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ABSTRACT

Wheat production in Njoro Sub — County, Nakuru, Kenya is constrained by many
problems including low soil moisture and nitrogen (N) levels resulting in low wheat yields. Thus,
the experiments to determine the effects of water harvesting (WH), crop rotation (CR) and soil
fertility management (SFM) on N use efficiency (NUE), water use efficiency (WUE) and
performance of wheat were conducted at Kenya Agricultural and Livestock Research
Organization (KALRO) in Njoro between 2014 and 2016. Three factors were evaluated in a
randomized complete block design (RCBD) with split-split plot replicated three times. These
factors included (i) two levels of WH (main plot) (flat bed and tie ridge) (ii) four levels of CR
(sub-plot) with different crop sequence each year [(CR1= wheat (Triticum aestivum — lablab
(Lablab purpureus) — T. aestivum); CR 2= T. aestivum —green pea (Pisum sativum) - T.
aestivum); CR 3 =T. aestivum —potato (Solanum tuberosum) - T. aestivum); CR 4 = Continuous
wheat for 3 years)] and (iii) six levels of SFM (sub-sub-plot) [FYM at 5 t ha'!; green manure
(Leucaena trichandra) at 2.5 t ha'!; calcium ammonium nitrate (CAN) fertilizer at 25, 50 and 75
kg N ha!; and untreated control]. Data was subjected to analysis of variance (ANOVA) using
Genstat and mean separation was performed using least significance difference (Lsd) at 5% level
of significance. Results showed that NUE and NULE was improved when (7. aestivum) was
preceded by either L.purpureus or P. sativum in the CR treatments. Soil fertility management
(SFM) significantly (p < 0.05) influenced NUE, NU(E, NUE as well as WUE as well as yield
and biomass. Two — way (CR x SFM) interactions significantly (p < 0.05) affected NUE, NU(E,
NUE as well as WUE and yield of wheat. Green manure (GM) on plots previously occupied by
a legume (L. purpureus) or P. sativum) increased NUE by 46% while NULE of wheat was
improved by 36% when wheat was grown with the lowest rate (25 kg N ha') of inorganic
fertilizer on plots that were previously on green pea. The lowest rate of N (25 kg N ha™!) after L.
purpureus or P. sativum improved NU(E by 14 and 12%, respectively. However, a three — way
(WH x CR x SFM) interaction showed significant (p < 0.001) effect on WUE and grain yield.
Wheat planted with FYM at 5 tonnes ha™! on flat beds (WH1) previously occupied by L.
purpureus significantly (p < 0.05) increased WUE and grain yield 25% and 31%, respectively. In
order to maximize NUE and its attributes L. purpureus or P. sativum may be used as precursor
crops to 7. aestivum in the CR systems. Organic fertilizer (FYM or GM) positively influenced
NUE and its attributes, WUE and grain yield of wheat. This could replace inorganic sources of N

if a legume pre-crop to 7. aestivum.
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CHAPTER ONE
INTRODUCTION
1.1 Background information

Worldwide, wheat (7ritcum aestivum, L) is grown on more land area than any other
cereal crops such as rice and maize (Igrejas & Branlard, 2020) with a production of 750 million
tonnes (MT) on about 220 million hectares (MHa) in 2017 (Tadesse et al., 2019). “Sub-Sahara
Africa (SSA) produced a total of 7.5 MT on a total area of 2.9 MHa in 2017 accounting for 40
and 1.4 per cent of the wheat production in Africa and at global levels, respectively” (FAO,
2017). Kenya is the fourth highest wheat producer in the SSA after Ethiopia, South Africa and
Sudan and produced 270 thousand tonnes (MT) in 2020 on about 150 thousand hectares (MHa)
(Xinhuanet, 2021).

Both biotic (yellow rust, stem and leaf rust) and abiotic (declining soil fertility, copper
deficiency, and soil acidity) stresses affect wheat productivity in Kenya (Kamwaga et al., 2016).
In order to combat low soil fertility in Kenya's wheat-growing regions, a range of inorganic
fertilizers comprising Nitrogen, Phosphorous, and Potassium (NPK) are widely utilized. The
amounts and types of NPK fertilizers used vary depending on the crops cultivated.

Nitrogen (N) is the most important nutrient for cereal production, however, the water
resource must be used efficiently in order for the applied or inherent N to benefit the cereal
production system (Fageria & Baligar, 2005). Thus, N and water use must be considered when
millions of tonnes of cereals are produced each year. While high fertilizer use affects agricultural
productivity in developed countries, where more N fertilizer use is associated with higher yields,
the same trend cannot be anticipated in developing countries due to a variety of production
restrictions (Beatty et al.,, 2010; Bingham et al., 2012). Kenya, for example, imported roughly
450,000 tonnes of various fertilizer typess in 2015 alone (Africafertilizer.org report, 2017), with
N-based fertilizer accounting for about 30% of this total. Despite the fact that vast volumes of N
fertilizers have been used around the world, crop recovery or efficient use of N fertilizers on
arable lands has remained relatively low, ranging from 25% to 50% of the applied N.
(Doberrmam, 2003; Chien et al., 2016). Low NUE results in a number of negative consequences,
including environmental contamination, economic inefficiency, and inefficient resource
utilization, indicating a pressing need to improve fertilizer NUE (Anas et al., 2020). Apart from

the increased use of N, farmers are concerned about the quick rise in fertilizer prices.In contrast



to the industrialized world, the SSA uses extremely little nitrogen fertilizer (an average of 4 kg N
ha'), hence NUE estimations have been greatly overstated (Varvel & Peterson, 1991).
Furthermore, this is a misrepresentation because nutrient mining, particularly N mining, has
occurred in practically all regions where cereals are grown in SSA, depleting the natural soil
resource (Edmonds et al., 2009). Because of the low levels of nitrogen utilization in the SSA
region, high NUE values of over 100% have been observed, showing a considerably more
serious and potentially detrimental condition for cereal production in the region (Edmonds et al.,
2009). The high NUEs for SSA, according to the author, are due to the application of such little
nitrogen fertilizer to an already reduced soil resource.

Because of the aforementioned issues, NUE has received increased attention from both
agronomy and breeding research, as there is a greater sense of urgency for environmental care
(Han et al., 2015) and because fertilizers are expected to become more expensive in the future
(Han et al, 2015; Swain et al, 2014). As a result of these environmental and economic
considerations, cropping systems' NUE must be improved urgently. Agronomic approaches, such
as mineral and organic nitrogen fertilization management, as well as the use of legumes in
cropping systems and genetic advances in crop types, all influence nitrogen use efficiency
positively.

In terms of water, only roughly 10%-30% of the available water (as rainfall, surface or
groundwater) is used by plants for transpiration in both irrigated and rain-fed agriculture globally
(Wallace, 2000). Rain-fed crops, on the other hand, are closer to 5% in dry and semi-arid areas,
where water is scarce and population growth is significant. As a result, there is a lot of potential
for improving water use efficiency (WUE) in agriculture, especially in locations where climate
change has caused a shift in the start of the season and unreliable rainfall. This can be
accomplished by raising the overall amount of water available for transpiration to plants and/or
increasing the efficiency with which transpired water creates biomass.

Understanding the agronomic processes that influence N uptake, N use, and growth
responses to N is critical for maximizing crop output while reducing environmental risks and
improving WUE. Appropriate soil moisture management strategies, integrated soil fertility
management, and logical crop rotation systems are examples of management practices that can
improve NUE and WUE. Sha & Wu (2019) discovered various acceptable management

approaches when examining soil and crop management strategies to promote improved crop



productivity in sustainable environments. Nutrient management, site specific nutrient
management (SSNM), integrated nutrient management (INM), integrated soil fertility
management (ISFM), integrated soil-crop system management (ISSM), ridge-furrow mulching
systems (RFMS), sustainable water management (SWM), conservation agriculture (CA),
sustainable land management (SLM), vertical/sky farming, and integrated crop management are
some examples of these practices. Incorporating legumes into a cereal cropping system provides
a number of advantages in terms of increasing N supply through biological fixation. Depending
on the species, such increases in N buildup also resulted in improved yields for later cereal crops
given by legumes (Walley et al., 2007; Zander et al., 2016). For example, field pea and faba
bean accumulate about 130 and 153 kg N ha!, respectively, in their above-ground biomass,
while large amounts (30 - 60% of the total N accumulated) may also be stored in below-ground
biomass (Peoples et al., 2009). Organic fertilizers increase soil structure and release nutrients as
they decompose, enhancing the soil's ability to hold water and nutrients (Rehim ez al., 2020), as
well as aiding N fertilizer uptake efficiency (Eid et al., 2018). As a result, the overall objective of
this study was to assess the overall effects of cropping systems and soil fertility management on
nitrogen use efficiency (NUE), water use efficiency (WUE), and wheat performance under

various water harvesting methodologies (7. aestivum L).

1.2 Statement of the problem

Wheat production in Kenya's Njoro Sub-County, Nakuru, is being hampered by a number
of issues, including poor soil moisture and nitrogen levels. Crop productivity is constrained more
by water and nitrogen availability than by most other environmental conditions. Plant availability
of macronutrients such as nitrate is mostly regulated by the amount of water available in the soil,
and crops can become both water and nitrogen constrained during drought events. Due to low
levels of soil N and moisture in Njoro Sub-County, low wheat yields have been observed, posing
a threat to the population's food security and economic well-being. It is also predicted that the
situation will deteriorate over time. Prolonged moisture stress is more likely to occur across both
long and short seasons of the year in the years 2021-2065, according to projections, and the time
of soil moisture stress will more than double in the first rainy season, from around 35 days to

over 70 days on average. All of these projections served as the foundation for this study, which



aimed to develop agricultural systems to minimize the long-term effects of low soil moisture and

deteriorating soil fertility in Njoro Sub-County in order to ensure long-term wheat productivity.

1.3 Objectives of the study
1.3.1 Broad objective

The overall objective was to determine a sustainable agricultural system using
appropriate water harvesting strategy, crop rotation and soil fertility management strategies for
the enhancement of nitrogen and water use efficiency to contribute to increased wheat

productivity in Njoro Sub-County.

1.3.2 Specific objectives

(1) To determine the effect of crop rotation on water and nitrogen use efficiency of wheat

(11) To determine the effect of soil fertility management strategies on water and nitrogen use
efficiency of wheat

(ii1)) To determine the effect of water harvesting strategies on water and nitrogen use
efficiency of wheat grown under short term rotation systems.

(iv)  To determine the effect of water harvesting, rotation and soil fertility management on

wheat performance.

14 Hypotheses

(1) Crop rotation does not have a significant effect on water and nitrogen use efficiency of
wheat.

(i1) Soil fertility management does not have a significant effect on water and nitrogen use
efficiency of wheat.

(i11))  Water harvesting does not have a significant effect on water and nitrogen use efficiency.

(iv)  Water harvesting, crop rotation and soil fertility management do not have significant

effects on wheat performance.

1.5 Justification of the study
Drought, heavy rains, and high temperatures brought on by climate change are already

hurting agricultural production, earnings, and food security in Kenya, particularly in the Njoro



Sub-County. In the future, these variables are anticipated to offer even larger problems. Looking
ahead to the years 2021-2065, extended moisture stress is expected to occur during both the short
and long rainy seasons of the year, with moisture stress in consecutive days expected to more
than double in the first wet season, from 35 to over 70 days on average (MoALF, 2016). All of
these factors point to the need for robust soil-water-crop management methods that can endure
future moisture and temperature stresses. To elucidate WH, CR, and SFM combinations that
sustainably build soil capacities to provide N and water, increase N use efficiency, water use
efficiency, and wheat productivity, this study evaluated water harvesting (WH) strategies,
cropping sequences in the form of rotation (CR), and various soil fertility management (SFM)

strategies.

1.6 The Scope and limitations of the study

The study evaluated selected crop and soil related management interventions mainly to
enhance nutrient and water use efficiency of wheat in Njoro Sub - County. The field study was
conducted for three years at the Kenya Agricultural and Livestock Research Organization
(KALRO) Njoro Centre for three years. The study generated four outputs including appropriate
packages on crop rotation regimes for enhancing NUE and WUE for wheat-potato cropping
systems; ridges as soil moisture management tool for wheat (7. aestivum) based cropping
systems; and quantified the contribution of legumes on soil fertility in cereal-potato cropping
systems and ultimately a PhD thesis and at least two publications in refereed journals. During the
implementation of the study, delayed funding by the sponsors and variability in weather

conditions caused delay in the implementation of some planned activities.



CHAPTER TWO
LITERATURE REVIEW
2.1 General overview

Crop production supports human and animal populations with food, nutrition, fuel, and
fiber, while plants convert atmospheric carbon to organic carbon. “Crop production techniques
need a lot of water and fertilizers, particularly nitrogen (N)”. Currently, the global crop
production systems consume around 70% of total fresh water extraction (2800 Km3) from many
sources including surface rivers and groundwater, as well as more than 100 Kg N fertilizer
(FAO, 2014; Fowler et al., 2013). However, world agricultural output is severely limited by
water and N availability, as well as poor environmental management (Mueller et al., 2012;
Rockstrom et al., 2010). The gap between crop yields and the achievable yields (assuming
enough water and nitrogen are available) is greater in greater in the developing nations as
opposed to the developed ones. Due to improvements in water and soil N management, Mueller
et al. (2012) predicted a 45 to 70% increase in global crop production for most crops (64% for
maize, 71% for wheat, and 47% for rice). Because crop yields are generally restricted by both
water and nitrogen, it is critical to enhance both water and nitrogen availability at the same time
in order to benefit from their interaction effects. This is reinforced by the fact that “plant
availability of macronutrients like nitrate is largely governed by the quantity of water available in
the soil, and crops can become both water and nitrogen restricted during drought periods” (Plett
et al., 2020). To achieve such gains, a quantitative understanding of the water and nitrogen
requirements of growing crops over time, as well as the water and nitrogen supplies provided by
soil, atmosphere, fertilizers, animal manures, and crop residues over time, is required.

According to current trends, “global food production may need to quadruple by 2050 to
feed the world's growing population (up to 9-10 billion people)”. The demand for grains
(primarily wheat, maize, and rice), as well as fruits and vegetables, would rise (Alexandratos &
Bruinsma, 2012; FAO, 2009; Ray et al., 2013). Further, human diets are changing due to the
effects of urbanization, globalization and the increases in prosperity of a part of the global
population. According to observations by Bai et al. (2014), Foley et al. (2011) as well as Ma et
al. (2013) more animal products (dairy, meat, and egg) as well as fruits and vegetables are being
consumed worldwide. When compared to crop-derived food products, animal-derived food items

generally require more water and N inputs. Thus, a unit of meat takes 3 to 10 times the amount



of water and N as a unit of grain (Hoekstra & Mekonnen, 2012). Crop production methods
worldwide have been driven mostly by changing preferences, but they also have important
environmental consequences (Bai et al., 2014; Ma et al., 2013; Westhoek et al., 2014).

Poor nutrition management results in inefficient nutrient utilization and, in many cases,
significant nutrient losses. Due to significant “nutrient leaching losses on the one hand and poor
nutrient release and utilization on the other, inadequate water management leads to low water use
efficiency and possibly low nutrient use efficiency”. According to Sutton ef al. (2011) and Sutton
et al. (2013), currently, “only about half of the applied fertilizer N is taken up by the crop,
depending on crop type and management, leaving the un-utilized N to be accumulated in the soil
temporarily and/or get lost through ammonia volatilization and denitrification, and/or is lost to
groundwater and surface water bodies via leaching, overland flow and erosion”. In China, for
example, N recovery in the harvested crop is even lower than half, whereas N losses account for
more than half of the applied fertilizer N (Ju et al., 2009). Nitrogen losses to air and water bodies
have had a variety of human health, environmental, and ecological consequences (Sutton et al.,
2011; Sutton et al, 2013). Low water usage efficiency is frequently linked to squandering
precious fresh water resources, resulting in depletion in many dryland locations throughout the
world. As a result, future crop output is jeopardized (Foley et al., 2011; Hoekstra & Wiedmann,
2014). Thus, efforts to improve water and nitrogen usage efficiency and reduce water and

nitrogen losses are urgently needed.

2.1.1 Functions of Nitrogen

Being a key nutrient, N has specific relevance for the proper growth and development of
plants. “Nitrogen (N) is main component of many organic substances (protein, nucleic acids,
alkaloids etc), (protein, nucleic acids, alkaloids etc.)”. It is a component of energy transfer
molecules including adenosine diphosphate (ADP) and adenosine triphosphate (ATP), which
play a vital role in energy consumption, transfer, and release in plant metabolism (Dunn &
Grider, 2021). “Nitrogen is also found in nucleic acids (deoxyribonucleic acid and ribonucleic

acid), which play an important role in plant genetic heredity”.



2.1.2 Nitrogen losses through various processes

Denitrification, according to Bolan and Hedley (2003), is the microbial-mediated
reduction of nitrogen in its nitrate form (NO3). It finally leads in the release of nitrogen gas (N2)
and nitrous oxide (N20) into the atmosphere, according to Fageria (2002). When there is a
scarcity of oxygen, the population of microorganisms capable of converting nitrate to nitrogen
through a process known as denitrification increases, resulting in nitrogen loss (Dobermann &
Cassman, 2004). Aside from soil moisture content, NH4+-N and NO3 —N concentrations, as well
as carbon content and temperature, can also affect the denitrification process within the soil-
plague.

Depending on the type and management of N, it is also lost by leaching which is “the
removal of nitrite or nitrate from the plant root zone by the flow of water through the soil is
referred to as leaching”. “Negatively charged nitrite (NO>-) and nitrate (NOs-) are observed to
flow easily with water unless soils have a large anion exchange capacity”. Thus every year, 55
Teragrams (Tg) of nitrate are expected to be leached from agricultural soils (Nieder & Benbi,
2008). When the soil is sandy in texture and contains enough water to cause nitrate migration
across the soil profile, leaching losses of nitrogen occur. Because nitrate is a mobile type of
nitrogen that is not firmly adsorbed on soil particles, it may readily be transported beyond the
soil profile via a process known as leaching (Randall et al., 2003). This method of N loss is
especially important in places with heavy rainfall and light texture soils, where up to 50% of the
N applied might be lost (Bolan & Hedley, 2003). The amount of applied nitrogen, the amount of
water in the soil, and the permeability of the soil system are all key elements in determining how
much nitrogen is leached from a crop production system (Davis et al., 2003).

Ammonia volatilization is the process of converting NH4+-N into NH3 gas and releasing
it into the atmosphere. This nitrogen loss process is proven to be more severe when organic
manure and chemical nitrogenous fertilizers (NH4+ containing) are disseminated (Bolan &
Hedley, 2003). Urea and urea-based fertilizers are more sensitive to volatilization losses when
"sprayed to the surface and not immediately absorbed into the soil." Ammonia volatilization N

loss is also more severe in alkaline soil and warm sunlight circumstances.



2.2 Efficient nitrogen use
2.2.1 Nitrogen Use Efficiency (NUE)

The phrase "nitrogen usage efficiency" (NUE) is a broad concept that requires
clarification. It is mostly an agricultural term having two distinct definitions that are used
interchangeably when the term is used. The basic definition of nitrogen use efficiency is the
efficiency with which plants eat and retain nitrogen in the soil. The rationale for this NUE
definition stems from a plant's tendency to release nitrogen as nitrous oxide into the environment
rather than retaining it in its body after absorption (Volpe ef al., 2016)

The three important components of nitrogen utilization efficiency (NUE) are nitrogen
uptake efficiency (NUpE), nitrogen uptake efficiency (NU(E) in biomass generation, and nitrogen
harvest index (NHI) (Ciampitti & Vyn, 2013; Masclaux-Daubresse et al, 2010). In order to
account for harvestable product use efficiency, NU(E and NHI can be integrated into a single
component. Breeders can improve the NUE of farming systems by developing cultivars with
high agronomic nitrogen use efficiency (AgNUE). These cultivars may have a greater ability to
produce a substantial amount of harvestable biomass per unit of nitrogen provided through
fertilizers. In this case, each component of the multiple underlying physiological processes and
(combinations of) features is important. "Root architecture, N absorption per unit of root length,
leaf senescence and N remobilization in the plant, and NHI" are only a few of the many and
varied traits (Barraclough ef al., 2010; Gewin, 2010; Malagoli ef al., 2005).

Various definitions provide some of the most essential agronomic and physiological
terminology linked to the conceptual framework NUE. According to Dobermann (2007), NUE
can be defined in a variety of ways in one of the numerous definitions. NUE, also known as
partial factor productivity (PFP) (Cassman et al., 1998), was defined as the ratio of yield to total
N inputs in this study:

Nitrogen use efficiency (NUE, kg kg!) =Gy /N supply [1]
Where

Gy is grain yield in kg ha! and
Nsupply 18 the sum total of soil N content at sowing, mineralized N and N-uptake in

control (0 N applied) in kg ha™.



2.2.2 Nitrogen Utilization Efficiency (NU(E)

Nitrogen use efficiency (NUE) is generally disaggregated into two parts as an integrative
trait: uptake and utilization efficiency. The capacity to convert total plant nitrogen (TPN) during
harvest to grain dry matter (GY / TPN) is measured by nitrogen utilisation efficiency (NUE).
However, the focus of this section is on NU(E, which the “crop's capacity to utilize applied N”.
Improved agricultural techniques, according to Hirel ef al. (2007), can enhance NU(E levels. A
substantial and positive connection was found between grain yield and majority of the N use
efficiency indicators of wheat, including NUE and NU,E, in a research by Mansour et al.

(2017).

2.2.3 Nitrogen Uptake Efficiency (NUE)

Nitrogen uptake efficiency (NUpE) is generally estimated as total plant nitrogen (TPN) at
harvest divided by available N in the soil, or as the quantity of N taken up by the crop as a
function of available N as determined by TPN/Ns, where Ns is the soil N available. The ability to
absorb nitrogen (NUpE) is determined at a genetic level (Hirel et al., 2007). Nitrogen uptake
efficiency (NUpE) fluctuates more than nitrogen utilization efficiency (NU(E) under N limiting
situations (Rumesh et al., 2019). As a result, N uptake is primarily a root trait impacted by both
root architecture and root function. One or more major gene families catalyze each of these
forms' absorption and transport across cell membranes, and transport mechanisms are highly
developed, with high substrate affinity and expression patterns that are frequently affected by
dietary variables (Garnett et al., 2013; Williams & Miller, 2001).

23 Consequences associated with low Nitrogen use efficiency (NUE)

Nitrogen cycling is a dynamic process that involves a variety of biochemical
transformations within the soil-plant system, with some of these processes (ammonia
volatilization, denitrification, leaching, and soil erosion etc) causing serious environmental
contamination. The main environmental implications of decreased nitrogen usage efficiency of
fertilizer N manifest themselves in a variety of ways. Groundwater contamination results from
nitrogen that has been lost beyond the root zone of a plant system due to leaching. The amount of
N lost by this process is determined by soil characteristics, soil and plant management

techniques, agro-climatic conditions, as well as the manner and kind of N fertilizer applied
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(Brady & Weil, 2002). Due to greater permeability to nitrate dissolved water, leaching is the
most often documented route of N loss in light texture sandy soils (Baligar ef al., 2001). It has
also been recorded in well-irrigated regions with a shallow water table and N fertilizer in the
nitrate form. Due to the lower percolation of water beyond the root zone, paddy cultivation in
lowland ecology with fine-textured soils (heavy soils) results in reduced N losses through
leaching, whereas crops (e.g. Rice) grown in upland ecology with coarse texture soils (light
soils) can result in significant leaching losses (Buresh et al., 2004).

