.3 24.6 233.3 25.0 291.4 23.4
May 327.8 24.5 2735 23.8 245.9 23.5
June 275.4 21.9 215.3 22.8 161.3 25.2
July 157.6 21.1 233.4 23.6 71.3 23.9
August 243.9 24.4 179.9 23.9 2273 23.6
September 198.0 23.0 292.9 23.4 341.7 24.3
October 349.5 23.0 229.0 22.7 107.6 23.8
November ~ 201.9 22.0 87.4 22.8 82.7 25.3
December 279.9 24.1 108.1 23.3 53.4 25.8

Source: Busia County metrological center
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The exploitation of diverse cropping practices alongside residue incorporation has remained low
among small-holder rural farming households in Sub-Saharan Africa. Three-stratum forage system
(TSF5) which integrates forages for animal feeds with food crops is a significant sustainable strategy
for enhancing residue incorporation. This study was conducted in Busia County in Kenya to; (i)
determine the effects of TSFS on yield of diversified food crops grown (ii) to determine the effect of
TSFS on growth and physiological responses in food crops grown. In TSFS system, desmodium,
brachiaria grass and pigeon peas were grown in the peripheral area of the farm as forages. The
treatments were laid on_a randomized complete block design at two locations for 3 years (2019, 2020
and 2021}, yield in t ha'1, growth and physiclogical responses in plants measured. The data collected
were subjected to Analysis of variance (ANOVA) in SAS software and means separated using LSD at 5%
level of significance. Plant growth vigor, physiclogical responses and yield in t ha™ were significantly
higher in TSF5 system where residues were incorporated than in no TSFS system (P<0.001). The results
revealed that TSFS cropping system could be a better solution to food security and agro-ecological
sustenance.

Key words: Three-Sirata forage cropping system (TSFS), crop residue incorporation, food security.

INTRODUCTION

Diversified cropping system improves productivity and constrained by inappropriate famming practices like
resilience in agricultural systems. Research towards monocropping, buming of crop debrs among others
achieving food security through diversified farming which have contributed to decline in soil fertility and low
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