Eutrophication is another mechanism linked to a low NUE and it involves enriching
water bodies with chemicals, particularly nitrogen (N) and phosphorus (P), which can promote
excessive growth of aquatic algae populations is known as eutrophication”. Eutrophication of
water bodies is now a major problem across the world, since it may result in a lack of oxygen
and the production of chemicals that are directly harmful to aquatic species as well as indirectly
dangerous to animals and humans (Baligar ef al., 2001). “Eutrophication is caused by the loss of
nitrogen (N) from fertilizer through runoff water from agricultural land”.

The world's aquatic and forest ecosystems are particularly vulnerable to N deposition,
and excessive N enrichment can impair ecosystem processes and services. Increased N
deposition in ecosystems can result in global warming owing to increased emissions of N-based
greenhouse gases, soil acidity due to excessive aluminum breakdown, and lower carbon stores in
the soil (Burns, 2004). The greenhouse effect of N is a significant factor in climate change
concerns. Denitrification produces nitrous oxide (N20), a significant N-based greenhouse gas
that contributes to around 5% of total global climate change (Shoji ef al., 2001). Aside from that,
excessive nitrous oxide emissions into the atmosphere might deplete the ozone layer. “One of the
primary sources of N>O is the loss of soil-applied N due to microbial degradation at increasing
moisture levels”. Around two-thirds of global nitrous oxide emissions come from agricultural

soils (Mosier et al., 2001).

24 Nitrogen use efficiency (NUE) and its importance in crop production

Agricultural intensification has resulted in soil and environmental deterioration in order
to increase food production. “Crops use just a portion of the N fertilizer supplied, causing the rest
to be leached or squandered, resulting in environmental damage. The cropping system in this

example has a low NUE”. Nitrogen use efficiency (NUE) varies per crop; for example, cereals
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are reported to have a NUE of 33% across the world (Rumesh et al., 2019). According to
Galloway et al. (2008) and Spiertz (2010), the threat of environmental deterioration will continue
as long as the NUE dynamics are not sorted out, and the demand for more food to feed an ever-
increasing human population. As a result, cropping systems must enhance their NUE that is
usually influenced by a variety of agronomic methods, including mineral and organic N fertilizer
management, soil moisture management, and the use of legumes in cropping systems, as well as
improvements in the genetic characteristics of the crops in issue (Hirel ef al, 2011). Rainfall,
which contributes directly to soil moisture, increases N mineralization, but excessive rainfall
accelerates nitrate leaching, resulting in low NUE (Cabrera ef al., 2007; de Koeijer et al., 2003;
Sadras, 2002; Sadras & Roget, 2004).

2.5 NUE in Agronomy

A nutrient-efficient plant, according to Fageria et al. (2008), is one that generates a
greater economic yield with a fixed amount of applied or absorbed fertilizer when compared to
other or conventional plants under similar growth conditions. This definition emphasizes the
plant's human usage, yield, and economic perspective, all of which are essential in the area of
agronomy. One popular definition used in agronomy for calculating NUE is that of Moll et al.
(1982), which refers to NUE as Gw/Ns, where Gy is grain weight and Ns is N supply. Nitrogen
use efficiency (NUE) may be further split into at least two components, uptake efficiency (N¢/Ns)
and utilization efficiency (Gw/Nt), assuming total N in the plant at maturity (N¢) is taken into
account. The total NUE is determined by the product of these two components, which is Gw/Ns.

Nitrogen use efficiency (NUE) is generally broken down into two parts as an integrative
trait: “NU,E which is the capacity to collect N from the soil, and is generally calculated as total
plant nitrogen (TPN) at harvest divided by available N in the soil”. “The capacity to convert TPN
to grain dry matter (GY / TPN) is referred to as N utilization efficiency”. This would aid in
reducing the massive N losses that have been observed as a result of declining NUE trends in
agricultural systems across the world.

Nitrogen use efficiency (NUE) of agricultural systems has been declining across several
continents over the last 50 years, owing to increased N inputs, inadequate N management, and
the law of diminishing returns. The upshot of “declining NUE trends is that N losses have risen”

(Juet al., 2009; Liu et al., 2013). In the industrialized world, roughly half of the N fertilizer input
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is transformed into harvested goods, compared to 68% in the early 1960s, implying that about
half of the N input is lost to the environment (Lassaletta et al., 2014). In recent years, tight
environmental restrictions and improved N management have resulted in a small improvement in
NUE in Europe. “Differences in NUE levels have been observed between countries, which are
due to differences in cropping systems, environmental conditions, and N management
strategies”.

Mansour et al. (2017) found significant differences in the two components of NUE, such
as Nitrogen Uptake Efficiency (total NULE, which is a ratio of TPN/Ns, where TPN is total plant
N at harvest and Ns is soil N available to the plant) and Nitrogen Utilization Efficiency (grain
NU(E), among different wheat genotypes at low and high levels of applied N. Nitrogen
utilization efficiency (NUE) is derived using:

NUE (kgkg™!) = [GY—GY.]

[Nf—Nu]

Where GYr is the grain yield of the fertilized plot (kg), GY. is the grain yield of the

unfertilized plot (kg) for each replicate, Nr is the N (grain plus straw) of the fertilized plot

(kg), Ny is the N (grain plus straw) of the unfertilized plot (kg).

Low N levels (0 kg N ha!) resulted in greater NUE, total-NU,E, and grain-NUE values
than higher N levels (280 kg N ha!). In contrast to NUE, the data indicated a positive
association between NUE and NUtE. The levels of NUE were shown to be consistently linked to
grain-NU(E and total NUE, and both parameters significantly rose when the amount of N
fertilization dropped in all genotypes. In grain-NU(E, the range of variance across genotypes was
greater than in total-NU,E.

Nitrogen use efficiency (NUE) genotypes can differ because to variations in N intake
(Rodgers and Barneix, 1988) and N remobilization (Rodgers and Barneix, 1988; Van Sanford &
MacKown, 1986). While Van Sanford and MacKown (1986) discovered that total-NUpE
accounted for roughly 54 percent (0.54) of the variance in NUE in 25 genotypes at a single rate
of N (40 kg N ha™!). Similarly, Le Gouis et al. (2000) found considerable genetic variability in
total-NU,E at both high (100 kg N ha'') and low (20 kg N ha™') N levels in a study of 20 wheat
genotypes, accounting for roughly 64% (0.64) and 30% (0.30) of the variance in NUE at high

and low N levels, respectively. This might explain why contemporary wheat cultivars have lower
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NUE and, as a result, lower NUE, whereas high biomass genotypes have greater total-NU,E
(Feil, 1992). Barraclough ef al. (2010), on the other hand, found that genetic variation in NUE
was linked to variations in grain-NUE rather than overall NULE at various N rates. Asplund et
al. (2014) found that total-NU,E was greater in the field and grain-NU(E was higher in the
greenhouse, with similar overall NUE in both settings. “In all field and greenhouse experiments,
genotypic rankings for NUE and total-NU,E were comparable, while grain-NU(E was different”.

When it comes to wheat, the NUE is less than 60%. (Duan et al., 2014; Haile et al., 2012,
Hawkesford, 2012). However, Rahman et al. (2011) reported NUE values ranging from 28.8 to
40.0 kg grains per kilogram N applied, with N rates ranging from 80 to 120 kg N ha'!, depending
on genotype and N levels impact. Nitrogen uptake efficiency (NUE) (Sadras & Lemaire, 2014),
NUE (Barraclough et al., 2010), and N recovery efficiency (NRE) have all been blamed for the
heterogeneity of contemporary cultivars' responses to NUE (Guo et al., 2014; Kichey et al.,
2007; Pask et al., 2012).

Other traits linked to NUE, such as phytomass accumulation (Giambalvo et al., 2010) and
leaf chlorophyll content (Silva et al., 2014; Wani et al., 2011), can be used for indirect cultivar
selection because they use N more efficiently. Cropping system methods can also be used to
improve NUE. Cereals, for example, which are the biggest consumers of N fertilizers among
field-grown crops, have a greater NUE when grown after a legume crop than when produced
after a fallow or non-legume crop (Uttah et al., 2019). Plant biomass and long-term soil organic
carbon (C) rise when N fertilizer is administered at higher rates than required for maximum

production (Raun ef al., 1998), but NUE declines.

2.6  Factors influencing Nitrogen losses

Different forms of losses linked with the soil plant system impact nitrogen use efficiency
(NUE). The main causes of decreased NUE in production systems are gaseous nitrogen loss to
the atmosphere and N leaching beyond the root zone of crops (Mosier et al, 2001). “Optimal
circumstances for plant growth and development can enhance plant N demand, but this need may

not be satisfied due to large N losses, resulting in low applied N recovery”.
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2.6.1 Management strategies to optimize nitrogen use efficiency (NUE)

Nitrogen use efficiency (NUE) and crop development may be improved using various
management techniques that include both the amount of N fertilizer used and when it is applied.
Both components are dependent on the availability of soil water, which is a direct result of
weather. However, in the face of climate change, when weather prediction is restricted, adopting
a scheduled N fertilizer application approach (time of N application) has become increasingly
challenging (Stuart er al, 2014). As a result of climate unpredictability, farmers are losing
control over N mineralization, crop growth, and NUE. As a result, farmers are sometimes
obliged to raise N application rates during periods of excessive rainfall, which might result in
excess N leaching and hence poor NUE. However, using low N fertilizer rates to prevent storing
surplus N in soils and therefore increasing NUE raises the risk of transitory crop N shortage
since the N given by the soil would not fulfill plant needs. Thus, minimizing N leaching via
careful nutrient management and boosting crop yields by the inclusion of legumes in the
cropping system that improves the advantages from N fixation are two approaches to increase
NUE. This improves N mineralization (release) from legume crop residues over time, resulting
in higher soil organic matter (SOM) levels when organic fertilizer is added. It's a crucial step
since SOM functions as a reservoir and controller of soil water, mostly independent of rainfall.
Other novel techniques, such as breeding procedures, are needed to increase crop NUE in either
over-fertilized and under-fertilized environments, as well as systems with nitrogen shortages or
other pedo-climatic limitations. According to (Cassman et al. (2002), to maximize crop
production with little N input and decrease environmental risks associated with excess N in the
soil, it is critical to understand the mechanisms and plant characteristics that regulate N
absorption, distribution, and growth responses to N.

Kenya's agriculture has traditionally been reliant on rainfall, however increasing
industrialization has had a significant negative influence on the environment during the previous
two decades (Lusweti, 2012). Precision agriculture is thus required to coordinate crop nutrient
demand and soil moisture levels in order to avoid wasteful input usage and environmental
hazards. “Precision agriculture (PA) would play a significant role in increasing agriculture
production sustainability in this situation”. Precision farming is a farm input management
method based on information and technology, with the goal of identifying, analyzing, and

managing spatial and temporal variability in all elements of agricultural productivity in fields
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(Lusweti, 2012). Measurement of N variability in soils, followed by application of the right
amount of N at the right time using a variable rate applicator, remote sensing, geographic
information systems (GIS), and global positioning systems (GPS) technology, could all help
farmers improve NUE under specific field conditions. In advanced management techniques,
remote or local N sensors can be utilized to determine crop demands for supplementary N.
(Schmidt et al., 2002). These techniques include applying N fertilizer at the right time and in the
right place to satisfy the demands of plants in different parts of the landscape. Precision farming
improves maximum profitability, sustainability, crop performance, land resource protection, and
environmental quality maintenance or improvement (McBratney et al., 2003).

Site Specific Nitrogen Management (SSNM) is a concept that entails field-specific N
management techniques that incorporate quantitative information of field-specific variations in
crop N demand and projected soil N providing capacity (Dobermann et al., 2004). The basic
premise of this idea is to achieve the best possible synchronization between N supply and
demand for plant development (Giller et al., 2004). Site Specific Nitrogen Management (SSNM)
is divided into two types based on when and what sort of choices are made: prescriptive SSNM
and corrective SNNM (Dobermann et al., 2004). “The amount of N and when it should be
applied should be determined prior to sowing based on the soil's ability to provide N, the
estimated crop N demand for the desired yield, and the expected N efficiency of the fertilizer
products to be employed”. Corrective N management, on the other hand, entails the use of
diagnostic instruments to assess the N condition of a standing crop. The analysis of these
collected data is used to make judgments about when and how much N should be applied
(Schroeder et al., 2000). For corrective N management in cereals, chlorophyll meters (SPAD),
nutrient experts, and leaf color charts (LCC) have all shown promise in recent years (Olesen et
al., 2004; Singh et al., 2012).

By applying the Right fertilizer, at the Right quantity, at the Right time
(synchronization), and at the Right place (synlocalization), the NUE of fertilizer N applications
may be enhanced (IPNI, 2012). Nutrient expert is a developing management diagnostic tool in
this respect, in which input variables such as fertilizers are administered in the appropriate
amount, at the right place, and at the right time (variable rate application) based on crop-plant
demand (Pampolino et al., 2012). It aids in increasing input efficiency, reducing fertilizer costs,

and ensuring the long-term use of natural resources. As an advanced technique, combining the
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application of water and nitrogen by precision drip irrigation (Fertigation) can assist to enhance
both WUE and NUE. However, because of the high investment and maintenance costs,
fertigation is mostly employed in high-value crops rather than grain crops. The optimization of
water and N applications, however, remains difficult due to variable rainfall and frequently
uncertain N supply from soil (Phogat et al., 2013).

In intensive maize and wheat-based systems, proper nutrient management should seek to
provide enough fertilizers depending on the need of the component crops and apply them in
methods that reduce loss and increase usage efficiency (Basso ef al., 2011). Ensure an optimal
density of crops, evaluate ongoing nitrogen management practices, establish a meaningful yield
goal, determine the quantum of indigenous soil N, the required N fertilizer rates for above
selected yield goal, translate fertilizer N rates into fertilizer sources, and develop an efficient ap
using nutrient expert are all steps involved in smart N management using nutrient expert
(Majumdar et al., 2013). In order to enhance N recovery, Integrated Nutrient Management
(INM) entails making the best use of indigenous N components such as crop wastes, organic
manure, biological fixation, and chemical fertilizer, as well as their complementing interactions
(Olesen et al., 2004). The benefits of combining organic and inorganic N are attributable to
either a better physico-chemical soil environment or improved root development and increased
availability of secondaryN and micronutrients (Singh et al., 2012). Understanding and using
these beneficial interactions among plant nutrients is critical for boosting returns to farmers in
terms of improved yields, soil quality, and NUE of applied N (Aulakh & Malhi, 2004). The
combination of N with secondary nutrients and a variety of micronutrients might result in
significant increases in yield and NUE. As a result of the complementary effects, using N from
all available sources in a balanced and prudent manner would improve the soil physico-chemical
environment and increase land productivity.

Several high-impact studies on the influence of INM techniques on agricultural
productivity have been done. “Integrated Nutrient Management (INM) gives crops a well-
balanced diet and reduces the negative impacts of hidden deficiencies and nutrient imbalance”.
The best yields were obtained with vermi-compost treatments of 15 tonnes ha! and the
prescribed NPK dosage (Nehra & Hooda, 2002). The use of organic manure and crop residue has
a substantial impact on the physical characteristics of a soil in rice-wheat system (Singh et al.,

2007). In order to achieve optimum production and preserve soil fertility, INM entails the
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sensible and effective use of multiple types of nutrients, such as mineral fertilizers, organic
manures, and bio-fertilizers, in an integrated way.

Increased nutrient availability and N use efficiency were achieved by combining organic
manures with chemical fertilizers, resulting in a sustained output. In INM, the use of organic
manures aids in the prevention of various nutritional shortages (Satyanayarana et al., 2002). For
example, using organic manures such FYM at 10 tonnes ha! and vermi-compost at 5 tonnes ha!
combined with 60 kg P,Os ha! or 40 kg P,Os ha! + PSB and 40 kg S ha'! resulted in the highest
wheat grain and straw yields (Patel et al., 2014). As part of the INM approach, a combination of
environmentally friendly and low-cost bio-fertilizers, as well as organic and inorganic fertilizers,
play a key role in plant nutrition (Patel ez al, 2011). Apart from biological N fixation (BNF),
bio-fertilizers are thought to act as growth regulators, resulting in a significantly greater response
on many growth and yield characteristics (Saiyad, 2014). As a result, judicious application of
organic manure, bio-fertilizer, and organic fertilizer aids in wheat production sustainability.

There are fertilizer formulations that can increase fertilizer use efficiency (FUE) of
applied nutrients by minimizing nutrient losses in the production system and increasing their
beneficial usage in plants (Umesha et al, 2017). These fertilizers are based on one of two
philosophies: “slowing the rate of nutrient release or interfering with nutrient transformation
pathways to decrease losses”. Slow or controlled release fertilizers (CRF), N inhibitors, and N
nitrification inhibitors are some of the fertilizers that help to improve (FUE).

Fertilizers with a slow or controlled release and N inhibitors are two significant types of
fertilizers. The kind of nitrogenous fertilizer used has an important impact in regulating different
N losses and therefore altering nitrogen availability and recovery. When compared to amide and
ammonium-containing N fertilizers, nitrate-containing fertilizers are more vulnerable to
leaching. Ammonium and amide-containing fertilizers, on the other hand, are more susceptible to
volatilization than nitrate-containing nitrogen fertilizers. A variety of slow release fertilizers that
have the ability to decrease different N losses and enhance NUE are currently being offered in
order to regulate the undesired loss of applied nitrogen (Giller et al., 2004). These fertilizers
contain chemicals that have the ability to reduce nitrogen losses by delaying the release of
nitrogen, thereby increasing the synchronization of crop demand and soil N supply. In India,
neem-coated urea is a popular and effective slow-release nitrogen fertilizer. Controlled release

fertilizers, on the other hand, account for only 0.15% of overall nitrogen fertilizer usage.
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While N nitrification inhibitors promote the delayed release of nitrogen from applied
fertilizers in order to prevent leaching losses. Ammonium ions (NH4") can, for example, be
absorbed on soil colloids and held for extended periods, providing continuous nourishment to
plants while reducing leaching and de-nitrification losses and so increasing nitrogen usage
efficiency. It has been reported that nitrification inhibitors are used to prevent the conversion of
ammonium-N to nitrate-N and to provide a greater concentration of ammoniacal nitrogen in the
soil medium, therefore increasing NUE and crop production (Shivay et al, 2001).
Dicyandiamide (DCD) is a commercially available nitrification inhibitor that has been widely
utilized in rice production (Bharti ef al., 2000). Farmers in Kenya, for example, seldom utilize

these fertilizers because to their high cost and scarcity.

2.7  Green manure to enhance N availability

Green manuring is possible with a broad variety of bean species. In comparison to non-
leguminous crops, “legumes are superior green manure crops because they have the ability to fix
atmospheric nitrogen into the soil” (Meena et al, 2018). In most grain legumes, annual N
accumulation ranges from 20 to 300 kg ha™! in fodder and perennial legumes (Singh et al., 2012).
Plants for smart green manure crops should have a few key characteristics, including the ability
to produce large amounts of dry matter, the ability to fix atmospheric free nitrogen, and the
ability to be cultivated with minimal cultural practices, fast growing, and short duration in order
to fit easily into intensive cropping systems such as annual crop rotation (Sharma et al., 2011).
The amount and quality of residue available, soil type and fertility status, soil acidity,
microbiological diversity, soil moisture status, and temperature regime all have a role in the
beneficial benefits of these green manure crops (Mary & Recous, 1994). Green manure
decomposes in the soil, releasing the stored N for use by the subsequent crops.

Between 4 and 30% of the total N absorbed by a subsequent cash crop might originate
from the mineralization of green manure crop waste, depending on the kind of green manure soil
and management (Fageria, 2007). As a result, “green manure has the ability to provide part of the
N requirements of cereal crops like wheat in low-input situations when the expense of
appropriate inorganic fertilizer usage is out of reach for the resource-poor farmers”. Green

manure residues substantially enhanced wheat yield characteristics, as well as grain and straw
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yields (Hoque et al., 2016). Green manures also had a substantial impact on wheat grain, straw,

and total N absorption.

2.8 Crop rotations to enhance nitrogen use efficiency (NUE)

Crop rotation is defined as an appropriate sequence of crops farmed in a recurrent
succession on the same piece of land (Gan et al., 2003). To maintain the long-term stability of
the production system, optimal crop sequences ensure effective use of precise agricultural
resources, particularly mineral nutrient and soil moisture by crops (Singh et al, 2012).
Enhancing N recovery in crops requires the use of appropriate crop sequences. Legume-cereal
rotation is an age-old technique that has been advocated as a good crop management strategy for
enhancing soil health and crop system production (Yang et al., 2020). Legume crops have the
ability to fix free atmospheric nitrogen, reducing the amount of nitrogen required by subsequent
crops in the sequence. The narrow C: N ratios of legume residues, according to Gan et al. (2003),
can enhance the physical, chemical, and biological environment of soil by increasing total carbon
stock and improving N availability to crops.

Crop rotation aids not only in the control of diseases, pests, and weeds, but also in the
supply of nitrogen through nitrogen fixation and the notion of catch crops (Askegaard et al.,
2006). Crop rotation also aids in the growth of soil organic matter (SOM), particularly when
wastes are absorbed into the soil, as well as the long-term improvement of soil structure.
Increases in residual N in the optimal cropping system are another advantage of legumes in a
crop cycle (Kopke, 2004). Because various legume species have varying nitrogen-fixing
capacities, the total value of legumes varies. If just seeds are collected, net soil N accrual from
grain legume residue assimilation can be as high as 140 kg N ha™!, depending on the legume
species (Giller, 2001). For example, Dolichos lablab (L. purpurea) can produce up to 0.5 tonnes
ha'onnes of nitrogen (500 kg of dry matter biomass over 4 months) through symbiotic fixation
and leafy decay (FAO, 2012; Valenzuela & Smith, 2002), whereas green pea can only fix
between 12.4 and 21.8% of this amount (Mercinkeviciene, 2008).

Crop rotation with legumes also enhances soil physical, chemical, and biological
conditions, increasing soil nutrient availability (Bagayoko et al., 2000; Giller, 2001; Loewy,
1987; Yusuf et al., 2009a). Crop rotation affects NUE and causes variations in diverse N sources,

influencing plant availability (Lopez-Bellido & Lopez-Bellido, 2001). Some studies that looked
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at certain N efficiency indicators came to the conclusion that rotation is more efficient than
monoculture (Badaruddin & Meyer, 1994; Soon et al., 2001; Yamoah et al., 1998). Dawson et
al. (2008) validated this viewpoint in their study of over 100 literatures on the issue. This might
be due to the fact that in rotation, crop N extraction and the N dynamic are more synchronized
than in monoculture (Pierce & Rice, 1988).

Integration of legumes into cropping systems in Nigeria's northern Guinea savanna
(NGSN) has been utilized as a resource management method to reduce energy use, cost, and
pollution potential of inorganic fertilizer usage, as one example (Yusuf et al., 2009b). Crop
rotation using legumes, on the other hand, cannot meet all of the non-legume component of the
maize-based cropping system's nitrogen requirements. This is because the existing practice of
harvesting all above-ground biomass contributes significantly to a negative soil nitrogen balance
(Sanginga et al., 2002). To get a larger yield, more N fertilizer would be required. However, N
fertilizer management may change depending on the cropping scheme. Changing the time of N
fertilizer application to cereal in monoculture and rotation has been shown to enhance
production, N usage efficiency, and N uptake efficiency (Lopez-Bellido et al., 1996). In the
Njoro Sub-County, no studies have been done to evaluate the N usage efficiency of cropping
systems, and no information on the effectiveness of the current technique of fertilizer application
to wheat in various cropping systems is available. Regardless of the preceding culture in the
rotation, an application of roughly 26 kg ha is suggested. Under extremely dry or damp

conditions, wheat may not respond to fertilizer N.

2.9 Water harvesting

In situ water harvesting using simple technologies allows for more water penetration,
temporarily impounds water on the soil surface to enhance infiltration opportunity time, extends
the availability of moisture to the crop, and allows the crop to thrive in unpredictable rainfall
circumstances (Srinivasrao & Gopinath, 2016). Soil porosity, infiltration, and soil hydraulic
conductivity are all improved by good in situ soil and water conservation measures, which
increases soil water storage and promotes crop development (Srinivasrao et al, 2016). The
amount and distribution of rainfall, slope and soil type, depth and texture, especially clay content

and clay type, which greatly influence water holding capacity and hydraulic conductivity
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impacting runoff and soil erosion, all influence the selection of appropriate soil and water
conservation for a location (Pathak ez al., 2005).

In vertisols in Madhya Pradesh receiving less than 750 mm rainfall, the ridge and furrow
method of sowing has been shown as an in situ moisture conservation and planting strategy in
diverse crops such as pigeon pea, black gram, green gram, and soybean. When compared to
farmers' practice of flatbed planting at many places, crops fared better under the ridge and furrow
technique of sowing, with seed yields increasing by 22% in pigeon pea, 28% in black gram, 39%
in green gram, and 27% in soybean.

Furthermore, despite prolonged dry spells during the crop season in 2014, in situ water
harvesting through planting of black gram, green gram, and soybean in ridges and furrows
resulted in yields of 0.5, 0.6, and 1.3 tonnes ha!, respectively, in Alfisols of peninsular India
with rainfall less than 750 mm (Ren et al., 2017). In the Datia district of Madhya Pradesh, ridge
and furrow soybean planting yielded 1.1 tonnes ha! compared to 0.8 tonnes ha™! in traditional
planting. When compared to without leveling and banding, other water harvesting strategies such
as land leveling and compartmental banding resulted in a 15-20% higher yield of finger millet.
Trench cum banding was applied in various areas and was proven to increase crop yields by 12—
30% compared to no banding. During heavy rainstorms, the majority of the top soil from the
farmed fields was retained in the trenches, preserving fertile top soil and providing for the safe
disposal of surplus precipitation. In Kenya, in situ moisture conservation methods such as slope
plowing and contour banding have been shown to enhance crop yields when compared to no
banding (Karuku, 2018). As a result, adopting in-situ rainwater collection techniques for

improved soil and water management is a viable option.

2.9.1 On-Farm water harvesting technique

The tie ridge system, which connects ridges with cross-ties over the intervening furrows,
is a step forward from the classic ridge-furrow method. The technique creates a series of
rectangular depressions that collect rainwater. Except for a strip up to one-third of the row width,
the soil is kept undisturbed from harvest to planting in the tie ridging method (Serme, 2014). To
create a succession of basins for holding water, ridges (30 cm high) and ties (cross ridges, 20 cm
high) are built. To avoid runoff water, the ridges should be spaced 90 cm apart and cross ridges

formed at 2.5 m intervals manually (Miriti et al.,, 2007). During the crop's growth season, the
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ridges are reshaped. Tie ridging decreases surface bulk density, increases soil water retention and
available water holding capacity, and preserves soil fertility by minimizing losses of soil
nutrients in surface runoff (Hulugalle, 1990; Mwende, 2019).

In Kenya, tie water harvesting has primarily been employed in semi-arid and desert areas.
According to studies done in Kenya, tie ridging combined with integrated fertilizer management
had the potential to increase crop productivity in Kenya's semi-arid zone (Miriti et al.,, 2007).
Chepkemoi (2014) found that sorghum intercropping and crop rotation under tie ridges with
Minjingu Rock Phosphate (MRP) and Farm Yard Manure (FYM) treatment is a feasible method
for increasing soil moisture, nutrients, and crop production. In Nigeria, Chiroma et al. (2008)
found that the grain production of pearl millet was higher than 35% when compared to flat
planting. Belay et al. (1998) found that combining tie ridge with crop residue and mineral
fertilizer boosted maize grain production by 20% in Ethiopia. According to Yoseph & Gebre
(2015), maize grain production gained from tie ridge (3625 kg ha™!) was 55.72% greater than
farmers' practice (1605 kg ha). In a research done in Mali, tie ridge enhanced grain yields of
sorghum in rotation with legumes by 10% compared to simple ridging in the Sahelian zone under
low average rainfall (Kouyaté ef al., 2012). According to a survey of the literature, no research

on tie ridge to assess NUE of wheat has been conducted in Kenya.

2.10 Effect of water harvesting on nitrogen use efficiency (NUE)

Rainwater harvesting (RWH) has been used in all of history's great civilizations for
nearly 4000 years (Worm & Hattum, 2006). In the Middle East, North Africa, and East Asia,
these procedures are extensively documented; however, nothing is known about them in Sub-
Saharan Africa. Traditional knowledge has been acknowledged for its value in small-scale
rainwater harvesting (RWH) systems and other soil and water conservation measures.

Although traditional RWH techniques do not have a well-documented history in Sub-
Saharan Africa, they do exist and are often neglected despite their significant contributions.
Some RWH techniques, such as earth bunds, have traditionally been an essential strategy for
some agro pastoral tribes in the Horn of Africa, much like stone bunds and ‘Zai Pits' have been
in Western Africa (Critchley, 1991b). Traditional RWH methods have been particularly essential
in dryland settings, where rainwater conservation is critical for livelihood and food survival. In

Kenya, however, RWH techniques such as run-off harvesting may be described as the collection
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of run-off for productive use. (Anonymous, 1997; Pacey & Cullins, 1999) Others describe RWH
as the collecting and concentration of runoff for productive uses in arid and semi-arid
environments, such as crop, fodder, pasture, or tree cultivation, livestock, and household water
supply (Fentaw et al., 2002; Gould, 1999; Mutunga, 2001). The endeavor to gather water was
prompted by the fact that during the major seasonal rainfall period, a large amount of water is
generally lost due to a variety of factors such as run-off and evaporation. Harvesting rain water
as either diversion or in-situ conservation has been a popular technique to profit from run-offs
and other sources of water losses. By 2050, worldwide grain yields would have to quadruple due
to rising global population and shifting consumer preferences toward meat-based diets (Tilman et
al., 2011).

Under marginal soil moisture conditions, wheat production sustainability is dependent on
improved soil water storage and effective utilization during fallow (Khan ef al., 2020). As a
result, it's critical to look for management techniques that can improve water and nitrogen usage
efficiency (Fu et al., 2014; Zhang et al., 2009). Enhancing N usage efficiency as a means of
sustaining smallholder crop production in Sub-Saharan Africa under changing climatic
circumstances necessitates soil and water management adaptation methods (Lebel et al., 2015).
Rainwater harvesting (RWH) has been found to have a significant benefit in grain production in
Africa, among the ways to integrate soil and water management. Rainwater harvesting (RWH)
has the potential to bridge up to 40% of the yield gaps caused by water shortages under current
conditions, while projections put it at 31% in the 2050s under climatic conditions, thus providing
an alternative to irrigation from scarce or inaccessible groundwater resources during the main
growing season for maize (Lebel ef al., 2015).

Wheat is generally planted on seedbeds that are prepared in various ways depending on
the soil type and weather circumstances. Seed bed preparation is primarily used to suppress
weeds and retain moisture for future crops in all conditions. Rainwater harvesting (RWH) has
been used to achieve these goals using a variety of methods, including ridge and furrowing,
among others. The RFRH method has been hailed as a potential water-saving planting strategy
for dryland farming, however the effects of various fertilizer rates (N: P) on plant nutrient

absorption and NUE are yet unknown (Lian et al., 2017).
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2.11 Water use efficiency (WUE)

Different authors define water usage efficiency (WUE) in different ways. Water use
efficiency (WUE) is the total quantity of water required to grow the crop over the season,
according to Hunt & Kirkegaard (2012), and comprises transpiration (water used by the plant to
grow), evaporation (water lost from the soil surface), run-off, and deep drainage. When
analyzing agricultural production systems from the standpoint of water usage, the word water use
efficiency refers to production per unit of water consumed, although WUE is generally defined
as a ratio of output-to-input (Sadras et al., 2014), WUE is commonly defined as crop yield over
evapo-transpiration (ET) (Bouman, 2007):

WUE =Y/ET [2]

WUE is commonly represented in kilograms per meter squared, with Y equaling
harvested crop yield (kg ha') and ET equaling evapo-transpiration (m3 ha-1). The total of soil
evaporation (E) and crop transpiration (T) is evapo-transpiration (ET) (Kang et al., 2002;
Siahpoosh & Dehghanian, 2012; Zhang et al., 2006). Only T is a direct result of crop production,
whereas E is a result of ‘unproductive' water loss. Soil evaporation (E) can be significant,
particularly in dry and semi-arid locations where rainfall is unpredictable. As a result, the key
challenge in rainfed agriculture is ‘how to convert unproductive water loss (E) into productive
water usage (T)'.

Unfortunately, due to the difficulty and expensive expense of differentiating E and T, the
partitioning between E and T is frequently unclear. As a result, rather than reporting E and T
individually, crop water usage is typically reported as evapo-transpiration (ET) (Kang et al.,
2009; Zhang et al.,, 2010). Due to a lack of quantitative knowledge on E and T partitioning,
determining how much of the evaporative water loss may be utilised to increase yields through
suitable interventions is challenging. Fertilization can boost root growth and early crop
development, resulting in a bigger, earlier plant canopy and lower E level. Planting density can
be increased to improve plant canopy and decrease E. However, there may be trade-offs; for
example, eating too much water early on may lead to water stress later on. Minimizing
unfavorable trade-offs necessitates a mathematical knowledge of the crop growing seasons' water

balance.
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2.11.1 Importance of Water- Use Efficiency (WUE)

High yields and WUE may be accomplished by implementing management methods such
as water harvesting, crop rotation, and suitable soil fertility management practices that maximize
rainfall collection and storage, as well as subsequent extraction of accessible soil water
(Kirkegaard & Hunt, 2013). This aids in increasing the efficiency with which available moisture
is utilized, as well as reducing the severity of water deficiencies during critical crop growth
periods. There may also be interactions between other management methods, like as variety
selection and sowing timing, which might restrict yields and WUE if not well matched (Sadras &

McDonald, 2012).

2.11.2 Effect of Crop management on water use and water use efficiency

Crop water use (WUE) and yield are influenced by both the amount and distribution of
rainfall. Farmers have no control on rainfall, but they may impact how much and how effectively
rainwater is used by crops by changing crop and soil management methods. Because yield (or
biomass) per millimeter of crop water consumption is defined as water use efficiency,
management methods that create high yields have the potential to enhance water use efficiency.
Regardless of management technique, crops in arid areas tend to utilize the majority of the
available water. While debates on WUE frequently center on grain production, it's crucial to
remember that crop management's primary goal is to maximize profit, not WUE or yield.

High yields and WUE can be accomplished by using management methods such as water
harvesting schemes and legumes that can maximize rainfall collection and storage, as well as
subsequent extraction of accessible soil water (Kirkegaard & Hunt, 2013). This aids in increasing
the efficiency with which available moisture is utilized, as well as reducing the severity of water
deficiencies during critical crop growth periods. There may also be interactions between other
management methods, like as variety selection and sowing timing, which might restrict yields
and WUE if not well matched (Sadras & McDonald, 2012). Profit-generating management

! of crop water

methods will boost the economic efficiency of water use (Kenya shillings mm-
use). On-farm WUE is varied, according to several studies, and while part of this is due to
environmental variables including soil type, vapor pressure deficit (VPD), and rainfall event
timing, much of the variation is attributable to crop management (Sadras & McDonald, 2012).

Regional variances in sowing rates, fertilizer management, row spacing, and sowing timing
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indicate management methods that are often tailored to meet local patterns of rainfall and water

availability.

2.11.3 Effect of crop rotation on water use efficiency (WUE)

The most frequent consideration for WUE is for individual crops; however, management
in previous years or seasons has an impact on WUE of the present crop because it impacts the
quantity of accessible soil moisture and soil nutrients, among other things (Hatfield & Dold,
2019). Legumes in the crop rotation are an efficient strategy to increase WUE by increasing
available nitrogen, accumulating crop residues, and reducing disease incidence (Ullah et al.,
2019).

When wheat is planted after a legume, measurements of WUE in crop rotation systems
indicate consistent gains in water use efficiency. Growing wheat after lupins increased total
water usage by 11% (186 mm vs. 168 mm) and WUE by 26% (7.9 kg ha! mm™ vs. 10.0 kg ha!
mm') in Western Australia, compared to continuous wheat. In another Queensland research,
planting wheat after chickpeas boosted WUE by 27% compared to continuous wheat sowing
(11.7 kg ha'mm™! compared to 9.2kg ha'mm™). Because the “mobility of plentiful free NOs
ions in soil is dependent on the water status or soil moisture content, such increases in WUE
were proportionate to the quantity of Nitrate-N present in the soil” (Plett ez al., 2020).

Given the ever-increasing demand for restricted freshwater and soil resources, it is
becoming increasingly obvious that feeding tomorrow's population will entail a major part of
enhancing water productivity within current land usage, as additional arable land is scarce

(Karrar et al., 2012).

2.11.4 Effect of nitrogen availability on water use efficiency

Water use efficiency (WUE) and photosynthesis are inversely correlated with nitrogen
shortage, resulting in a decrease in above-ground dry matter per unit transpiration (Savin et al.,
2015). When nitrogen-deficient crops were compared to well-fertilized controls, consistent
decreases in above-ground dry matter per unit transpiration of up to 50% were found. This might
be due to the low biomass/transpiration ratio (Brueck, 2008) and high evaporation/transpiration
ratio associated with narrow canopies in nitrogen-deficient crops (Savin et al., 2015). Because of

the decreased root system and canopy caused by nitrogen shortage, the crop's capacity to collect
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soil water and nutrients was diminished. As a result of the reduced canopy providing less shade
to cover the soil surface, soil evaporation increased. This was accomplished via a 28mm increase
in water usage and a 4lmm reduction in unproductive soil evaporation. With a high rate of N,
dry matter per unit of water usage increased from 17 to 28 kg ha! mm!, and grain yield per unit
water use increased from 5.3 to 8.4 kg ha! mm. This increase in WUE can be explained by the
fact that it came at the cost of a lower yield per unit of nitrogen fertilizer. Wheat, rice, maize,
canola, and forage grasses, among other crops, have all been shown to have a nitrogen-driven
trade-off between water and nitrogen usage efficiency (Sadras & McDonald, 2012). This trade-
off has the crucial effect that achieving high water usage efficiency may need nitrogen rates that

are sometimes too expensive, too hazardous, or environmentally unsound.

2.12 Summary and knowledge gaps

This literature review aimed to demonstrate how smallholder farmers in Kenya may
benefit from sustainable agricultural intensification in order to strengthen their agricultural
systems' resilience. Agriculture is a socio-ecological system that is typically managed to
produce, distribute, process, and consume food, fuel, and fiber for the benefit of humans. As a
result, agricultural resilience should be constructed to expand beyond the farm in light of
changing climates and the often encountered weather unpredictability in terms of the on-set of
seasonal rainfall. The goal of this chapter was to demonstrate how the wise use of inorganic and
organic N sources in appropriate cropping systems combined with sustainable soil water
management may serve as the foundation for resilience through the adoption of land use
strategies that support this attribute. The following knowledge gaps were discovered in the
literature review and addressed in this study. This includes an acknowledgement that the
feasibility of integrated soil fertility management and water harvesting in a sustainable water
harvesting practices in terms of sustainable wheat productivity, soil nitrogen, and water use
efficiency had not been adequately investigated in the context of smallholder wheat farming
systems in Kenya's Njoro Sub-County. The incorporation of legumes in the crop rotation cycle
was also investigated as part of the INM system in this study. Further study was required to
increase the flexibility of the wheat growing method in this Rift Valley region.
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CHAPTER THREE
MATERIAL AND METHODS

3.1  Description of the study site

The study took place at the Kenya Agricultural and Livestock Research Organization
(KALRO), Njoro Centre (GPS Coordinates: Latitude -0.342644; Longitude 35.946747,
Elevation of 2172 m above sea level) in Njoro Sub-County, Kenya, for three seasons between
2014 and 2016 (Figure 3.1). The location is located in the Agro-ecological zone LH3 (AEZ LH3),
which has a bi-modal rainfall pattern (Jaetzold & Schmidt, 2011). The area receives around 960
mm of annual rainfall with average maximum and lowest temperatures of 24°C and 8°C,
respectively (NPBRC, Njoro Meteorological Station No.9035021, 1999). The soils are classified
as well-drained, deep to extremely deep, dark reddish brown, friable and smeary, silt clay, with
humic topsoil classed as mollic Andosols, with humic topsoil classified as mollic Andosols

(Jaetzold & Schmidt, 2011).
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Figure 3.1: Map showing the location of the study area in Njoro Sub-County
(Source: Google map)
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3.2 Treatments

Water harvesting (WH) was assigned as the main plot (Factor A) with two levels; crop
rotation (CR) was the sub-plot (Factor B) with four levels; and soil fertility management (SFM)
as the sub-sub plot (Factor C) with six levels. The total number of treatments were 48

treatments (4 x 2 x 6) that were replicated three times (See appendices IV, V and VI).

3.2.1 Water harvesting (WH)

Between 2014 and 2016, water harvesting (WH) as the main plot (Factor A) was tested
at two levels, WH1 = Normal and WH2 = Tie ridges, for three seasons. The tie ridges in the
potato crops were maintained in the same place for three seasons and were built by hand before
planting, measuring 0.5 meters inside a 3-meter furrow. Tie ridges were constructed as basins
surrounding the plots planted with legumes and continuous wheat (CR1, CR2 and CR4) in the
crop rotation (CR1, CR2, CR3), whereas ridges were established and tied between the rows of
potato crop in the plots planted with potato. During weeding, the tie ridges in the potato patches

were maintained even further.

3.2.2 Crop rotation (CR)

Wheat (Triticum aestivum L.) (Variety=Duma), Dolichos lablab (Lablab purpureus)
(Variety = DL1002), Green pea (Variety = Ambassador), and potato (Variety = Shangi) were
planted in three-year rotation cycles as a sub-plot (Factor B) (consisting of four crop cycles). The
details of crop rotation cycles were as follows: CR1 = Wheat — Dolichos — Wheat; CR2 = Wheat
— Green pea — Wheat; CR3 = Wheat — Potato — Wheat; and CR4 = Continuous wheat. Wheat
was grown in all plots in the first and final years of the cropping cycle (2014 and 2016,
respectively) to stabilize soil fertility in the first year and to determine the cumulative effect of
soil treatments in the final year and WH techniques on wheat NUE, NU,E, NU(E, and WUE.
Crop rotation in 2015, on the other hand, with all three crops (L. purpureus, P. sativum, and T.

aestivum) coming after wheat in 2014 and before wheat in 2016.
3.2.3 Soil Fertility Management (SFM)

Six different SFM strategies were used: (i) untreated control; i1) farm yard manure (FYM)

(using dried cow dung) at 5 tonnes ha’!; iii) green manure (GM) of an agro-forestry tree
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(Leuceana trichandra) at 2.5 tonnes ha™! on dry matter basis, which was determined after drying
for three days the shredded biomass under shelter; v) inorganic fertilizer at 25 kg N ha'!. During
planting, phosphorus was applied blanket in all plots, except in the untreated control, at a rate of
125 kg P2Os ha™! in the form of rock phosphate.

Every season, biomass of L. trichandra was gathered at the Kenya Forestry Research
Institute (KEFRI) plantation in Muguga. Fresh biomass was put into gunny bags and weighed on
a scale balance right away. The biomass was then transferred to KALRO Njoro, where it was
shredded using a tractor-mounted shredder while still green. Six kilograms of shredded biomass
were weighed in bags, dried in the shade for three days, and then scattered equally in the furrow
or uniformly throughout the plot a day before planting, depending on the WH method and crops
to be planted. To prevent N volatilization, the biomass was immediately covered with a thin

layer of soil following application.

33 Land preparation and establishment of the experiment
3.3.1 Land preparation

Primary tillage was done with a chisel plow, while secondary tillage was done twice
using a disc harrow. Hand-made furrows were used to take care of WH methods, particularly the
tie ridges. Regardless of the crop, the tie ridges were built by hand after planting.

The experiment was laid out using a right angle method, with the blocks marked out with
wooden pegs and the end of plots inside the replicates and blocks indicated with a strip of saw
dust. The thin line of sawdust was used to enable for accuracy when planting wheat and dolichos
with the tractor-mounted plot seeder. Before planting potatoes, shredded L. trichandra biomass
was sprinkled over the furrows. The shredded biomass was distributed on the field and worked in

using rakes in the cases of wheat, dolichos, and green pea.

3.3.2 Establishment of the experiment

Wheat was planted on plots measuring 4.5 m x 3 m, with rows spaced 0.20 m apart and
planter drilled in the rows. The plots had 23 rows of wheat, each measuring 3 meters in length.
An 8-row plot seeder was used to sow the seeds. Similarly, L. purpureus was planted in plots of

4.5 m x 3 m, with 0.50 m between rows and 0.25 m between plants within each row. This
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resulted in nine rows, each with 12 holes (plants). Three seeds were planted in each hole, with
one of the plants being trimmed fourteen days following emergence.

Water harvesting (WH) techniques in the shape of tie or flat plots were built, taking into
account the seedbed requirements for the test crops. After sowing the crops, the tie ridges were
built by hand at a one-metre interval within the regular ridges. There were no buildings on flat
beds, thus it was a typical field with free flowing water. The TR were removed during the next
season's field preparation to allow unrestricted movement of machinery and minimize soil
compaction. Throughout the research period in both seasons, the TRs were kept in the same

location and layout.

3.4 Management of the field experiment

Weed, insect pest, and disease control were all handled using standard crop management
techniques. Buctril MC (Bromoxynil Octanoate 225g/1 and MCPA Ethyl Hexyl Ester 225g/1)
was used to suppress broadleaved weeds on wheat plots using a knapsack sprayer at 1.5 L ha™! at
the 4-6 leaf stage. Weeds were managed manually in potato and the two legumes (L. purpureus
and P. sativum). Hand weeding was used to suppress weeds after two weeks following
emergence, while also earthing the potato crop. Folicur 250WP (Tebuconazole 0.431375 kg/litre
equivalent to 3.60 lbs/gal) at 100 ml in 20 L of water was used to control fungal diseases in
wheat, while Ridomil Gold 480 SL (MetalaxylM and Sisomers) at 100 ml in 20 L of water was
used to control insect pests in potatoes and legumes, and Thunder OD145 (Imidacloprid 100 g/L.

3.5  Data Collection
3.5.1 Growth parameters

The growth parameters of test crops 7. aestivum, L. Purpureus, and P. sativum were
recorded. Germination count, number of tillers, days to heading, days to flowering, days to

2 number of seeds spike?, and thousand kernel

physiological maturity, number of spikes m
weight (TKW) were among the variables recorded.Crop biomass at harvest, number of
pods/plant (L. purpureus), number of seeds/pod, and N content on wheat grain and straw were

among the other data collected.
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3.5.2 Measurements of parameters on wheat (7riticum sativum)

A m? quadrat was used to collect data on the number of tillers four weeks following
emergence. The number of tillers per plant was estimated using the number of seedlings per
metre square. A m? quadrat was also used to determine the number of spikes at physiological
maturity. Within each plot, the quadrat was put at two random locations. All of the plants in the
quadrat were counted, and the number of spikes was tallied, then the two quadrat samples were
averaged.

Ten plants were chosen from those used to calculate the number of spikes to determine
the number of seeds spike™. Ten spikes were chosen, threshed, and the quantity of grains tallied
from each spike. Finally, the number of grains per plant was calculated by dividing the total
number of grains by the number of plants. Thousand kernels were weighed and the grams per
1000 seeds/kernels were calculated. Harvesting was done by sickles on the middle 18 rows by 3

m long and wheat grain yield converted to 12.5 percent moisture content.

3.5.3 Measurement of parameters on green pea (Pisum sativum) and Dolichos labalab

(Lablab purpureus)

Two weeks following emergence, germination counts on P. sativum and L. purpureus
were recorded using a m? quadrat at two randomly selected spots in each plot. The counts were
averaged and the number of seedlings per m? was determined. On the two crop species, other
variables were the number of days till flowering and physiological maturity based on reaching 50%
of the stage over the entire plot. The data on the dates between emergence and physiological
maturity stages of P. sativum and L. purpureus were utilized to create a table that converted dates
into days from emergence. In each plot, the number of pods per plant was counted on 50 plants at
random. The number of seeds per pod from the same plants was also counted. Grain yield and
above-ground biomass were measured in a net plot area spanning the 6 center rows measuring 2
m. The experimental materials were uprooted from P. sativum and L. purpureus plots, weighed
right away, and then sun dried for three days to decrease moisture before being recorded. The
seed was removed by hand thereafter it was weighed for grain yield determination after drying
the material and taking the final biomass weight. Grain yield was adjusted to a standard moisture

content of 12.5 percent using the formula: Grain yield at 12.5 percent = Plot grain yield * (100 —
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actual grain moisture)/ (100 — 12.5 percent). P. sativum and L. purpureus grain yields were

extrapolated to a unit of tonnes ha™.

3.5.4 Measurements of parameters on potato (Solanum tuberosum)

S. tuberosum plots were 4.5 m x 3 m, with 7 rows 0.75 m apart and 0.3 m (10 plants per
row) between plants inside each row. Two rows on both ends of the plots functioned as guard
rows and were utilized for destructive sampling, while 0.5 m on both ends of the plots also
served as guard rows and were not collected for determining potato yields.

Several characteristics were measured in the plots, including percent emergence, above-
ground biomass, and tuber yield. After two weeks of emergence, the crop emergence rate of S.
tuberosum was measured manually by counting all the emerging plants on a plot of 4.5 m x 3 m
randomly selected places in each plot using a m*> quadrat. The counts were averaged and the
number of seedlings per m> was determined. On the basis of reaching 50% of the stage, the
number of days to heading, flowering, and physiological maturity were recorded. The dates
between emergence and physiological maturity stages of several crops were utilized to create a
table that could be used to translate dates into days since emergence.

By sampling from the outside rows of a metre length, above ground biomass was
determined at 50% physiological maturity. The crop material was sun dried first, then oven dried
at 70°C until it reached a consistent weight, and the final weight was stated in kg m2. Harvesting
net plots with 6 rows and a length of 2 meters were used to evaluate potato tuber production and

above ground biomass.

3.5.5 Determination of soil moisture and temperature

Between 8 and 10 a.m., soil moisture and temperatures were monitored with a Time
Domain Reflectance (TDR) meter to a depth of 16 mm in four pre-determined places in each plot
of all the test crops. Time-Domain-Reflectometry TDR measured soil moisture in terms of
volumetric water content, whereas soil temperature was measured in degrees Celsius (°C).

Detailed meteorological records of daily rainfall and its distribution during the growing
season were essential data for measuring water consumption. A TDR 300 (TRIME PICO64;
IMKO Micromodultechnik GmbH, Ettlingen, Germany) soil moisture meter was used to

measure soil moisture content at a depth of 160 mm at four randomly selected places within each
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plot on a weekly basis. With an accuracy of 1 pico-second of a radar trip time, this device

assessed % soil moisture content, temperature (°C), and electrical conductivity (dS/m).

3.5.6 Determination of Nitrogen Use Efficiency (NUE) and its components, Nitrogen

Uptake Efficiency (NUpE) and Nitrogen Utilization Efficiency (NU(E)

The nitrogen use efficiency (NUE) was calculated on the basis of NU(E at the end of the
third wheat-growing season. Plant samples obtained after harvest (wheat plots) were sorted into
grain and straw, then oven-dried for 48 hours at 70°C to achieve a constant weight. Dry grain
and straw samples were milled to 1 mm using chromium balls in a Retsch mill (model:mm400),
and the flour was then placed in test cells for nitrogen measurement using a FOSS Near Infrared
model Infratec 1241 Grain Analyzer (American Association of Cereal Chemists, 2000). In the
laboratory at the Kenya Agricultural and Livestock Research Organization (KALRO) Njoro,
milled samples were tested for total N content using a Near Infrared Reflectance (NIR) analyzer
for grain and flour quality characteristics. Various reliable formulas were used to assess nitrogen
usage efficiency (NUE) and its related characteristics in this study.

Biomass and grain nitrogen content were utilized to calculate NUE in wheat in this work,
therefore NUE was calculated according to Delogu ef al. (1998) and Lopez-Bellido & Lopez-
Bellido (2001). However, because the nitrogen content was calculated from protein content using
method by Halvorson et al.(2004):

N content = protein content (%) [3]
5.7

The equations below were used to calculate other key NUE characteristics such as
nitrogen uptake efficiency (NU,E) and nitrogen utilization efficiency (NU(E):

Nitrogen uptake efficiency (NU,E, kg kg™') = N¢/ Naupply [4]

N, stands for total plant N uptake in kg ha™', which was calculated by multiplying the dry
weight of plant parts by the N concentration of the plant samples and adding the results to get the
total absorption. The sum of soil N content at sowing, mineralized N, and N-uptake in control is
Nsuppty (0 N applied). According to Limon-Ortega et al. (2000), nitrogen (N) supply fertilizer was
calculated as the sum of (i) N applied as fertilizer and (ii) total N absorption in the control (0 N

application).
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Because of their relevance in demonstrating the effectiveness of the crop in getting N
(applied and native) from the soil, nitrogen uptake efficiency (NU,E) and nitrogen utilization
efficiency (NU(E) were also calculated in this study. For example Raun and Johnson (1999)
utilized NU(E as a technique to boost NUE, and it was calculated using the formula below:

Nitrogen utilization efficiency (NU(E, kg kg'!) = Gy / N [5]

Where Gy depicts grain yield in kilograms per hectare, and N is total plant nitrogen
absorption in kilograms per hectare, calculated by multiplying the dry weight of plant parts by
the nitrogen concentration and summing the parts for total uptake.

Nitrogen use efficiency (NUE, kg kg") = Gy / Naupply [6]

Where Gy depicts grain yield in kilograms per hectare, and Nsupply is the sum of soil N content at

sowing, mineralized N, and N-uptake in the control (0 N applied) in kilograms per hectare.

3.5.7 Determination of Water Use Efficiency (WUE)

Water Use Efficiency (WUE) was calculated by first calculating water use (WU) using
the following formula established by French and Schultz (1984):

Water use (WU) (mm) = (soil water at planting (mm) — soil water at maturity (mm) + in-
season crop rainfall (mm) (rainfall during the crop season).
Thus, grain production (kg/ha) was divided by the mean of three seasons total water
consumption (ET) to calculate water-use efficiency (WUE):

WUE (kg/ha.mm) = grain yield (Y)/mean water-use (ET) [7]
Where Y is the yield in kg ha'! and ET is Evaporation transpiration.

3.6 Soil sampling and preparation

A soil auger was used to gather soil samples at the start of each season of the experiment.
Satellite soil samples were taken at different spots around the area with depths of 0-15 and 15-30
cm at the start of the experiment. The samples from depths of 0-15 and 15-30 cm were bulked
and sub-samples were collected from each. The original soil analysis findings were utilized as a
benchmark for the field's soil fertility condition. To evaluate micro and macro nutrients, soil

samples were taken from each plot at the end of each season up to a depth of 0 -30 cm.
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Soil samples were processed for examination by first sun drying them and then placing
them on plastic plates in the laboratory, where they were crushed with a mortar and pestle.

Before the analysis, the crushed samples were sieved with a 5-mm sieve.

3.7 Soil analysis

At the soil laboratory, soil pH, micro and macronutrients were determined using the
procedures published by Okalebo et al. (2002). Total N, P, K, Ca, Mg, Mn, Zn, Cu, Fe, %N
and %C were among the macro and micronutrients studied. However, this thesis only reported

the procedures for the determination of total N, P, and organic carbon.

3.7.1 General extraction

The nutrients were extracted using the Mehlic Double Acid technique, which involved
mixing 2M HCI and 0.0125 M H>SOs in a 1:5 soil:volume ratio (w/v) combination (Mehlich,
1984).

3.7.2 Determination of soil reaction (pH)

A soil suspension was made with distilled water at a 1:2 soil-to-water ratio, and the
concentration of hydrogen ions in the suspension (pH) was determined using a potentiometric
technique (Jackson, 1973). The pH of the solution was determined using a saturated calomel
electrode as a reference electrode, which is proportional to the potential produced on the glass

membrane.

3.7.3 Determination of Soil Organic carbon

Anderson and Ingram (1993) devised a colorimetric technique for determining carbon
content (percent) in soils. To guarantee full oxidation, the acidified dichromate was heated to
1500°C for 30 minutes. After adding the Barium Chloride to the cooled digest and properly
mixing it in, the solution was allowed to sit overnight. A UV — Pharmaspec Shimadzu
spectrophotometer was used to determine the concentration of C and the amount of accessible

Phosphorous (P) (Anderson & Ingram, 1993).
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3.7.4 Determination of Total nitrogen

Total nitrogen (N) was measured using the micro kjeldahl digestion technique, in which
organic N is transformed to ammonium in the presence of H2SO4, K2S04, and CuSO4 catalyst
amino nitrogen in various organic materials (Bremner &Keeney, 1965). Free ammonia is also
transformed to ammonium during this process. The ammonia was distilled from the alkaline
medium and absorbed in boric acid after adding a base. Titration with a standard mineral acid
(dilute H>SO4) was used to quantify the amount of ammonia (Okalebo et al., 2002). The carbon
and nitrogen content of the soils, as well as the POM and Ludox density fractions, were all
measured. For soil organic C, Anderson and Ingram (1993) proposed a colorimetric technique.
Following Kjeldahl digestion, total N was also measured colorimetrically (Parkinson & Allen,
1975). Chloroform fumigation for 12 hours was followed by extraction with 0.5 M K>SOs4 to
determine microbial biomass, C, and N. (Vance et al., 1987). Anderson and Ingram's (1993)

technique was used to colorimetrically quantify carbon in the extract.

3.7.5 Determination of Phosphorous

The extractable phosphorous (P) and exchangeable cations (Na', K, Ca*", and Mg?")
were measured using the Mehlich-1 (M1) extraction technique, with P and Mg2+ assessed
calorimetrically in a spectrophotometer and Ca?, K', and Na" determined using a flame

photometer (Mehlich, 1984).

3.7.6 Preparation and chemical characterization of Farm Yard Manure (FYM)

Every season, farm yard manure (FYM) was gathered from the KALRO Njoro cow shed
and put on canvas for one week to dry in the shade. A sub-sample of around 100 kg was fully
mixed, then 20 kg was selected and thoroughly mixed once more. The final 2 kg sample was sent
to KALRO Njoro's soil chemistry laboratory for examination. The material was crushed in the
laboratory with a pestle and mortar before being sieved through a 5 mm sieve. The chemical
composition of the substance was determined using conventional laboratory techniques, as

shown in Table 3.1.
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3.8 Data Analysis

Using the Genstat 15™ edition statistical program, the data was subjected to an analysis of
variance (ANOVA) (Genstat 5 Committee, 1993). Error (a) was used to test the main factor,
whereas error (b) was used to test the sub-plot factor, and error (c) was used to test the sub-sub
factor (c). Fisher's least significant difference (Lsd) was used to compare several means at 5%
significance level. Tables and graphs with error bars representing standard error of the mean
were used to show the findings of the study. When there was no statistical significance, trends
were highlighted. Correlation analysis was also performed on the means.

Two statistical models developed by Steel and Torrie (1962) were employed in the
investigation. The cumulative impacts of water harvesting (WH), crop rotation (CR), and soil
fertility management (SFM) on NUE, NUE, NU,E, WUE, and wheat grain yield, as well as
biomass, were studied using the first (i) model. The adoption of the first model for NUE, NUE,
NU,E, WUE, grain yield, and biomass of wheat was justified since NUE, NU(E, and NUE were
calculated using the mean N over the three seasons. The mean of total water use (TWU) for the
three seasons was used to calculate WUE. The means examined in the case of grain yield and
biomass were from the third season. However, for the study of the impacts of WH, CR, and SFM,
as well as season (S), on soil organic carbon (SOC), soil nitrogen (N), soil temperature (ST), soil
moisture concentration (SMC), and TWU, the second model (ii) was employed (TWU).

Model (i) Yix-p+pi + G+ (BCR);+ WHit+ (CRWH)x+(BCRWH);x + SFM+ (SFMCR )+
(WHSFM)i + (CRWHSFM)jx + € ik
Where

Y i = Responses from the j™ crop rotation (CR), k™ water harvesting (WH) and /th soil
fertility management (SFM); pu - Grand mean; ;= Effect of ith block i=1, 3; CR; - Effect of the
jth crop rotation j = 1, 4; BCR;; - Error (A); WHy = Effect of k™ water harvesting k=1, 2; CRWHj
= Interaction effect of the ;th crop rotation and the «th water harvesting; BCRWH;3= Error (B);
SFM; - Effect of /M Soil Fertility Management / =1, 6; SFMCR;= Interaction effect of the j®
crop rotation and /™ soil fertility management; WHSFMy, - Interaction effect of the k™ water
harvesting and /™ soil fertility management; CRWHSFM;z = Interaction effect of ;M crop
rotation, k™ water harvesting and the /™ soil fertility management; €, = Error.

Model (ii) Yijkim = + Bi + WH; + BWH;; + CRx + WHCRjx + BWHCRx + SFM; + WHSFMj;
+ WHCRSFM;i + S, + WHS;, + CRSin + SEMS;, + WHCRSFMSjiim + €ijkim
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Where

Y jiim = Responses from the /" water harvesting (WH); ™ crop rotation (CR) and sth soil
fertility management (SFM); ,th Season; p - Grand mean; ;= Effect of ;th block i=1,2,3; WH;
= Effect of ;th water harvesting (WH) j=1,2; CRy = Effect of the th crop rotation (CR) k£ = 1,2,3,
4; BWH; - Error (A); Ci = Effect of k™ Crop rotation (CR) k=1, 2,3,4; WHCRj = Interaction
effect of the jth water harvesting and sth crop rotation; BWHCR i = Error (B); F; - Effect of /™
Soil Fertility Management (SFM) / =1,2,3,4,5,6; WHSFM;; - Interaction effect of the j™ water
harvesting and /™ soil fertility management; CRSFMy = Interaction effect of the ™ crop rotation
and /™ soil fertility management; WHCRSFM; = Interaction effect of j water harvesting, k™"

crop rotation and the /™ soil fertility management; €(jxim) = Error.
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CHAPTER FOUR
RESULTS

4.1 Rainfall distribution during the experimental period

The rainfall levels fluctuated between the three seasons studied (I, II, and III), with 2014
and 2015 having uneven rainfall (Table 4.1). This was demonstrated by the fact that over half of
the total seasonal rain fell in the first month of the trial (August 2014) following planting in
2014, and more than half of the total seasonal rain occurred in the first two months (April and
May) in 2015. However, the seasonal rainfall distribution in 2016 was fair because the final four
months of the season (May — August 2016) got more or equal quantities of rain. Season III got
1048.1 mm of rain, which was greater than season I (839.4 mm) and season II (839.4 mm) (572.2
mm). Seasons I and III had better rainfall distribution than season II, which had nearly 66 percent
of the growing season's rainfall fall in April and May. (Table 4.1). The yearly rainfall in the third

season was roughly 15% greater than in seasons I and I1.
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Table 4.1: Seasonal and annual rainfall at KALRO Njoro during the study periods between 2014 and 2016

2014 2015 2016

Month Rainfall % of % of Rainfall % of % of Rainfall % of % of

(mm) rainfall Annual (mm) rainfall Annual (mm) rainfall Annual

during trial rainfall during trial rainfall during trial rainfall
season I season 11 season 11

January 9.4 - 1.12 1.00 - 0.11 70.2 - 6.70
February 30.9 - 3.68 13.9 - 1.56 15.8 - 1.51
March 80.7 - 9.61 16.1 - 1.80 44.4 - 4.24
April 61.5 - 7.33 168.2 29.40 18.82 234 33.79 22.33
May 102.3 - 12.19 2134 37.29 23.88 125.7 18.15 11.99
June 96.4 - 11.48 83.0 14.51 9.29 105.5 15.23 10.07
July 85.6 - 10.20 54.5 9.52 6.10 98.8 14.27 9.43
August 160.4 48.12 19.11 53.1 9.28 5.94 128.5 18.56 12.26
September 50.2 15.06 5.98 67.1 - 7.51 105.9 - 10.10
October 74.2 22.26 8.84 66.8 - 7.47 65.8 - 6.28
November 48.5 14.55 5.78 117.4 - 13.13 48.8 - 4.66
December 39.3 - 4.68 39.3 - 4.40 4.7 - 0.45
Total for the trial 3333 100.00 572.2 100.00 - 692.5 100.00 -
period
Annual Total 839.4 - 100.00 893.8 - 100.00  1048.1 - 100
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4.2 Chemical characterization of Farm yard manure (FYM) and Leuceana trichandra

biomass

Table 4.2 displays the chemical properties of farm yard manure (FYM) and L. trichandra.
The average results in Table 3.1 demonstrate that P was less than sufficient in both FYM and L.
trichandra samples when compared to essential levels. Other elements, such as carbon and
nitrogen (N), were over the crucial threshold. In samples from FYM (6.31%) and Leuceana
(7.57%), the value of C is more than twice the mean of the crucial level (2—4%) range. Both
samples had N values of nearly four times the threshold level (FYM = 1.01 percent; Leuceana =
0.99) (0.25%).

Table 4.2: Chemical composition of farm yard manure (FYM) and L. trichandra

Material pH C (%) N (%) P (mg/kg)
Farm yard manure 8.37 6.31 1.01 0.4620
Leuceana spp - 7.57 0.99 0.3023
Critical level 55-65 2-4 0.25 35

Key: Bolded and underlined figures depict deficiency

4.3  Mean squares showing the effects of pre-crops in Crop rotation - CR, water
harvesting (WH) and soil fertility management (SFM); and their interactions on soil
nitrogen (SN), soil organic carbon (SOC), soil moisture (SM), soil temperature (ST)
and total water use (TWU)

The mean squares of the effects of water harvesting (WH), crop rotation (CR), soil
fertility management (SFM), and season (S) on soil organic carbon (SOC), soil nitrogen (SN),
soil moisture (SM), soil temperature (ST), and total water use (TWU), as well as their
interactions are presented in Table 4.3. Crop rotation (CR) had a significant (p < 0.001) main
factor effect on SM, ST, and TWU, whereas season (S) influenced SOC, SN, SM, ST, and TWU.
On SOC, as well as ST and TWU, significant two-way interactions of WH x S and CR x S were

observed.
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Table 4.3: Mean squares showing the effects of pre-crops (Crop rotation - CR), water harvesting (WH) and soil fertility
management (SFM); and their interactions on soil N, soil organic carbon (SOC), soil moisture, soil temperature

and total water use (TWU)

Source of variation Df Soil organic Soil N Soil Soil Total water
carbon Temperature moisture use
Rep 2 9.0713 0.08467 296.876 7165 0.7198
Water harvesting (WH) 1 2.7333 0.00027 7.358 117.5 0.0166
Residual 2 1.3202 0.07959 9.567 181.3 0.0245
Crop rotation (CR) 3 0.1952 0.0071 165.176%** 2885.5%** 0.2783%**
WH x CR 3 0.0151 0.01031 1.38 128.4 0.0119
Residual 12 0.3157 0.01062 2.065 198.3 0.0176
Soil Fertility Management (SFM) 5 0.0226 0.02539 2.848 141.2 0.0120
WH x SFM 5 0.0863 0.01371 1.086 49.1 0.0044
CR x SFM 15 0.1443 0.01695 1.721 205.4 0.0181
WH x CR x SFM 15 0.1918 0.01338 3.426* 269.2 0.0224
Residual 80 0.4451 0.01282 1.601 2323 0.0204
Season (S) 2 38.4003***  6.39]54%** 100.526%** 08341 .2%** 1235000%***
WH x S 2 8.08*#* 0.00097 1.068 69 0.0049
CRxS 6 0.2337 0.01166 156.102%** 054.7#** 0.08588#**
SFM x S 10 0.329 0.02054 1.495 192.6 0.0171
WHx CRx S 6 0.2786 0.02334 0.806 20.3 0.0012
WH x SFM x S 10 0.1336 0.00976 1.346 105 0.0084
CRx SFMx S 30 0.246 0.00975 0.543 102.6 0.0079
WH x CR x SFM x S 30 0.2262 0.01291 0.805 103.6 0.0077
Residual 192 0.6928 0.01273 2.185 179.1 0.0157
Total 431
Key: * - p <0.05; ** - p <0.01; *EX - p <0.001
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4.4 Effect of interaction between water harvesting (WH) and season (S) on soil organic

carbon (SOC)

In Figure 4.1, the effects of the interaction between water harvesting (WH) and season
(S) on soil organic carbon (SOC) are presented. The combination between water harvesting and
season had a substantial (p < 0.001) impact on soil organic carbon (SOC). The value of SOC was
much higher in the first season than in the second and third seasons. Soil organic carbon (SOC)
was substantially higher under tie ridges than flatbed during the first and second seasons, while
larger values were found under flatbed in the third season. The high SOC value recorded during

the first cropping season might be ascribed to the fact that it came after a four-year fallow period.
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Figure 4.1: Effect of interaction between water harvesting (WH) and season on soil organic
carbon (SOC)
Key: SFM1 = untreated control; SFM2 = Farm yard manure (FYM) at 5 tonnes/ha;
SFM3 = green manure (L. trichandra); SFM4 = inorganic N source at 25 kg N/ha;
SFMS = inorganic source at 50 kg N/ha; SFM6 = inorganic source at 75 kg N/ha.
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4.5 Effect of interaction between crop rotation (CR) and season on soil temperature

In Figure 4.2, the effects of the interaction between crop rotation (CR) and season (S) on
soil temperature (ST) are shown. Because of the interplay between CR and season, there were no
significant impacts on soil temperature.
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Figure 4.2: Effect of interaction between crop rotation (CR) and season on soil temperature
Key: CR1 = Wheat — dolichos — wheat; CR2 = wheat — Green pea — wheat; CR3 = wheat —
potato — wheat; CR4 = wheat — wheat — wheat.

4.6 Effect of interaction between crop rotation (CR) and season on total water use

(TWU)

Figure 4.3 shows the influence of crop rotation (CR) and season (S) interactions on total
water usage (TWU). The interaction between CR and S had a substantial (p < 0.001) impact on
total water usage. TWU values were higher in the second and third seasons than in the first
season. Interactions between CR and seasons two and three resulted in no significant changes in
TWU values. The significant seasonal and yearly rainfall during the second and third seasons

may have contributed to this.
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Figure 4.3: Effect of interaction between crop rotation (CR) and season on total water use
(TWU)
Key: CR1 = Wheat — dolichos — wheat; CR2 = wheat — Green pea — wheat; CR3 = wheat
— potato — wheat; CR4 = wheat — wheat — wheat.

4.7 Effect of interaction between crop rotation (CR) and season (S) on soil nitrogen

The findings of the crop rotation (CR) and season (S) interaction effects are presented in
Figure 4.4. Because of the interplay between crop rotation (CR) and season, no significant
influence on soil N was detected (S). This meant that the value of soil N did not change with the
seasons. The first season, on the other hand, had higher soil N levels than the second and third
seasons. The high levels of soil N found in the first season are due to the fact that the site had

been fallow for four seasons, allowing it to collect greater levels of native nitrogen.
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Figure 4.4: Effect of interaction between crop rotation and season on soil nitrogen.
Key: CR1 = Wheat — dolichos — wheat; CR2 = wheat — Green pea — wheat; CR3 = wheat

— potato — wheat; CR4 = wheat — wheat — wheat

4.8 Effect of interaction between crop rotation (CR) and season (S) on soil moisture

The results that depict the impact of crop rotation (CR) and season (S) interactions on soil
moisture concentration (SMC) are presented in Table 4.5. A relationship between CR and S
significantly (p < 0.05) impacted soil moisture concentration (SMC). In the first and second
seasons, the soil moisture content (SMC) was significantly higher than in the third. CR1 (W —
Dol — W) and CR2 (W — Gp — W) had substantially higher SMC values than CR3 (W — Pot — W)
and CR4 (W — W- W) in the first season, whereas CR3 (W — Pot — W) and CR4 (W — W- W) had

significantly lower SMC values in the second season.
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Figure 4.5: Effect of interaction between crop rotation (CR) and season (S) on soil moisture
Key: CR1 = Wheat — dolichos — wheat; CR2 = wheat — Green pea — wheat; CR3 = wheat —
potato — wheat; CR4 = wheat — wheat — wheat

4.9  Effect of interaction between soil fertility management and season on soil moisture

concentration

Figure 4.6 illustrates the findings of the interaction between soil fertility management
(SFM) and season (S) on soil moisture concentration (SMC). Soil moisture concentration (SMC)
was not significantly affected by the interaction between SFM and S. Although an interaction
between SFM and S had no effect on SMC, there was a trend in the first and second seasons for
higher SMC values than in the third season. There were no variations in SMC value across all
SFM strategies in the first season, however in the second season, SFM4 (inorganic source @25
kg N ha') had the highest SMC value compared to the other SFM methods examined.
SFMS5 (inorganic source at 50 kg N ha') had higher SMC than the other SFM methods tested
during the third season. When looking over specific seasons, it was discovered that inorganic

sources of N accumulated more SMC.
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Figure 4.6: Effect of interaction between soil fertility management (SFM) and season (S) on soil
moisture concentration
Key: CR1 = Wheat — dolichos — wheat; CR2 = wheat — Green pea — wheat; CR3 = wheat
— potato — wheat; CR4 = wheat — wheat — wheat.

4.10 Effect of interaction between soil fertility management and season on soil nitrogen
Figure 4.7 demonstrates the effects of the interaction between soil fertility management
(SFM) and season (S) on soil nitrogen levels. Soil N was not affected by the interaction of SFM
and S. Despite this, soil N was found to be higher in the first season than in the second and third
seasons. During the first season, SFM3 (green manure utilizing L. trichandra at 2.5 tonnes ha™)
produced the highest value of soil N, with no difference in the value of soil N owing to the other
SFM methods examined. Soil N levels were likewise somewhat higher in the second season than

in the third.
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Figure 4.7: Interaction effect of soil fertility management and season on soil nitrogen.
Key: SFM1 = untreated control; SFM2 = Farm yard manure (FYM) at 5 tonnes/ha;
SFM3 = green manure (L. trichandra); SFM4 = inorganic N source at 25 kg N/ha;
SFMS5 = inorganic source at 50 kg N/ha; SFM6 = inorganic source at 75 kg N/ha.

Mean squares showing the cumulative effects of crop rotation (CR), water
harvesting (WH), soil fertility management (SFM) and their interactions on
nitrogen use efficiency (NUE), nitrogen utilization efficiency (NU(E), nitrogen
uptake efficiency (NUpE) of wheat

Table 4.4 illustrates the overall effect of crop rotation (CR), water harvesting (WH), and

soil fertility management (SFM) on NUE, NU(E, NULE, WUE, grain yield, and biomass of

wheat, as well as their interactions. All of the variables studied had a significant (p < 0.005) main

effect owing to CR, whereas SFM influenced all of them except NU(E and biomass. All of the

factors measured throughout the experiment had no significant (p > 0.05) influence on water

harvesting (WH). The interaction between WH x CR and WH x SFM showed substantial impacts

on WUE and grain yield in both directions, whereas the interaction between CR and SFM had

significant effects on all of the variables except NU(E.
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Table 4.4: Mean squares showing the effects of crop rotation (CR), water harvesting (WH),

soil fertility management (SFM) and their interactions on nitrogen use efficiency

(NUE), nitrogen utilization efficiency (NU(E), nitrogen uptake efficiency (NUpE)

Source of variation d.f. NUE NU(E NUE
Rep stratum 2 272.3 78.89 261.4
Water harvesting (WH) 1 301.2 71.46 461.8
Residual 6 82.3 15.41 129.8
Crop rotation (CR) 3 2723.5%%* 791.37%**  3631.6%**
CR x WH 3 259.6 33.41 598.8
Residual 8 169.8 36.55 169
Soil fertility management (SFM) 5 1182.3%** 11.2 1495.2%%*
CR x SFM 15 591.8%** 11.33 1130.4%**
WH x SFM 5 168.1 17.14 234.2
CR x WH x SFM 15 144.9 7.95 366.2
Residual 80 146 19.27 234.7
Total 143

Key *-p <0.05; ** - p <0.01; *** - p <0.001

4.12 Cumulative effect of water harvesting (WH) on Nitrogen use efficiency (NUE).

Nitrogen utilization efficiency (NU(E) and Nitrogen uptake efficiency (NUE) of

wheat

Figures 4.8, 4.9, and 4.10 show the effects of several water harvesting (WH) techniques

on NUE, NU(E, and NUE, respectively. The results showed that water harvesting (WH) had no

significant impact on wheat NUE, NU(E, or NU,E. Although there were no significant changes

in the value of NUE, NU(E, and NUE between growing wheat beneath flat and tie ridges. This

shown that tie ridges might be beneficial in improving the efficiency of N usage, as well as its

absorption and total utilization for increased crop yield.
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53



80
70
60
50
40
30
20
10

0 -

NU,E (kg kg N*!

WH

Figure 4.10: Effect of water harvesting (WH) on NU,E.
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4.13 Mean squares showing the cumulative effect of crop rotation (CR), water harvesting
(WH), soil fertility management (SFM) and their interactions on water use
efficiency (WUE), yield and biomass of wheat
The mean squares tables illustrating the influence of CR, WH, and SFM on water use

efficiency (WUE), yield, and biomass are presented in Table 4.5. Water use efficiency (WUE),

yield, and biomass were strongly influenced (p < 0.001) by the major variables of CR and SFM.

SFM, on the other hand, had a substantial (p < 0.001) influence on WUE and yield, but had no

effect on biomass. On both WUE and yield, significant interaction effects involving CR and

SFM, as well as WH and SFM, were detected, but no effect on biomass. Water use efficiency

(WUE) and yield were also affected by a three-way interaction involving CR, WH, and SFM.
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Table 4.5: Mean squares showing the cumulative effects of crop rotation (CR), water
harvesting (WH), soil fertility management (SFM) and their interactions on

water use efficiency (WUE), grain yield and biomass

Source of variation d.f. WUE Grain yield Biomass
Rep stratum 2 2.1486 170559 1011567
Water harvesting (WH) 1 0.217 68885 3023230
Residual 6 0.1535 96637 2486833
Crop rotation (CR) 3 8.8991***  4043216%**  278282147***
CR x WH 3 5.6175%* 1405269%*** 327497
Residual 8 0.564 83443 884697
Soil fertility management (SFM) 5 8.3332%*%*  2084977*** 1455007
CR x SFM 15 8.3332%**  4]14976%** 1138137
WH x SFM 5 8.3332%*F*  516217*** 564371
CR x WH x SFM 15  8.3332%*x* 191432%#* 1583192
Residual 80 8.3332 48198 922779

Total 143

Key *-p <0.05; ** - p <0.01; *** - p <0.001

4.14 Effect of water harvesting on water use efficiency (WUE) of wheat

The effects of water harvesting (WH) on WUE were not substantial, according to the
findings (Figure 4.11). The lack of effect of WH on WUE might be ascribed to the fact that
moisture was not a limiting factor throughout the three seasons (2014-2016) because rainfall was

enough for the crops utilized in the experiment.
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Figure 4.11: Effect of water harvesting (WH) on water use efficiency (WUE).
Key: WHI = Flat beds; WH2 = Tie ridges.

4.15 Effect of crop rotation (CR) on nitrogen use efficiency (NUE) of wheat

The results depicting the effect of crop rotation (CR) on NUE are presented in Table 4.6.
Nitrogen use efficiency (NUE) was significntly (p < 0.001) affected by crop rotation (CR). When
wheat was planted before potato, the NUE values were significantly lower than any of the other
pre-crops. However, when green pea and dolichos were planted before wheat, the NUE values
increased considerably (p < 0.001) compared to potato and wheat as pre-crops. As wheat was
followed with dolichos lablab and green pea, the value of NUE rose by 39% and 44%,
respectively, when compared to potato. In comparison to potato as a pre-crop, NUE value

increased by 54.17% under continuous wheat.

4.16 Effect of crop rotation (CR) on nitrogen utilization efficiency (NU(E)

The results demonstrating the effect of crop rotation (CR) on nitrogen utilization
efficiency are presented in Table 4.6. The cumulative effect of crop rotation reduced nitrogen
utilization efficiency (NU(E) considerably (p < 0.001), with lower values seen when wheat was
preceded by potato than in any of the pre-crops. In terms of NU(E, however, dolichos lablab and
green peas were not substantially different. The three crops (dolichos lablab, green pea, and
wheat) produced substantially more NU(E than the pre-crops potato and wheat. When compared
to potato as a pre-crop, the continuous wheat system (39.42 kg N kg N') produced a
considerably (p < 0.001) greater NU(E value (29.12 kg N kg N''). When compared to continuous
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wheat, this resulted in a 35% drop in NU(E. Overall, the contribution of legumes as a precursor

crop to NU(E was substantially greater than that of wheat and potato as pre-crops.

4.17 Effect of crop rotation (CR) on nitrogen uptake efficiency (NUpE)

The crop rotation treatments showed significant (p < 0.001) variations in N uptake
efficiency (NURE) (Table 4.6). The NU,E value obtained from green pea as a pre-crop was
significantly greater (p < 0.05) than that obtained from dolichos and wheat as pre-crops. When
wheat was preceded by green pea, the maximum NU,E value (78.75 kg N ha'') was achieved,
whereas the lowest value (54.84 kg N ha!) was obtained with potato as a pre-crop containing
continuous wheat. Greenpea as a precursor crop raised NURE value by 44%, while dolichos
increased NURE value by 31% when compared to potato as a pre-crop. As a pre-crop, continuous
wheat (68.01 kg N ha!) had a substantially higher NU,E value than potato (54.84 kg N ha'').

This resulted in a 19% increase in NU,E value due to wheat as a pre-crop compared to potato.

Table 4.6: Effect of crop rotation on nitrogen use efficiency (NUE), nitrogen utilization

efficiency (NU(E), and nitrogen uptake efficiency (NUpE) of wheat

Pre-crop in the rotation Crop Rotation NUE (%) NUE (kg kg NURE (kg kg
Cycle N N
Dolichos W —Dol -W 61.19 a 37.73 a 71.81b
Green pea W-Gp-W 63.15a 37.98 a 78.75 a
Potato W —Pot-W 4391 ¢ 29.12b 54.84 c
Wheat W-W-W 54.17b 3942 a 68.01b
LSD (0.05) - 5.23 2.264 6.57
CV (%) - 4.7 3.1 4.8

Key: Means followed by the same letter(s) in the same column are not significantly different at p

< 0.05; W= wheat; Dol = dolichos; Gp = green pea;

4.18 Effect of pre-crop on water use efficiency (WUE) of wheat
Table 4.7 shows the impact of pre-crop (Crop rotation) on water usage efficiency (WUE).
When wheat was cultivated according to dolichos lablab, the greatest WUE value (3.438 kg mm-

"ha') was attained. In comparison to when wheat was followed by potato, this equates to a 35
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percent rise in WUE. Green pea as a pre-crop also enhanced wheat WUE by 27% as compared to
potato as a pre-crop. Green pea and wheat as pre-crops, on the other hand, had no significant
variations in WUE value. When the effect of the two legumes (dolichos lablab and green pea) as
pre-crops was compared, dolichos lablab (3.438 kg mm™' ha'!) had a significantly higher WUE
value than greenpea (3.085 kg mm™ ha'). As a result, compared to green pea, potato, and
continuous wheat in a short crop rotation system, dolichos lablab is a comparatively superior pre-

crop for increasing wheat WUE.

Table 4.7: Effect of crop rotation (CR) on water use efficiency (WUE) of wheat

Pre-crop before wheat crop Crop Rotation Cycle | WUE (Kg mm! ha)
CR1=Dolichos W —Dol-W 3.438a

CR2=Green pea W-Gp-W 3.085b

CR3=Potato W —Pot—W 2.25¢

CR4=Wheat W-W-W 3.003b

LSD (p < 0.05) ; 0.273 Mea
CV (%) - 3.8 ns

follo
wed by the same letter(s) in the same column are not significantly different at p < 0.05. Key: W
= wheat; Dol = dolichos; Gp = green pea; pot = potato.

4.19 Interaction effects of crop rotation, water harvesting (WH) and soil fertility

management (SFM) on water use efficiency (WUE) of wheat

Figure 4.12 shows the findings illustrating the three-way interaction effects of CR, WH,
and SFM on wheat WUE. The interactions of CR, WH, and SFM on the WUE value of the
succeeding wheat crop indicated significant (p < 0.001) variations on the WUE value. In
comparison to under tie ridged plots, Dolichos lablab as a pre-crop in conjunction with flatbeds
and FYM at 5 tonnes ha™! resulted in a considerably higher WUE value. Similarly, with green
pea as a preceding crop fertilized with FYM on flat bed, the WUE value was greater than the
other SFM methods tested. Green manure showed a comparably better WUE value in both cases,
using dolichos lablab and green pea as pre-crops. While the use of higher rates of inorganic N

sources at 50 and 75 kg N ha! resulted in better WUE values for potato as a pre-crop on either
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flat or tie ridged plots. Organic sources of N had a much higher effect beneath flat beds as well
as tie ridged plots in continuous wheat (CR4). The maximum WUE value was seen in flatbeds
when the SFM strategy was administered as green manure at 2.5 tonnes ha™!, whereas the highest

WUE value was observed in tie ridged plots when FYM was used as the SFM strategy.
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Figure 4.12: Interaction effects of crop rotation (CR), water harvesting (WH) and soil fertility
management (SFM) on water use efficiency (WUE) of wheat.
Key: SFM1 = Untreated control; SFM2: Farm Yard Manure (FYM) at 5 tonnes ha™'; SFM3 =
Green manure (L. purpureus) at 2.5 tonnes ha™'; SFM4 = 25 kg N ha!; SFM5 = 50 kg N ha'!;
SFM6 = 75 kg N ha'.

4.20 Effect of soil fertility management (SFM) on nitrogen use efficiency (NUE), nitrogen
utilization efficiency (NUtE) and nitrogen uptake efficiency (NUpE)
Table 4.8 displays the impact of soil fertility management (SFM) techniques on NUE,
nitrogen utilization efficiency (NU(E), and nitrogen uptake efficiency (NU,E). The results
indicated that SFM had a significant (p < 0.001) effect on NUE. Organic sources (FYM and

59



green manure = L. trichandra) as well as the lowest amount of inorganic fertilizer (25 kg N ha™!)
resulted in considerably higher NUE values than the untreated control, inorganic fertilizer at 50
kg N (recommended rate), and 75 kg N ha'! in the SFM treatments (50% higher than
recommended rate). Farm yard manure (FYM) at 5 tonnes ha™! raised NUE by 42%, whereas
Green manure (L. trichandra at 2.5 tonnes ha') enhanced NUE by 35%, and the application of
the least amount of inorganic fertilizer (25 kg N ha'') increased NUE by 41%. As a result, it was
clear that organic-based fertilizer sources and the lowest rate of inorganic fertilizer had a higher
impact on wheat NUE than the other SFM methods (N at 50 and 75 kg N ha™!). Higher rates of
inorganic nitrogen sources resulted in lower NUE values.

In the case of NU{E, no significant variations were found across the SFM methods. While
all of the SFM techniques studied had a significant (p < 0.05) effect on NU,E. However, in the
case when inorganic fertilizer was administered at 25 kg N ha!, FYM at a ate of 5 t ha'! resulted
in asignificantly higher NU,E value (80 kg N ha') than the untreated control (63.12 kg N ha™)
and the remainder of SFM methods (which is 50 percent lower than the recommended rate). The
reduced rate of N application (25 kg N ha™!) resulted in a NU,E value that was not significantly
different from that achieved with 2.5 t ha™! of green manure (L. trichandra). With the application
of green manure (L. triachandra) at 2.5 tonnes ha™!, the influence of the lowest rate of N (25 kg

ha'!') on the efficiency of N recovery (NU,E) was similarly not significant.
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Table 4.8: Effect of soil fertility management (SFM) on nitrogen use efficiency (NUE),
nitrogen utilization efficiency (NU(E) and nitrogen uptake efficiency (NUpE) of

wheat
Soil Fertility Management (SFM) strategies NUE NUE (kg NURE (kg
(%) N ha') kg N ha)
SFM1 = Untreated control 43.82 ¢ 35.93 63.12 cd
SFM2 = Farm Yard Manure (FYM) 5 t ha™!) 62.43 a 35.49 80 .00a
SFM3 = Green Manure (L. trichandra 2.5 t ha™) 59.27 ab 35.78 70.86 bc
SFM4 = Inorganic Fertilizer 50% lower (25 Kg N ha™!) 61.61a 36.39 74.15 ab
SFM5 = Inorganic Fertilizer (50 kg N ha'!) 52.88b 37.28 60.96 d
SFM6 = Inorganic Fertilizer 50% higher (75 kg N ha™!) 53.63b 35.49 61.01d
LSD (0.05) 6.94 NS 8.8
CV (%) 21.7 12.2 22.4

Means followed by the same letter(s) in the same column are not significantly different at p <

0.05; Key: SFM = Soil Fertility Management.

4.21 Interaction effect of crop rotation (CR) and soil fertility management (SFM) on
nitrogen use efficiency (NUE) of wheat

Figure 4.13 depicts the effects of crop rotation (CR) and soil fertility management (SFM)
on NUE. These findings have a statistically significant (p < 0.05) effect on NUE. When wheat
was grown with green manure in plots that had previously been under green pea dolichos lablab
and wheat, however, there were no significant variations in the value of NUE. However, when
wheat was grown with green manure as a source of fertility on plots that had previously been
under potato, the value of NUE was significantly lower than when green pea, dolichos lablab,
and wheat were the precursor crops, resulting in a 46 percent increase in the value of NUE when
wheat was fertilized with green manure at 2.5 t ha' and preceded by green pea compared to
potato.

In plots where dolichos lablab, wheat, and potato were the pre-crops, inorganic sources of
fertility in combination with different crops showed significant differences. For example, wheat
planted with the lowest rate of N (25 kg N ha!) in plots preceded by green pea yielded a higher
value of NUE than plots where dolichos lablab, wheat, and potato were the pre-crops yielded a
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higher value of NUE than plots where dolich NUE was substantially lower when wheat was
planted with 50 kg N ha™! and 75 kg N ha™! after green pea, dolichols labalab, wheat, and potato
than when wheat was cultivated with the lowest rate of N (25 kg N ha™!) before the same crops.
With increasing rates of inorganic fertilizer, the impact of green pea as a precursor crop on NUE
was reduced by 31% and 36%, respectively, compared to inorganic fertilizer at 50 kg and 75 kg
N ha'l.
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Figure 4.13: Interaction effect of crop rotation (Pre-crop) and soil fertility management (SFM) on
nitrogen use efficiency (NUE) of wheat

Key: SFM1 = untreated control; SFM2 = Farm yard manure (FYM) at 5 tonnes/ha; SFM3 =

green manure (L. trichandra); SFM4 = inorganic N source at 25 kg N/ha; SFMS5 = inorganic

source at 50 kg N/ha; SFM6 = inorganic source at 75 kg N/ha.

4.22 Interaction effect of crop rotation (CR) and soil fertility management (SFM) on
nitrogen utilization efficiency (NUtE) of wheat
Figure 4.14 depicts the influence of crop rotation (CR) and soil fertility management
(SFM) on nitrogen use efficiency (NUE). Crop rotation (CR) and soil fertility management
(SFM) had a significant interaction impact on wheat NU(E. Nitrogen use efficiency (NU(E) was
substantially impacted (p < 0.05) by the interaction between soil fertility management (SFM)
methods and dolichos lablab, green pea, and wheat as pre-crops. Only 75kg N ha™ inorganic
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fertilizer caused a significant difference in NUtE in wheat plots after potato. In comparison to
dolichos lablab and green pea as pre-crops, wheat planted in untreated control (SFM1) plots after
potato as a pre-crop considerably lowered the NUtE value (by 26 and 32 percent, respectively).
Wheat treated with inorganic fertilizer (SFMS5) at 50 kg N ha™! in plots previously inhabited by
dolichos lablab and green pea, on the other hand, raised NU(E value by 14 and 12%,
respectively, in plots previously occupied by dolichos lablab and green pea. It was clear that
planting wheat in plots previously inhabited by legumes (dolichos lablab and green pea) with the
prescribed rate of inorganic fertilizer (50 kg N ha!) enhanced the use efficiency of the recovered
N. (uptake). After potato, wheat treated with the greatest rate of inorganic fertilizer (75 kg N ha
! had a higher NU(E value than wheat fertilized with a lower rate of inorganic N fertilizer and
organic fertilizer. Wheat's capacity to use either the inherent or applied N was clearly increased
when modest rates of inorganic fertilizers were used with legumes as pre-crops. Because
legumes can repair atmospheric N2 symbiotically, they only need a little amount of nitrogen
fertilizer. As a result, using legumes as pre-crops and applying more than 50 kg N ha™! decreased
wheat's capacity to use applied or inherent soil N. (reduced NUE). This might be explained by

the fact that increased N levels reduced the ability of soil microbes to fix nitrogen.
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Figure 4.14: Interaction effect of crop rotation (Pre-crop) and soil fertility management (SFM) on
nitrogen utilization efficiency (NUE) of wheat

Key: CR1 = Wheat — dolichos — wheat; CR2 = wheat — Green pea — wheat; CR3 = wheat —

potato — wheat; CR4 = wheat — wheat — wheat; Key: SFM1 = untreated control; SFM2 =

Farm yard manure (FYM) at 5 tonnes/ha; SFM3 = green manure (L. trichandra); SFM4 =
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inorganic N source at 25 kg N/ha; SFMS = inorganic source at 50 kg N/ha; SFM6 =

inorganic source at 75 kg N/ha.

4.23 Interaction effect of crop rotation (Pre-crop) and soil fertility management (SFM)

on nitrogen uptake efficiency (NUpE) of wheat

Figure 4.15 shows the interaction impact of crop rotation (CR) and soil fertility
management (SFM) on NU,E. The combination between green manure and potato as a pre-crop
had a significant (p < 0.05) impact on NUpE. When wheat was planted with 2.5 tonnes ha! of
green manure and followed by green manure, the value of NUpE increased by 43 percent
compared to when wheat was treated with green manure and followed by potato.

In the area of inorganic sources of fertility, wheat planted with the lowest rate of nitrogen
(25 kg N ha!) in plots preceded by green pea had a higher NU,E value than plots where dolichos
lablab, wheat, and potato were the pre-crops. NU,E levels were substantially lower when wheat
was planted with 50 kg N ha™! and 75 kg N ha'! after green pea, dolichos lablab, wheat, and
potato than when wheat was cultivated with the lowest rate of N (25 kg N ha™!) before the same
crops. When comparing inorganic fertilizer rates of 25 kg N ha™! and green pea to inorganic
fertilizer rates of 50 and 75 kg N ha' with wheat as a pre-crop, the mean value of NU,E was
higher by 36% and 41%, respectively. Because of the interaction between the usage of green

manure and various pre-crop systems, there were no significant variations in the value of NU,E.
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Figure 4.15: Interaction effect of crop rotation (Pre-crop) and soil fertility management (SFM)
on nitrogen uptake efficiency (NUpE) of wheat
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Key: SFM1 = untreated control; SFM2 = Farm yard manure (FYM) at 5 tonnes/ha; SFM3 =
green manure (L. trichandra); SFM4 = inorganic N source at 25 kg N/ha; SFMS5 =
inorganic source at 50 kg N/ha; SFM6 = inorganic source at 75 kg N/ha. CR1 = Wheat —
Dolichos — Wheat; CR = Wheat — Green pea — Wheat; CR3 = Wheat — Potato — Wheat
and CR4 = Wheat — Wheat — Wheat

4.24 Effect of soil fertility management (SFM) on water use efficiency (WUE) of wheat
The findings of the influence of soil fertility management (SFM) on water usage
efficiency (WUE) are presented in Table 4.9. These findings indicated that SFM has a significant
(p < 0.05) effect on wheat WUE, regardless of whether the source is inorganic or organic.
Inorganic sources of SFM tactics, on the other hand, have a higher effect than organic sources.
Using inorganic fertilizer at 75 kg N ha™!, the greatest WUE (3.743 kg mm™' ha™!) was attained
(SFM6). Inorganic fertilizer at 50 kg ha™! (recommended rate) and green manure at 2.5 tonnes ha"
! (supplying roughly 24.75 kg N ha™! equivalent) were then applied, yielding WUE values of
3.171 and 3.114 kg mm™ ha!, respectively. The rise in WUE value owing to the maximum rate
of inorganic fertilizer (75 kg ha™!) was around 91 percent more than the untreated control, while
the increases were 38 percent and 20 percent higher, respectively, when compared to FYM at 5
tonnes ha! and green manure at 2.5 tonnes ha™!. This demonstrates the need of applying soil
amendments to the land. The highest rate of inorganic fertilizer (75 kg N ha') had the largest
impact since an application of N at 75 kg ha™! may have accelerated the establishment of wheat
early enough to fill the plots. Early covering may have reduced open field evaporation while
improving evapo-transpiration efficiency, resulting in higher WUE owing to inorganic sources
rather than organic sources in SFM methods. Using inorganic fertilizer at 75 kg N ha’!, the
greatest WUE (3.743 kg mm™ ha!) was attained (SFM6). Inorganic fertilizer at 50 kg ha’!
(recommended rate) and green manure at 2.5 t ha! (supplying roughly 24.75 kg N ha’
equivalent) were then applied, yielding WUE values of 3.171 and 3.114 kg mm"! ha’,
respectively. The rise in WUE value owing to the maximum rate of inorganic fertilizer (75 kg ha’
') was around 91 percent more than the untreated control, while the increases were 38 percent
and 20 percent higher, respectively, when compared to FYM at 5 tonnes ha™! and green manure
at 2.5 tonnes ha!'. This demonstrates the need of applying soil amendments to the land. The

highest rate of inorganic fertilizer (75 kg N ha') had the largest impact because an application of
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N at 75 kg ha™! might have accelerated the establishment of 7. aestivum early enough to cover the
plots. Early covering may have lowered open-field evaporation while improving evapo-

transpiration efficiency, resulting in higher WUE.

Table 4.9: Effect of soil fertility management (SFM) on water use efficiency (WUE) of

wheat
Soil Fertility Management (SFM) Applied N ha!  WUE (Kg mm!
ha)
SFM1 = Untreated control No fertilizer 1.962d
SFM2 = Farm Yard Manure (FYM) 5 t ha™! 50 kg ha! 2.717¢
SFM3 = Green Manure (L. trichandra 2.5 t ha™! 24.75 kg N ha! 3.114b
SFM4 = Inorganic Fertilizer 50% lower (25 Kg N ha-') 25 kg N ha! 2.965bc
SFMS5 = Inorganic Fertilizer (50 kg N/ha) 50 kg N ha! 3.171b
SFM6 = Inorganic Fertilizer 50% higher (75 kg N/ha) 75N ha'! 3.743a
LSD (0.05) - 0.282
CV (%) - 16.7

Means followed by the same letter(s) in the same column are not significantly different at p <

0.05.

4.25 Mean squares showing the effect of crop rotation (CR), water harvesting (WH), soil

fertility management (SFM) and their interactions on yield and biomass of wheat

Table 4.10 shows mean squares demonstrating the influence of CR, WH, and SFM on
yield and biomass. The effects of water harvesting (WH) on biomass (p < 0.001) and yield (p <
0.001) were significant. Crop rotation (CR) and SFM, on the other hand, had a substantial (p <
0.01) effect on yield but had no effect on biomass. On yield, there were significant two-way
interaction effects involving WH x CR, CR x SFM, and WH x SFM. While there was a
significant (p < 0.01) influence of the three-way interaction owing to CR x WH x SFM on yield,
there was also a significant (p < 0.01) effect of the three-way interaction due to CR x WH x SFM
on yield.
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Table 4.10: Mean squares showing the effect of factors and their interactions on grain yield

and biomass

Source of variation d.f Grain Yield  Biomass
Rep stratum 2 170559 1011567
Water Harvesting (WH) 1 68885 27828214 7%**
Residual 6 96637 2486833
Crop Rotation (CR) 3 4043216** 3023230
WH x CR 3 1405269** 327497
Residual 8 83443 884697
Soil Fertility Management (SFM) 5 2084977** 1455007
CR x SFM 15 414976** 1138137
WH x SFM 5 516217** 564371
CR x WH x SFM 15 191432%%* 1583192
Residual 80 48198 922779
Total 143

Key: ** - p <0.01; *** - p <0.001

4.26 Effect of pre-crops in the short crop rotation (CR) on yield

As shown in Table 4.11, the cumulative effect of crop rotation (CR) had a signifcant (p
<0.05) effect on wheat yield. When wheat was preceded by dolichos lablab and green pea in the
short crop rotation (CR) cycle, yield was significantly greater (p < 0.05) than when wheat was
preceded by potato and wheat. When Dolichos lablab and green pea were used as pre-crops,
wheat yields were significatly greater than when potato was used as the predecessor crop.
Dolichos lablab and green pea as pre-crops improved wheat production by 92 percent and 73
percent, respectively, as compared to potato. As a result, using potato as a pre-crop for wheat
resulted in a reduced yield. Because legumes provide a substantial contribution to cereal output
as a preceding crop, they should be included in short crop rotation systems to increase wheat
yield at a cheap cost. In contrast to to non-leguminous crops, it was clear that wheat cultivated

after potato produced considerably lower yields than wheat grown directly following wheat.
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4.27 Effect of pre-crops in the short crop rotation (CR) on biomass

Crop rotation (CR) had a significant (p < 0.05) effect on wheat biomass, as shown in
Table 4.11. When wheat was planted before dolichos lablab, green pea, or even continuous
wheat in the short crop rotation (CR) cycle, yields were higher than when wheat was planted
before potato. When Dolichos lablab and green pea were used as pre-crops, the biomass
produced was considerably greater than when potato was used as the predecessor crop. In
comparison to potato as a pre-crop, the increase in biomass value after either dolichos lablab or
green pea was around 93 percent. As a result, using potato as a pre-crop for wheat resulted in
reduced biomass. When compared to non-leguminous crops, it was clear that wheat cultivated
after potatoes produced considerably less biomass than wheat planted directly after legumes or

continuous wheat.

Table 4.11: Effect of pre-crops in the short crop rotation (CR) on yield and biomass

Pre-crop effect in the rotation Crop Rotation  Yield Biomass
(CR) (Kg ha™") (kg ha'!)
CR1=Dolichos W —Dol-W 1603 a 6035 a
CR2=Green pea W-Gp-W 1439 ab 6283 a
CR3=Potato W —Pot —W 834 c 426 b
CR4=Wheat W-W-W 1400 b 5536 a
LSD (0.05) - 179.3 909.5
Cv (%) - 6.8 10

Means followed by the same letter(s) in the same column are not significantly different at

p <0.05; CR = Crop Rotation; W = Wheat; Dol = Dolichos; Gp = Green pea; Pot = Potato

4.28 Effect of soil fertility management (SFM) on grain yield of wheat

Table 4.12 shows the data indicating the influence of soil fertility management (SFM) on
wheat yield. Wheat yield was impacted by soil fertility management (SFM) in a significant (p <
0.05) way. The grain yield of wheat planted without fertilizer (untreated control) was lower than
that of all the treated plots. With the application of inorganic fertilizer (75 kg N ha'!, 50 percent
greater than the required rate of 50 kg N ha™'), the maximum grain yield (1710 kg ha') was
attained. This increase in yield (due to 75 kg N ha!) was 28% greater than the lowest rate of N
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(25 kg N ha!) and 52% higher than the untreated control. Compared to FYM at 5 tonnes ha™!' and
green manure (L. trichandra) at 2.5 tonnes ha™!, the maximum rate of N (75 kg N ha™!) improved
yield by 38 percent and 22 percent, respectively, as compared to organic fertilizers. When
compared to organic sources, the application of inorganic fertilizer at the maximum rate (75 kg N

ha!) resulted in the best wheat production.

4.29 Effect of soil fertility management (SFM) on biomass of wheat

The results showing the the influence of soil fertility management (SFM) on wheat yield
are presented in Table 4.12. Wheat yield was impacted by soil fertility management (SFM) in a
significant (p < 0.05) way. The grain yield of wheat planted without fertilizer (untreated control)
was lower than that of all the treated plots. With the application of inorganic fertilizer (75 kg N
ha’!, 50 percent higher than the recommended rate of 50 kg N ha'!), the highest grain yield (1710
kg ha') was achieved. This increase in yield (due to 75 kg N ha™!) was 28% greater than the
lowest rate of N (25 kg N ha™!) and 52% higher than the untreated control. Compared to FYM at
5 tonnes ha™! and green manure (L. trichandra) at 2.5 tonnes ha'!, the maximum rate of N (75 kg
N ha') improved yield by 38 percent and 22 percent, respectively, as compared to organic
fertilizers. When compared to organic sources, the application of inorganic fertilizer at the
maximum rate (75 kg N ha™!) resulted in the best wheat production.

Table 4.12: Effect of soil fertility management (SFM) on yield and biomass of wheat

Soil Fertility Management (SFM) Rate of N ha! Yield Biomass
(kg hal) (kg ha)
SFM1 = Untreated control No fertilizer 813d 5864
SFM2 = Farm Yard Manure (FYM) 5 t/ha 50 kg ha! 1234 ¢ 5802
SFM3 = Green Manure (L. trichandra 2.5 t/ha 24.75kg N ha! 1400b 6611
SFM4 = Inorganic Fertilizer 50% lower (25 Kg N/ha) 25 kg N ha! 1334 bc 5881
SFMS5 = Inorganic Fertilizer (50 kg N/ha) 50 kg N ha! 1423 b 5730
SFM6 = Inorganic Fertilizer 50% higher (75 kg N/ha) 75 N ha’! 1710 a 5818
LSD (0.05) - 126.1 NS
Cv (%) - 16.6 18.6

Means followed by the same letter(s) in the same column are not significantly different at p <

0.05; ns = Not significant
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4.30 Interaction effects of crop rotation (Pre-crop), water harvesting (WH) and soil

fertility management (SFM) on grain yield of wheat

Figure 4.16 displays the findings of the three-way interaction effects of CR, WH, and
SFM on wheat grain yield. The interactions of CR, WH, and SFM on the grain yield of the
following wheat crop indicated signiificant (p < 0.001) variations in grain yield. In comparison to
other SFM methods, L. purpereus as a pre-crop on flat beds fertilized with the maximum rate of
inorganic N (75 kg N ha™!) resulted in a significantly (p < 0.001) higher grain production. On tie
ridged plots, a different pattern in grain yield was found, with green manure at 2.5 tonnes ha’!
producing the highest grain yield and the highest rate of inorganic N (75 kg ha™') producing the
second best grain yield. Regardless of the water collecting technique, green pea as a pre-crop
treated with the greatest rate of inorganic N (75 kg N ha') yielded the maximum grain
production (either flat beds or tie ridged plots). Potato as a pre-crop produced much lower grain
production than all other pre-crops tested. Potato was grown as a pre-crop on flat beds with the
lowest nitrogen rate (25 kg N ha!) and yielded substantially more grain. There were no
significant changes in grain output owing to green manure, the lowest rate of inorganic N (25 kg
N ha!) or the maximum rate of inorganic N (50 kg N ha!) under the tie ridges (75 kg N ha™).
The maximum grain yield was achieved using wheat as a pre-crop fertilized with FYM at a rate

of 5 tonnes ha! on a flatbed. Under tie ridges, however, and with the second greatest rate of

inorganic N (50 kg N
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Figure 4.16: Interaction effects of crop rotation (Pre-crop), water harvesting (WH) and soil

fertility management on grain yield of wheat
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Key: SFMI1 = Untreated control; SFM2: Farm Yard Manure (FYM) at 5 tonnes ha™'; SFM3 =
Green manure (L. purpureus) at 2.5 tonnes ha™'; SFM4 = 25 kg N ha!; SFM5 =50 kg N
ha!'; SFM6 = 75 kg N ha''; CR1 = Wheat — Dolichos — Wheat; CR2 = Wheat — Green pea
— Wheat; CR3 = Wheat — Potato — Wheat; Wheat — Wheat - Wheat

4.31 Correlation coefficients depicting relationships between selected soil and water

parameters

Except for mean soil temperature, which was shown in Table 4.13, water usage efficiency
(WUE) was not significantly associated to soil organic carbon (SOC), soil nitrogen (N), or soil
moisture. Water usage efficiency (WUE) and soil temperature (ST) have a somewhat favorable
association (r = 0.320; p < 0.0001). However, a weak negative (r = -0.193; p < 0.05) correlation
between soil N and SOC was discovered. The moderately positive relationship between WUE
and ST could be explained by the fact that plants increase transpiration efficiency when
temperatures are relatively warm, improving WUE. The lack of a strong connection between N
and SOC may be owing to the fact that soil microorganisms use most of the soil N to breakdown

crop waste, causing SOC to rise while N decreases until after mobilization.

Table 4.13: Correlation coefficients depicting the relationships between selected soil and

water related parameters

WUE SOC Soil N Soil Mean Soil
moisture Temp

WUE 1.00

SOC -0.013 1.00

Soil N 0.086 -0.193" 1.00

Soil moisture 0.155 0.010 -0.027 1.00

Mean Soil Temp 0.320"" -0.161 0.020 0.215" 1.00

**%_ Correlation is significant at p < 0.001 level; **- Correlation is significant at p < 0.01
level; *- Correlation is significant at p < 0.05 level; ns = not significant; WUE water use

efficiency; SOC = soil organic carbon;
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4.32 Correlation coefficient depicting the relationship between yield and NUE plus its

associated attributes

Table 4.14 shows correlation coefficients that illustrate relationships between yield and
NUE, as well as its related characteristics. Biomass (r = 0.483; p < 0.0001), NU(E (r = 0.297; p <
0.0001), and NUE (r = 0.442; p < 0.0001) were all positively associated with yield. Other
associations were found between biomass and NUtE (r = 0.693; p < 0.0001), biomass and NUE
(r=0.412; p < 0.0001), and biomass and NUE (r = 0.380; p < 0.0001), as well as biomass and
NUpE (r = 0.380; p <0.0001). NUE and NUpE had a substantial positive association (r = 0.911;
p < 0.0001) as well. In conclusion, high NUE enhanced yields, therefore crop management
methods that help to improve NUE as well as wheat yields. The close link between NUE and
NU,E also provides an opportunity to improve wheat NUE by addressing strategies to improve

applied or inherent N uptake in the soil.

Table 4.14: Correlation coefficients depicting the relationship between yield and NUE plus

its associated attributes

Yield Biomass NU(E NUE NURE
Yield 1.00
Biomass 0.483%** 1.00
NU(E 0.297%** 0.693*** 1.00
NUE 0.442%** 0.412%** 0.133 1.00
NUE 0.148 0.380%** 0.134 0.911%** 1.00

*#%_ Correlation is significant at p < 0.001 level; **- Correlation is significant at p < 0.01
level; *- Correlation is significant at p < 0.05 level; NU(E = N utilization efficiency; NUE
= N use efficiency; NUyE = N uptake efficiency.

4.33 Correlation coefficients depicting relationships between WUE and yield; and
biomass
Table 4.15 shows the results in the form of correlation coefficients depicting the
relationships between WUE and yield as well as biomass. Water use efficiency (WUE) exhibited
a strong correlation with yield and biomass. The association between WUE and yield was

significantly positive (r = 0.944; p < 0.001), whereas the relationship between WUE and biomass
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was moderately favorable (r = 0.342; p < 0.001). The findings in this part allow us to appreciate
the relevance of WUE in influencing wheat yield more than biomass. WUE, on the other hand, is
crucial in both instances since it has a direct impact on the photosynthetic process of plants.
Because WUE is defined as the quantity of carbon (C) absorbed as grain or biomass generated
per unit of water utilized by the crop, this is extremely significant.

Table 4.15: Correlation coefficients depicting the relationships between WUE, grain yield

and biomass

WUE Yield Biomass
WUE 1.00
Yield 0.944%** 1.00
Biomass 0.342"" 0.483*** 1.00

*#%_ Correlation is significant at the 0.001 level; **. Correlation is significant at the 0.01

level; *. Correlation is significant at the 0.05 level; WUE water use efficiency

4.34 Relationships between yield and selected soil and water parameters

Table 4.16 displays the correlation coefficients that illustrate the connections between
yield and chosen soil related factors, as well as WUE. However, there was a mild positive
connection between yield and soil moisture (r = 0.231; p < 0.001), whereas the link between

yield and soil temperature was substantially favorable (r = 0.448; p <0.001).

Table 4.16: Correlation coefficients depicting the relationships between selected soil and

water parameters

SOC Soil N Soil moisture Mean Soil Temp (°C)

SOC 1.00

Soil N -0.193" 1.00

Soil moisture 0.010 -0.027 1.00

Mean Soil Temp (°C) -0.161 0.020 0.215" 1.00

*#*Correlation is significant at p < 0.001 level; **Correlation is significant at p < 0.01 level;
*Correlation is significant at p < 0.05 level; WUE water use efficiency; SOC = soil organic

carbon
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CHAPTER FIVE
DISCUSSION
5.1 Rainfall characteristics during long rains in seasons I (2014), II (2015) and III (2016)

The study area featured a bi-modal rainfall pattern, with season I (2014), which fell
between August and November, having 42 percent less rainfall than season II (April-August
2015). Season III (2016), on the other hand, got more rainfall than seasons I and II, which were
greater by 52 and 17%, respectively. Season I (2014), which lasted from August to November
2014, received 39% of the total rainfall, whereas seasons II (2015) and III (2016) received 64
and 66%, respectively, of the yearly rainfall.

Season III, on average, had more seasonal rainfall (692.5 mm) than seasons I and II
(333.3 mm and 333.3 mm, respectively) (572.2 mm). Seasons I and IIl had better rainfall
distribution than season II, which had nearly 66% of the growing season's rainfall fall in April
and May. The yearly rainfall in the third season was roughly 15% greater than in seasons I and
II. The amount of rain received in each of the three seasons, however, was sufficient for three
crops cultivated throughout the research period.

KALRO Njoro receives around 960 mm of rainfall every year, according to Jaetzold &
Schmidt (2011). The quantity of rain received during the research period was somewhat less in
the first (2014) and second (2015) years, when yearly rainfall decreased by 12 percent and 6.9
percent, respectively. However, the yearly rainfall was roughly 9% greater in the last season
(2016). The quantity of rainfall obtained throughout the study seasons (2014, 2015, and 2016)
was generally at least 30% of the annual rainfall, indicating that it was more than enough for the

crops assessed.

5.2 Effect of water harvesting (WH) on nitrogen use efficiency (NUE), nitrogen
utilization efficiency (NU(E) and nitrogen uptake efficiency (NUpE) of wheat
In-situ water harvesting (WH) takes several forms, including tie ridges, and is used to
extend the retention of soil moisture and improve crop nutrient uptake (Silunge et al., 2018).
Two water harvesting (WH) techniques (WH1 = flat bed and WH2 = tie ridges) were tested to
see how they affected NUE, NU(E, and NU,E. The lack of substantial changes in NUE, NU{E,
and NURE of wheat contrasts with the findings of Masebo ef al. (2018), who found that tie ridges

had an impact on maize (Zea mays) in Ethiopia. In situ WH methods are widely used to enhance
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the quantity of water retained in the soil profile by capturing or holding rain water where it falls,
and this helps to concentrate the water near the crops root zone (Yazar & Ali, 2016). “In most
cases, the impact of in-situ WH methods is felt in situations where moisture is scarce”. This
means that WH strategies were unnecessary during the experiment because soil moisture was

sufficient for the crops.

5.3  Effect of Crop Rotation (CR) on Nitrogen Use Efficiency (NUE), Nitrogen utilization
efficiency (NU(E) and Nitrogen uptake efficiency (NUyE)

In comparison to the other cropping systems, the NUE value was significantly greater
when wheat was preceded by legumes (dolichos lablab and green pea), according to the findings
of this study. “When compared to green pea as the preceding crop, dolichos lablab had a
considerably larger beneficial impact on NUE as a pre-crop in the rotation”. This was due to the
fact that the legumes in the crop rotation enhanced the soil's ability to store more N while also
influencing soil moisture accumulation. Legumes as cover crops (pre-crops) have significantly
increased soil organic matter (SOM), which can hold moisture like a sponge and improve
microbial activities, thereby contributing to soil ecosystem sustainability, and this according to
Espinoza et al. (2012), has a great potential of increasing available N supply for subsequent
cereals. The benefits of including legumes in a cropping sequence can improve soil quality,
porosity, and structure (McCallum et al., 2004; Rochester et al, 2001), as well as influence
specific microorganism populations in the rhizosphere (Kirkegaard et al., 2008; Osborne et al.,
2010) for the benefit of subsequent N non-fixing crops. These advantages translate to improved
soil N availability, resulting in higher N absorption and a beneficial impact on NUE. Thus,
utilizing legumes in rotation with wheat in the humid tropics for increased Soil-N delivery
should be promoted, especially given the current weather unpredictability, because it is linked
with numerous N-related and non-N advantages. “Although grain legumes grown in rotation
with annual cereal crops are expected to contribute to the total pool of N in the soil and improve
cereal yields, the legume's expected N benefits may be positive or negative depending on the
legume species and its interaction with the environment” (Danga et al., 2009). “The fact that
different legume species and cultivars growing in the same site can differ considerably in dry

matter production, N fixation and accumulation, and residue quality has underlined the
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significance of choosing the correct legume species for a given wheat farming system” (FAO,
2016).

As a consequence of the findings of this study, dolichos labalab or green pea may be used
in legume — wheat rotations in Njoro (which lies within the agro-ecological zone (AEZ = LH3)
with an average annual rainfall of 935 mm (Jaetzold et al., 2011). Although the results of this
investigation showed that both green pea and dolichos labalab enhanced wheat's NUE value,
green pea as a pre-crop had a much higher NUE value than dolichos lablab and potato, as well as
under continuous wheat. Green pea's exceptional performance can be attributed to a number of
factors. According to Kirkegaard ef al. (2008), a previous green pea crop benefited 91% of the
wheat production due to reduced leaf disease and weed infestation, whereas only 9% was
assessed to have originated directly from N. Furthermore, break crops have been credited with
improving wheat N nutrition simply because they have a better root structure, which improves
the ability to utilize existing soil N or added N more efficiently (Cook, 1990).

As a result, increased soil N availability and improved soil moisture availability may
have contributed to higher NUyE and NUE values. The findings support those of Giller (2001)
and Vanlauwe et al. (2010), who reported that grain legumes fix atmospheric N gas (N2), which
adds to the N economy of fields while also benefiting the subsequent crops. The research also
shows that legumes in wheat — legume rotation systems produce high-quality organic residues in
situ with a high N concentration and a low C to N ratio, assisting in integrated soil fertility
management (ISFM). As such, it was clear that CR in combination with specific SFM methods
was necessary to increase the impact of crop rotation on NUE. The biomass of the green pea and
FYM night have created a sufficient amount of soil organic matter (SOC), which had a favorable
impact. As a result, it served to cushion soil moisture, allowing it to be accessible for extended
periods of time while also adding to the soil N pool. This contradicts the findings of
Rahimizadeh et al. (2010), who found that wheat planted after potato had higher NUE, NU(E,
and NUE.

Furthermore, when wheat was planted with the lowest rate (25 kg N ha™!) of inorganic
fertilizer following green pea as a pre-crop, greater NUE values were achieved than when the
maximum rate (75 kg N ha!) of inorganic fertilizer was utilized. The modest dose of inorganic
fertilizer after green pea as a pre-crop might be the scientific explanation for the observed rise in

NUE of wheat based on the data. This scenario might have offered a chance for soil
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microorganisms to increase soil fertility by metabolizing the N from the applied fertilizer as well
as the fixation from the previous green pea that was not absorbed by plants. These findings are
consistent with those of Hirel et al. (2011), who reported higher NUE of wheat at lower levels of
crop output when N fertilization was significantly lower, and Soledad et al. (2015), who also
reported “high NUE and NULE in wheat-lupin (Lupinus spp.)-green pea cycles”. Planting a
legume pre-crop instead of fallow with legume crops improved soil fertility and decreased nitrate
leaching, contributing to greater NUE, according to other studies (Miller ef al., 2015; Muramoto
etal., 2011; Varvel & Wilhelm, 2018).

Crop rotation (CR) had a significant effect on soil moisture, with legume pre-crops
resulting in higher soil moisture than potato and continuous wheat. Because NUE is a product of
the two components, high soil moisture may have aided N absorption and utilization efficiency,
resulting in higher NUE (NU(E and NU,E). The scientific rationale for this is that the humus
content generated by the absorbed biomass from legumes may have also aided in the
maintenance of the soil physical structure, therefore improving soil moisture retention. This is in
line with findings of Dejene & Lemlem (2012), who reported that incorporating organic inputs
into the soil increases water absorption, reduces water loss, and improves soil moisture content.
In view of this, knowing the processes involved with NUE, particularly in regard to its major
components (N uptake and utilization efficiency), is one of the most significant elements in
defining management methods aimed at enhancing NUE (Uribelarrea et al., 2007). The capacity
of a plant to translocate ingested N (N uptakes) into grain is measured by NU(E (Delogu et al.,
1998). The response of NUE to the previous crop was comparable to the response of NU,E.
With the exception of the potato — wheat rotation system, the highest value for wheat NU(E was
obtained with the continuous wheat system, while differences were not significant among the
other rotations. Wheat cultivated following green pea or dolichos lablab had a NU(E of around
5% lower than continuous wheat. The change in wheat NU(E across crop rotations might be
attributable to a variety of causes, including wheat yield fluctuation between rotations. These
findings corroborate the hypothesis that the enhanced wheat NU(E observed was due to an
increase in wheat yield. In this study, preceding crops had the greatest impact on wheat
production and the highest NU(E value in the potato-wheat rotation. This is consistent with
Muurinen et al. (2007), who found that increasing grain yield increased NU(E and that NU(E and

yield had a significant relationship.
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Crop rotation, according to Lopez-Bellido & Lopez-Bellido (2001), has a significant
impact on resource usage. Nitrogen utilization efficiency (NU(E) and yield, as well as biomass,
had a significant relationship, according to the findings. This finding suggests that the impact of
NULE on the accumulation of above-ground biomass is significant, and that it may be utilized to
indirectly boost NUE via the NHI.

The crop's ability to absorb N from the soil is measured by its NUpE. Raun & Johnson
(1999) suggest increased NUE as a technique for increasing NUE. It is adversely affected by
circumstances that decrease soil N, resulting in lower accumulation. These losses can be
decreased by using appropriate techniques or best management practices (BMPs) that increase N
availability for plant use, improve plant N absorption, and synchronize fertilizer treatments to
agronomic demands (Sharma et al., 2018). As a result, while attempting to address the issues
connected with N loss, the strategy would be to balance crop-nutrient requirements while
limiting losses in order to preserve a sustainable environment and improve economic advantages
to farmers. In order to improve sustainable N management, the study focused on the impact of
crop rotation systems on NUE and its related components, such as NU(E and NUE. Nutrient
uptake (NU,E) was greater after legumes than after potato or continuous wheat. Badaruddin &
Meyer (1994) and Lopez-Bellido & Lopez-Bellido (2009) both found similar findings. Green pea
as a pre-crop had a higher wheat NUE value than dolichos lablab among the legume pre-crops.
According to several studies, N linked with legume nodules and roots can account for 30-60% of
total N collected by legumes (Khan et al, 2003; McNeill & Fillery, 2008). Other research
studying a faba bean (Vicia faba L.) — wheat sequence indicated that wheat may collect more
than double the amount of N from nodulated roots associated with faba bean than from shoot
residues (Jensen et al., 2010). This study shows that legume roots and nodules may be a valuable
source of N for subsequent crops. These findings corroborated those of Rahimizadeh et al.
(2010), who found that wheat produced following a legume crop had higher NUE, NUE, and
NULE in a wheat — legume rotation research done in Iran to assess the contribution of the legume
preceding crop on the succeeding wheat crop.

When wheat was grown after green pea and dolichos lablab, the average NU,E of 78.75
kg N ha! (equivalent to 1.575 kg N uptake kg' N supply) and 71.81 kg N ha! (equivalent to
1.436 kg N uptake kg' N supply) were higher than the average 0.49 kg N uptake kg' N supply
reported by Lopez-Bellido & Lopez-Bellido, respectively (2001). These findings might be
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explained by the fact that the study in question was performed in a Mediterranean climate, as
opposed to ours, which was conducted in a tropical setting. As a result, the discrepancies might
be explained by changes in soils, experiment duration, and legume species utilized. The lower
NUE of wheat produced after potato-wheat rotation contradicts the findings of Rahimizadeh et
al. (2010), who found a greater NULE value in wheat grown after potato-wheat rotation. “The
decreased NU,E recorded on wheat following potato might be due to the fact that potato, as a
gross feeder, mines the majority of the soil N, as well as the fact that the harvested tubers take a
significant quantity of nutrients out of the soil”. The influence of this rotation in depleting soil N
is demonstrated by the considerably greater value of NUpE measured in continuous wheat (cereal
monoculture).

The results of crop rotation and soil fertility interactions revealed that wheat NU,E was
influenced by previous crop and soil fertility management. Furthermore, for NURE, there was a
strong interaction between the previous crop and FYM. The green pea - wheat and potato - wheat
rotations had the greatest (78.75 kg N ha') and lowest (54.84 kg N ha') NU,E of wheat,
respectively. Wheat planted after green pea but fertilized with FYM at 5 t ha™! had a 59% higher
NULE than the green pea - potato system, but there was no significant difference in wheat NUyE
between the green pea - wheat and dolichos lablab - wheat cycles. Fluctuation in NU,E,
according to Moll et al. (1982), may be distinguished from grain yield variation since it has a
direct effect in increasing NUE. According to Lopez-Bellido & Lopez-Bellido (2001), variations
in grain yield, which is directly connected to crop NURE, account for variance in the NU,E
index. The positive contribution of FYM in enhancing the effect of green pea as a pre-crop on
NULE of wheat could be attributed to the fact that the biological nitrogen fixing bacteria (BNF)
in the green pea could have benefited from the application of FYM as a source of carbon. This
agrees with findings of Danga et al. (2009), who reported enriched Soil N by various grain
legumes through BNF which subsequently enhanced wheat yields and non-N benefits such as
reduction of wheat root rot incidence which in turn enhanced added NUE. Espinoza et al.
(2015) also reported that “wheat cultivated after lupine and greenpea was more efficient in NUpE
and NU(E than cereal”.

The beneficial impact of FYM in improving the effect of green pea as a pre-crop on
wheat NURE might be ascribed to the fact that the green pea's BNF bacteria may have benefitted

from the use of FYM as a carbon source. This is consistent with the findings of Danga et al.
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(2009), who found that different grain legumes supplemented soil N through BNF, resulting in
increased wheat yields and non-N advantages such as reduced wheat root rot incidence, which in
turn increased additional N absorption. Wheat planted after lupine and greenpea was similarly

more effective in N absorption and utilization than cereal, according to Espinoza et al. (2015).

5.4 Effect of soil fertility management (SFM) on Nitrogen use efficiency (NUE) and its
associated components (NU(E and NUE)

Plant seed yield in relation to the amount of N supplied determines NUE, which is
typically made up of both NULE and NUE (Moll ef al., 1982). Total shoot N relative to the
quantity of N given to the soil is described as NUpE. The availability of soil N influences root N
absorption, which is regulated by plant N assimilation mechanisms and N metabolite levels, as
well as the plant's N requirement (Nacry ef al., 2013; Ruffel et al., 2011; Stahl et al., 2016).

In comparison to inorganic sources of fertility, in this study organic sources produced the
highest competitive NUE value. Green manure (L. trichandra at 2.5 tonnes ha™') enhanced the
NUE of wheat by 35%, whereas FYM at 5 tonnes ha™! increased it by 42%. The organic source of
SFM, as well as a lesser rate of inorganic (25 kg N ha™!) resulted in considerably greater NUE
than the untreated control, indicating that the soils required some fertility amendment. The rise in
NUE owing to organic sources of soil amendment, particularly FYM, might be attributed to
“FYM's low C/N ratio, which allows it to breakdown quickly and release plant-available
nutrients”. Farm Yard Manure (FYM) does this by increasing SOC, which is a significant
indication of soil health, particularly in terms of crop fertility. This is in agreement with Thomas
et al. (2019), who observed improved nutrient bioavailability as a result of SOM (soil organic
matter) decomposition, as well as more mineral nutrient exchange sites, which boosted the soil's
cation exchange capacity (CEC). On unfertilized soil, “SOC may give 90% plant available N,
80% plant available P, and 50% plant available S, as well as micronutrients” (Duxbury et al.,
1989).

The NUE value was affected differently depending on the inorganic source of N. NUE
was enhanced by 41% when inorganic fertilizer was applied at 25 kg ha' (50% less than the
recommended rate), while it was decreased when rates were greater than 25 kg N ha™!, with the
lowest value of NUE being achieved at 75 kg N ha! (which is 50% higher than the

recommended rate). According to Nin et al. (2016), single mineral fertilization or over -
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application accelerates the breakdown of SOM, resulting in deteriorated soil structure, decreased
soil aggregation, and nutrient loss through leaching, fixation, and emissions of greenhouse gases.
As a result, adopting a crop management strategy that has the ability to increase wheat NUE is
critical in order to decrease N loss through leaching.

As a result, a long-term SFM strategy should be built around crops that can recycle or
replenish nutrients through biomass or atmospheric N fixation. On this study, for example, no
significant influence on NU(E was observed when wheat was planted in plots previously
occupied by potato, regardless of the SFM techniques used. The value of NU(E, on the other
hand, increased when the maximum amount of inorganic fertilizer (75 kg N ha™!) was used.

When wheat was planted in untreated control (SFM1) plots with potato as a pre-crop, the
NUE value was lowered (by 26 and 32%, respectively) when compared to dolichos lablab and
green pea as pre-crops. Wheat treated with inorganic fertilizer (SFMS5) at 50 kg N ha'! in plots
previously inhabited by dolichos lablab and green pea improved NUE value by 14 and 12%,
respectively, in plots previously occupied by dolichos lablab and green pea. The ability of 7.
aestivum to use either the inherent or applied N was clearly increased when modest rates of
inorganic fertilizers were used with legumes as pre-crops. Because legumes can repair
atmospheric N> symbiotically, they only need a little amount of nitrogen fertilizer. With legumes
as pre-crops, an application of inorganic fertilizer more than 50 kg N ha™! decreased wheat's
ability to use applied or inherent soil N (reduced NUE). This was further explained by the fact
that most crops, particularly potato and other horticultural crops, deplete soil nutrients during
their growth cycle, and some of these nutrients are harvested and depart the farm. The findings of
this study contradict those of Rahimizadeh et al. (2010), who found that wheat cultivated after
potato had higher NUE, NU(E, and NU,E. The differences between the two experiments might
be due to the fact that they were done in different environments. It was also critical to notice that
growing wheat following potato in a tropical setting with heavy rainfall may necessitate higher
inorganic fertilizer rates on the preceding grain legume.

Aside from NUE and NUE, data on the influence of SFM methods on Nitrogen uptake
efficiency (NUpE) showed significant variations across the SFM treatments. Among the SFM
methods tested, applying FYM at a rate of 5 t ha'! resulted in a significantly higher NU,E value
than the untreated control. Organic sources of N, such as FYM (5 t ha'!) and green manure (L.

trichandra @2.5 tonnes ha™') raised NU,E values by 80 and 71%, respectively, whereas the
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lowest rate of inorganic source of N (25 kg N ha!) increased NU,E values by 75%. Omara et al.
(2019) found poorer N absorption efficiency from organic sources than those acquired from
inorganic N sources because the study utilized manure from beef animals (whose dung includes
0.57% N), but the current study used dairy cow manure (which contains 0.52% N). Green (2015)
explains this variance by stating that the nutritional value of animal manures is more varied since
it is impacted by the animal's diet. He also linked variances in animal dung to seasonal variations
on and across farms, regions, and even on a broader global scale. Furthermore, it was clear that
applying FYM resulted in greater NULE values than applying inorganic fertilizers at higher rates
(N rates > 25 kg N ha!). As a result, when compared to higher rates of inorganic N sources,
organic sources of N and the lowest inorganic source of 25 kg N ha'! were more efficient in
terms of NU,E. This was further confirmed by the fact that the value of NUE decreased when
the rate of inorganic N increased above 25gk N ha'!. As a result, “organic based fertilizers allow
the crop to recover more nitrogen than inorganic based fertilizers”. This is because, according to
the microbial N mining theory, N fertilizer reduces microbial mineralization of SOM, since
microorganisms increase SOM breakdown in quest of N to fulfill energy demands for growth
metabolism when soil inorganic N levels are low (Moorhead & Sinsabaugh, 2006). The
succeeding cereal crop's N absorption efficiency would be decreased as a result of this
procedure. As a result, increasing SOM inputs rather than decreasing SOM mineralization should
be the goal of any SOM-increasing strategy. One way to attain this aim is to switch from
synthetic nitrogen fertilizer to manure and legume sources of nitrogen. To summarize, the use of
direct inorganic N sources should be minimized in order to attain sustainable N uptake

efficiency, while the use of organic sources should be encouraged.

5.5 Effect of water harvesting on water use efficiency (WUE) of wheat

The use of water harvesting had little effect on WUE. Water harvesting is essential
throughout the growing season and in situations where rainfall is scarce, since it provides
strategic mitigation to crops by limiting water flow and allowing crops to improve WUE. Wiyo
et al. (2000) and Howell ef al. (2002) both explained this by stating that tie-ridges sustain higher
levels and delay soil water loss. As a result, tie ridges (WH2) are a superior water harvesting

strategy for increasing wheat WUE in dry seasons than flat (WH1) beds. This is consistent with
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the findings of numerous studies that show higher infiltration, rainfall usage efficiency, and soil

water content, as well as better crop production, as a result of tie ridging (Wiyo et al., 2000).

5.6  Effect of crop rotation on Water Use Efficiency (WUE) of wheat

Under rainfed conditions, water plays a critical role in agricultural development.
Continuing population expansion, as well as the expected effects of climate change, such as
precipitation fluctuations, exacerbate the water problem (Singh et al., 2014). As a result, the
judicious use of water for enhanced agricultural output necessitates effective water use, and
therefore WUE. A variety of factors influence WUE, including meteorological circumstances,
edaphic factors, plant type, and agronomic methods (Singh et al., 2014). There are a variety of
strategies for increasing WUE in a rain-fed ecosystem, but they are all dependent on the
environment. In this study, four crop rotation systems were tested in a three-year cycle: wheat —
dolichos — wheat, wheat — green pea — wheat, wheat — potato — wheat, and continuous wheat. In
comparison to potato and continuous wheat, the effect of dolichos lablab as a pre-crop on WUE
increased by 53% and 3%, respectively. Dolichos lablab's enhanced WUE value might be due to
“its large root system and strong tap root, which have the potential to improve soil physical
condition by breaking up hardpans and tapping moisture and nutrients from deep within the soil,
therefore increasing soil moisture availability” (Valenzuela & Smith, 2002). During the fallow
season, this helped to boost water and nutrients in the top soil, allowing the succeeding wheat
crop to have more moisture accessible for use. These findings corroborate those of Thorup-
Kristensen & Kirkegaard (2016), who found that previous crops and management had a
substantial impact on water and nitrogen availability, particularly in soil layers deeper than one
metre. The wheat WUE value found in this study is lower than that found by Zhang et al. (2016),
who found that leguminous green manure (LGM) increased wheat WUE by 28% when compared
to fallow management. It is possible that the variation in WUE value observed is due to the
various legume species utilized in the prior and current studies. However, there were no
significant variations in WUE value between green pea and wheat as pre-crops in this study.

When wheat was cultivated without fertilizer after dolichos lablab or potato, WUE values
were higher than when green pea and wheat were used as pre-crops. However, wheat grown with
FYM at 5 tonnes ha™! on plots formerly occupied by green pea had a much higher WUE value

than dolichos lablab or potato. These findings highlighted the relevance of green pea and organic
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fertilizer sources in improving wheat WUE. The increase in WUE observed when wheat was
planted with organic fertilizer in a plot formerly occupied by legumes might be due to Dolichos
lablab's complex tap root system, which could have absorbed moisture from the lower zones of
the soil profile during fallow. This contributed to the accumulation of soil moisture during the
fallow period, which may have improved the WUE of the succeeding wheat crop. This was in
line with the findings of Zhang et al. (2016), who found that, despite roots accounting for just 10
- 20% of total plant weight, a well-developed root system is critical for nutrient and water
absorption, as well as crop development and production. Furthermore, “improved root water and
nutrient absorption capacity leads to increased production and water and nitrogen usage
efficiency” (Feddes & Raats, 2004; Palta et al, 2007). As a result, the moisture absorbed by
dolichos lablab due to its large tap roots may have been kept by FYM, which increased the water
holding capacity of soil under this wheat production system for the benefit of the subsequent
wheat crop. The lowest WUE value reported following potato with green manure as SFM
treatment might be due to the delayed release of nutrients from green manure, which may offer a
chance to improve nutrient uptake, resulting in a higher NU,E. The low WUE value might be
due to the slow release of nitrogen and the buildup of biomass in the short term. In contrast,
higher WUE owing to the highest rate of inorganic fertilizer (75 kg N ha'') may be attributed to
an increase in above ground biomass due to the high rate of inorganic N. This is in agreement
with Subhan et al. (2017), who found improved total dry matter, grain, and straw yields, as well
as increased WUE due to the higher grain yield. When compared to potato as a pre-crop, wheat
followed by dolichos lablab and green pea with the maximum rate of N (75 kg N ha™!) resulted in
an enhanced value of WUE (by 57 and 53%, respectively). As a result, increasing rates of
inorganic fertilizer can improve wheat's capacity to use soil moisture more efficiently.

Wheat planted in tie ridged plots had a much greater influence on the WUE value than
wheat planted in flat bed plots with dolichos lablab as a pre-crop. The effect of growing wheat on
tie ridged plots following dolichos had a significant (15%) rise in WUE value. The increase in
WUE due to tie ridging could be attributed to high rainfall during the previous season, which
might have aided early growth for rapid ground cover and improved tolerance to high
temperatures, thereby increasing WUE through reduced evaporation while increasing
evapotranspiration for the benefit of the following wheat crop. This is consistent with Hatfield

and Dold's (2019) discovery that increasing the amount of water lost in transpiration by
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employing genotypes with fast leaf development, denser planting, or fertilizers can enhance
WUE through increasing ground cover. The benefits of tie ridges were more evident with a
legume as a pre-crop, according to the findings of this study. This can be explained by the fact
that legumes conserved moisture in the previous season as a result of biomass left on the plots'
surface or absorbed into the soil. The presence of biomass from the previous legumes can also
reduce soil temperature, lowering evaporation and boosting evapotranspiration, resulting in
improved WUE.

When wheat was planted without fertilizer on plots that had previously been occupied by
either green pea or wheat, the findings of the interaction effects of CR and SFM indicated
considerably lower values of WUE. However, compared to where green pea and wheat were the
pre-crops, growing wheat without fertilizer after dolichos lablab or potato dramatically enhanced
WUE value. The lower WUE valuef achieved when wheat was not fertilized and was followed
by green pea or wheat might be explained by the fact that the importance of legumes as pre-crops
on the succeeding wheat crop is legume species specific and requires some type of starting soil
amendment. While planting wheat after wheat with 5 tonnes ha! FYM resulted in a significantly
better WUE value than planting wheat with the same quantity of FYM but before green pea or
dolichos lablab as well as potato. Green manure (L. trichandra) was utilized as a SFM strategy in
plots previously occupied by Dolichos lablab, and it resulted in a substantially higher WUE than
green manure used in plots previously occupied by wheat or green pea. Wheat planted after
potato with green manure, gave the lowest WUE value. When the maximum amount of inorganic
fertilizer (75 kg N ha™!) was utilized on plots previously occupied by dolichos lablab, green pea,
and wheat compared to potato as the preceding crop, the value of WUE rose. In comparison to
potato as a pre-crop, wheat preceded by dolichos lablab (Sitienei et al., 2017) and wheat with the
maximum rate of N (75 kg N ha!) resulted in a higher WUE value. As a result, a higher rate of
inorganic fertilizer is required to accelerate wheat's capacity to better utilize soil moisture. This is
in agreement with numerous authors who found that when N application rates are higher than the
optimum required by crops, the WUE may increase, but the danger of Nitrate-N leaching and the
quantity accumulating below the root zone may also increase (Ullah ez al., 2019).

When wheat was planted in tie ridged (WH2) in plots previously occupied by dolichos
lablab, the cumulative impact of interaction between CR and WH showed substantially greater

WUE than when wheat was cultivated in a flatbed (WH1) in plots previously occupied by
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dolichos lablab. The benefits of tie ridges were more evident with a legume (Dolichos lablab) as
a pre-crop, according to the findings of this study and as confirmed the results reported by
Stagnari et al. (2017). This can be explained by the fact that legumes conserved moisture in the
previous season as a result of biomass left on the plots' surface or absorbed into the soil. “The
presence of biomass from the previous legumes can also reduce soil temperature, lowering
evaporation and boosting evapotranspiration, resulting in improved water use efficiency
(WUE)”.

To recapitulate, cultivating the grain legume crop is a better alternative than potato and
continuous wheat in Njoro Sub-county for improving the productivity and WUE of the

subsequent wheat crop while also maintaining the soil water balance in rainy years.

5.7 Effect of soil fertility management on water use efficiency (WUE) of wheat

Soil fertility management (SFM) has a significant impact on wheat WUE, regardless of
whether the source is inorganic or organic. These findings backed up the idea that improving soil
fertility is important for crops or plants to make optimal use of water. This is consistent with the
findings of Subhan et al. (2017), who found that applying either inorganic or organic fertilizer
types enhanced WUE. Inorganic sources of SFM strategies, on the other hand, have a higher
effect than organic sources. The same author also reported that the inorganic fertilizer had a
substantially higher WUE than the NPK fertilizer because of the increased grain yield. With the
maximum rate of inorganic N fertilizer (75 kg N ha™!), the highest WUE value was reached,
although green manure application also produced a high WUE value. Although inorganic N
sources provided higher WUE than organic sources, organic N sources had a competitive
advantage in terms of wheat yield sustainability.

When compared to applying inorganic fertilizers separately, manure improves soil
nutrient balance, soil structure, and moisture-holding capacity, as well as facilitating
environmental protection (Conacher & Conacher, 1998; Geng et al, 2019). Organic fertilizer
application is an effective way to sustain crop yields and SOC stocks (Manna et al., 2007). Soils
in Njoro Sub-County are generally low in organic matter (less than 4%), and adding organic
matter and other organic sources to the soils might help them last longer. Although inorganic
fertilizer appears to be a highly rapid and effective remedy, the energy cost is quite expensive,

and there are numerous environmental problems. Because organic N sources have the ability to
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maintain soil fertility for increased wheat yields, small-scale wheat producers in Njoro Sub-

County can readily adapt to their use.

5.8  Effect of water harvesting on wheat yield and biomass

Water harvesting (WH) had no significant effect on wheat production or biomass. The
seasonal rainfall was sufficient to meet the wheat crop's yearly water demand of 600 mm
(Doorenbos et al., 1992). These findings corroborate those of Wiyo et al. (2000), who advocated
that rainfall of more than 900 mm (normal and wet years) would be adequate to fulfill crop water
requirements (CWR) without tie-riding, obviating the need for them. To summarize, rainfall
patterns in Njoro Sub-County have become more unpredictable than ever before, necessitating
certain agronomic management system adjustments to mitigate the current rainfall patterns
(MoALF, 2016). In order to sustain wheat production in this region, various water collection
techniques, such as tie ridges, must be used, especially when wheat is sown during the second
season (September — November). Otherwise, flatt beds should be utilized instead of tie ridges

during years with regular rainfall (over 500 mm).

5.9 Effect of crop rotation (Pre-crop) on wheat yield and biomass

Crop rotations (CR) and their impact on N usage efficiency have resurfaced as a result of
the shift toward sustainable agriculture. This study was undertaken to assess the advantages of
crop rotation (pre-crop) on wheat grain production in an attempt to respond appropriately to the
shift toward sustainable crop productivity. Crop rotation (CR) had a substantial impact on wheat
yields, according to the findings. In the short crop rotation (CR) cycle, wheat was preceded by
dolichos lablab and green pea, yielding much more than potato and continuous wheat. Dolichos
lablab and green pea as pre-crops improved wheat production by 92 and 73%, respectively, as
compared to potato. Dolichos lablab contributed more to the grain legumes than green pea as a
pre-crop, according to the results. While the improvement in wheat grain production owing to the
two legumes (dolichos lablab and green pea) as pre-crops outperformed those achieved with
wheat and potato. Evans et al. (2003) found that grain legumes, green pea, and vetch (V. sativa)
silage crops improved wheat production by 3.5 — 4 tonnes ha! when compared to continuous
wheat yield. The observed advantage of legumes as pre-crops might be attributed to legumes'

contribution of N fixation and increased soil organic matter, which could have retained the fixed
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N and therefore reduced the risk of leaching. Through symbiotic relationships, legumes fix
atmospheric nitrogen, delivering 50% of the nitrogen utilized in agriculture production systems
(Graham & Vance, 2003). This is in addition to the residual nitrogen left in the soil for
subsequent non-legume crops (Dhakal et al., 2016 Peoples et al., 2009). This demonstrates the
enormous potential of legume crops as soil restorers, stabilizers, and yield enhancers. Berg
(1997), for example, noted that wheat yields were much greater after alfalfa and milk vetch than
grass. The involvement of both nitrate sparing by legume species and mineralization of N-rich
wastes explains this improvement (Evans et al., 1991).

The impact of CR (Pre-crop) on biomass was also investigated. As a consequence of the
findings of this study, crop rotation had a substantial impact on biomass in addition to wheat
production (CR). Wheat biomass was higher when it was preceded by dolichos lablab, green pea,
or even continuous wheat than when it was preceded by potato. Dolichos lablab and green pea,
among the legume pre-crops, produced significantly more biomass than when potato was the
predecessor crop. In comparison to potato as a pre-crop, the increase in biomass value after
either dolichos or green pea was around 90%. The fact that grain legumes are good pre-crops for
cereals may explain the role of legumes as a preceding crop to cereals in the buildup of biomass.
However, the capacity of legumes to fix atmospheric nitrogen varies by species. These findings
correspond with those of Kaul (2004), who found that high nitrogen residues left by legumes
after harvest as residual soil mineral N (SMN) as well as in organic crop residues contributed
significantly to the crop density (biomass) of succeeding crops. Adeleke & Haruna (2012)
explained the findings of this study by observing higher Cation Exchange Capacity (CEC) on
plots previously cropped to legumes compared to plots previously occupied by maize and fallow
plots, and attributed the observation to leaf litter droppings, which acted as mulch and later
decomposed to add nutrients to the soil.

Furthermore, using legumes as a pre-crop for cereals (wheat) has a significant impact on
grain output and biomass buildup. It's also worth noting that the two legumes tested in this study
had varied capacities when it came to increasing wheat production and above-ground biomass.
Although dolichos lablab produced greater grain yield and biomass than green pea, its poor
performance in high rainfall locations allows the latter to be suggested as a wheat pre-crop.
Green pea should be sown during the short-wet season for optimum advantage as a pre-crop,

with wheat following in the long rainy season.
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5.10 Effect of the soil fertility management (SFM) on yield and biomass of wheat

Soil fertility management (SFM) had a substantial impact on wheat production, and it
was clear that wheat planted without fertilizer (the untreated control) yielded much less grain
than the treated plots. The use of inorganic N sources resulted in higher grain yields when
compared to organic fertilizers. For example, compared to FYM at 5 tonnes ha! and green
manure (L. trichandra) at 2.5 tonnes ha!, the maximum rate of N (75 kg N ha!) improved
production by 38 and 22%, respectively. In comparison to organic sources, the application of
inorganic fertilizer at the maximum rate (75 kg N ha™!) resulted in the highest wheat production.
This might be due to the fact that the organic material mineralized too quickly for the nutrients to
become accessible in time for wheat production to rise during a three-season timeframe. Instead,
the use of a high inorganic N fertilizer resulted in better wheat yields. This is consistent with
Mabhal et al. (2019), who found that increased N availability from high N fertilizer inputs and
associated legume biomass raised total soil N to the point where it no longer hindered microbial
activity.

When it came to wheat biomass, there was no discernible difference in the usage of
inorganic and organic fertilizers. Green manure (L. trichandra) applied at 2.5 tonnes ha! (27.75
kg N ha'! equivalent) increased biomass by 42%. Furthermore, compared to the untreated
control, the application of green manure at 2.5 tonnes ha™! of SFM boosted biomass by around
13%. These findings are consistent with those of Agegnehu et al. (2014), who found that
inorganic and organic nutrients, either alone or in combination, had a substantial impact on
wheat grain production and total biomass. Other research have found that green manure increases
wheat grain production, owing to improved soil characteristics and substantial N recoveries from
the green manure (N'Dayegamiye & Tran, 2001). Green manure has also been linked to higher
cereal grain yields. Treatments with solitary application of Tithonia, Calliandra, and Leucaena,
for example, reported greater maize yields than the inorganic fertilizer treatment (Mugwe et al.,
2007). As a consequence of the findings of this study, it is clear that soil fertility techniques are
required, but that organic sources of N fertilizer are more successful in increasing grain

production and biomass.
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5.11 Interaction effect of crop rotation (CR) and soil fertility management (SFM) on

nitrogen use efficiency (NUE) and nitrogen uptake efficiency (NUpE) of wheat

Crop rotation (CR) and soil fertility management (SFM) in combination have a
substantial impact on NUE. The highest value of NUE was obtained when wheat was fertilized
with FYM at 5 t ha'! on plots that had previously been occupied by green pea in the previous
season (87.5%), while the lowest value of NUE was reported when FYM and potato as a pre-
crop were used. Because legumes are capable of fixing atmospheric nitrogen while also releasing
high-quality organic matter in the soil to improve soil nutrient circulation and water retention,
FYM and green pea as a pre-crop have a higher value (Stagnari et al., 2017).

While the FYM applied after the green pea crop in the rotation may have released some
N into the soil, it is possible that some of it was kept for the benefit of the following crop.
According to a previous research by Muhammad et al. (2017), FYM supplied a considerable
quantity of nitrogen to the soil (range from 51 to 53 kg N ha'). When wheat was planted with
FYM on plots previously inhabited by green pea, the NUE value was substantially greater than
when wheat was planted with FYM on plots previously occupied by dolichos lablab. Other
researchers have shown that legumes are important for long-term wheat production, although the
extent of their impact on NUE varies by species (Muthuri, 2013). The relevance of legumes in
crop rotation confirms this reality, as the challenge in rain-fed areas is to enhance wheat
profitability by lowering production costs and developing more sustainable production
techniques. Previous research has shown that including legumes into crop rotations has the
potential to enhance available N for cereals at a reasonable cost (Espinoza et al., 2012). While
the presence of legumes in a cropping sequence has been linked to a variety of advantages,
including improved soil quality, porosity, and structure (McCallum ef al., 2004). To explain the
advantages of incorporating legumes in the short rotation, Kirkegaard et al. (2008) and Osborne
et al. (2010) demonstrated that legumes in the rotation impact certain microorganism populations
in the rhizosphere for the benefit of following crops. As a result of the findings of this study, it is
possible to increase 7. aestivum production by employing a short-term legume—cereal rotation
system.

Inorganic fertilizers applied to plots formerly inhabited by different crops (dolichos
lablab, green pea, potato, and wheat) showed an interaction impact on NUE. On plots formerly

occupied by green pea, for example, the second greatest mean value of NUE was obtained with
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the lowest rate (25 kg N ha!) of inorganic fertilizer. Previous research has indicated that post-
legume cereal yields are typically 40-80% higher than cereal yields without N fertilizer, resulting
in an extra 450-1000 kg of grain per hectare across a variety of settings (Hayat & Ali, 2010;
Seymour et al., 2012). The claimed yield benefit is due to the fact that legumes in crop rotation
are a low-cost means of boosting available N supply for cereals (Espinoza et al., 2012). In
addition, including legumes in a cropping sequence can improve soil quality, porosity, and
structure (Rochester et al., 2001) as well as influence specific microorganism populations in the
rhizosphere (Kirkegaard et al., 2008; Osborne et al., 2010) for the benefit of subsequent crops.

Nitrogen uptake efficiency (NU,E) was strongly affected by the interaction of CR and
different SFM methods. When FYM was used as an amendment on plots previously occupied by
dolichos lablab and green pea, NU,E levels were greater than when potato and wheat were used
as pre-crops. Similarly, when the lowest rate of inorganic fertilizer source (25 kg N ha!) was
administered to plots previously inhabited by green pea than dolichos lablab, potato, and wheat,
a greater value of NULE was detected. These findings demonstrated the relevance of legumes as
pre-crops, since their inclusion in crop rotation systems improved the succeeding wheat crop's
ability to absorb more N when compared to higher inorganic N rates. Stagnari et al. (2017)
revealed in a review paper that legumes release high-quality organic matter in the soil and
improve soil nutrients circulation and water retention as a result of their ability to fix
atmospheric nitrogen. It is also clear from the results that utilizing FYM as a soil amendment on
plots that had previously been inhabited by green as well as dolichos lablab as pre-crops
improved the benefit of legumes on NU,E in the rotation system more than using potato and
wheat as pre-crops. Farmyard manure (FYM) is a beneficial organic fertilizer for sustaining soil
fertility in alternative agricultural systems.

The relevance of FYM in helping to improve N availability might be linked to its
involvement in increasing the availability of phosphorous, which is a key component in
atmospheric N fixation. This is also corroborated by Jarvan et al. (2017), who observed
enhanced phosphorous availability as a result of FYM application. In the humid tropics, the
practice of utilizing legumes in rotation with wheat for increased Soil-N delivery and insect,
disease, and weed-break impacts should be encouraged (Danga et al., 2009). Therefore, the use

of legumes in wheat-based cropping is a realistic option for resource-poor small and medium-
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scale farmers in Africa, notably in the Njoro sub-county where this study was performed, to

reduce inorganic fertilizer usage.

5.12 Interaction effect of crop rotation (CR) and water harvesting (WH) on water use
efficiency (WUE)

Water use efficiency (WUE) is one among the important parameters within the current
times of unreliable rainfall within the former high rainfall areas of Kenya. “Planting wheat on tie
ridged (WH2) plots that were previously occupied by dolichos gave significantly higher WUE
than when planting was done on flat beds (WH1)”. However, planting after garden pea didn't
influence WUE regardless of the water management strategy (either flatbed = WHI1 or tie ridges
= WH2). This reveals that although legumes are important components in crop rotation systems,
their contribution towards WUE might be variable supported by the species. During this study,
the results demonstrated that growing wheat after dolichos on tie ridged plots gave higher WUE
value than when garden pea was used as a pre-crop. The superior trait observed on the power of
hyacinth bean with reference to the WUE of garden pea in tie ridged plots might be due to its
extensive root systems.

Similar trend was observed on the value of WUE when green pea was grown after potato.
However, under continuous wheat a significantly higher value of WUE was observed on flatbeds
than tie ridges. The advantage of increased WUE when wheat was planted on tie ridged plots
after hyacinth bean might be attributed to the very fact that a neighborhood from fixing
atmospheric N and releasing within the soil high-quality organic matter may need enhanced soil
nutrients’ circulation and water retention. The top quality soil organic matter released to the soil
by legumes (in this case dolichos lablab) as pre-crops have the potential to carry soil moisture for
the advantage of subsequent crops in terms of enhanced soil moisture. These observations are in
agreement with Stagnari et al. (2017), who reported that legumes have the potential to repair the
atmospheric nitrogen, release within the soil high-quality organic matter and while at an
equivalent time facilitate soil nutrients’ circulation and water retention in cropping systems.

The results obtained during this study, generally revealed that the advantage of tie ridges
was more pronounced with a legume as a pre-crop. This will therefore be attributed to the very
fact that legumes within the previous season would have conserved moisture due to the biomass

left on the surface of the plots or incorporated into the soil. The presence of biomass from the
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preceding legumes also can lower the soil temperature hence reducing evaporation and instead
increasing evapo-transpiration thereby enhancing water use efficiency (WUE).

In the current global climate change scenario, “the simplest performing system under
legumes as pre-crops and water harvesting strategies that help to retain moisture for relatively
longer period could also be the simplest practice”. This is able to have a comparative advantage
because by retaining moisture for a protracted period would enhance the power of wheat to
become more efficient in utilizing moisture. This was confirmed by the results of this study and
would therefore form the idea of formulating the advice for the management of N to reinforce its

uptake efficiency subsequently leading to NUE.

5.13 Interaction effect of crop rotation (CR) and soil fertility management (SFM) on
water use efficiency (WUE)

Significantly higher WUE were observed when wheat was planted without soil fertility
amendment (untreated control) on plots that were previously occupied by either dolichos lablab
or potato than when the plots had been under green pea or continuous wheat. The contribution of
legumes especially dolichos lablab on WUE might be because of its elaborate tap root that would
have increased the capacity to access moisture from lower depth within the profile hence
enhancing faster above-ground cover hence reducing evaporation.

Previous studies have reported that in environments with sufficient rainfall before the
season, root depth represents the key trait for the exploration of stored water, especially in fine
soils (Tron et al., 2015). The accumulated biomass may need also helped to create increased
stock of soil organic matter that would have successively held moisture for the advantage of the
next crop of wheat. The moisture embedded within the soil organic matter released slowly to be
used by the next crops would enhance WUE. The importance of soil organic matter as a key
component within the soil moisture accumulation has been emphasized by several workers. for
instance , SOM decline can reduce soil water retention (SWR) (Johnson et al., 2009,
Kibblewhite et al., 2008) by up to 10% for a difference in SOM content from 7 to 3% (Gregory
et al., 2015).

The results showing increased WUE value when wheat was grown without fertilizer
following hyacinth bean or potato as pre-crops offers a chance to mitigate against the

consequences of variable weather patterns currently occurring in Njoro Sub-county. This
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advantage of dolichos lablab and potato as pre-crops might be due to the biomass attained by the
preceding crops which may have reduced evaporation and instead enhanced evapo-transpiration
hence WUE. Similar trend was observed when wheat was preceded by either dolichos lablab or
garden pea and treated with highest rate of inorganic fertilizer (75 kg N ha™). The benefit
accruing from this might even be attributed to the residual clay moisture thanks to the preceding
legumes dolichos lablab or green pea) and extra moisture conserved because application of high
N rate that helped to market early crop cover hence prompting increase of WUE.

Planting wheat after wheat with FYM at 5 tonnes ha™! resulted during a significantly
higher WUE value than within the situation where wheat was planted with same amount of FYM
but preceded by garden pea and hyacinth bean also as potato. Manure as a SFM strategy and
dolichos lablab as a pre-crop resulted during a significantly higher WUE than manure and wheat
or green pea. However, lowest value of WUE was observed when wheat was grown after potato
with manure. This therefore demonstrates the importance of organic sources of soil fertility
amendments with legumes as pre-crops in enhancing WUE. During this study, the contribution
of organic sources of fertility (FYM and green manure) and green pea and hyacinth bean as pre-
crops are observed on WUE. The many contribution observed might be due to the biomass
derived from the legumes and cemented further by organic fertilizers resulting from either FYM
or manure. The biomass may have also contributed to the increased pool of SOC that would have
also held moisture for an extended time making it available to the next crop and enhancing its
WUE.

The highest rate of inorganic fertilizer (75 kg N ha™') and dolichos lablab as a pre-crop
increased the worth of WUE, and therefore the same trend was also observed with green pea and
wheat as pre-crops compared to when potato was the preceding crop. Similarly, wheat preceded
by dolichos lablab and green pea with the very best rate of N (75 kg N ha™!) resulted during a
higher value of than potato as pre-crop. These results demonstrate the importance of inorganic
source of N in increasing the power of legumes to reinforce the power of the next crop to utilize
soil moisture more efficiently. This will be attributed to the very fact that the inorganic N is
quickly available thus promotes the faster growth of the above ground biomass hence
contributing to the buildup of SOM. The increased SOM could have helped to carry soil moisture
for relatively longer time allowing the next crop (wheat) to efficiently utilize it. Whereas soil

water storage within the profile during the fallow period has been a crucial consideration in land
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agriculture where water is usually limiting crop yields, the growing of a short-term legume in
rotation with cereal during a humid climate, and its depletion of fallow water doesn't adversely
affect yield of following cereal crop mainly due to adequate rainfall during the most season for
wheat (Danga eft. al., 2009). This scenario is vital to notice because within the humid
environment the growing of legumes as pre-crops with increased inorganic N would contribute
towards increased moisture for the next crops due to enhanced above ground biomass and
increased SOC thereafter. These results accept as true with Stagnari et al. (2017), who from a
review reported that legumes, among other benefits, increase soil organic matter while
facilitating soil nutrients’ circulation and water retention. These attributes are extremely
important within the consideration for designing sustainable soil and water management

strategies with a view to enhancing nutrients and water use efficiency.

5.14 Interaction effect of water harvesting (WH) and soil fertility management (SFM) on

water use efficiency (WUE)

In general, a relationship between WH and SFM had a substantial influence on WUE.
The WUE value of wheat planted without fertilizer on tie ridged (WH2) plots was substantially
greater than that of flatbeds (WHI1). These results might be explained by the fact that the tie
ridged plots were able to hold rainwater and so increase infiltration. This also allowed crops on
tie ridges to have access to additional soil moisture, allowing for higher WUE. These findings
are consistent with those of Behera & Sharma (2014), who found that planting wheat on furrow —
irrigated raised-bed and broad-bed and furrow (BBF) — gave higher WUE than planting wheat on
flatbed (FB). However, planting on flatbeds with FYM at 5 tonnes ha' as a soil fertility
management approach resulted in a greater WUE than under tie ridged plots. This highlighted
the relevance of soil fertility management techniques, particularly organic sources (e.g. FYM), in
assisting soils in holding and conserving rainwater trapped by tie ridges. These findings are
consistent with previous research by Singh et al. (2015), who found that adding manure and
maintaining crop residues, among other practices, improved soil structure, increasing water
infiltration into the rooting zone of crops and reducing evaporation losses, resulting in increased
rain-fed crop productivity. As a result, considering the use of FYM on plots with water collection

for enhanced water usage efficiency and long-term crop yield is critical.
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When green manure (SFM3) at 2.5 tonnes ha™! (equal to roughly 25 kg N ha™') was used
to fertilize wheat on tie ridged (WH?2) plots, greater WUE was achieved than when flatbeds were
utilized. When the crop was planted on flatbeds rather than tie ridged plots, the value of WUE
was greater at the lowest rate of inorganic N (25 kg N ha™!). Despite this, the value of WUE rose
as the amount of inorganic N applied increased, peaking at the maximum rate (75 kg N ha!) of
inorganic N application. These findings show that, while tie ridges are crucial for boosting soil
moisture storage and therefore raising WUE, the advantages of external N addition from organic
or inorganic sources can be amplified. This might be because applying N to crops causes them to
grow quicker, increasing above-ground biomass and lowering direct evaporation while boosting
WUE. These findings are consistent with those of Subhan et al. (2017), who found considerably
increased total dry matter, grain, and straw yields as a result of inorganic fertilizer treatment, as
well as higher grain yield and WUE. Furthermore, they discovered that plots treated with mineral
and organic fertilizers had greater WUE in terms of grain production. Other researchers have
confirmed these findings, reporting varied advantages of inorganic and organic N sources on
WUE. For example, Subhan ef al. (2017) found that using N fertilizer enhanced the efficiency of
water use by wheat, but Yassen et al. (2006) found that bovine dung had a more noticeable effect
on increasing the WUE of grain crops when compared to composted sunflower waste. As a
result, WUE is improved when wheat is planted on tie ridged plots that are treated with either an
inorganic or organic source of nitrogen. Finally, given the current state of climate change,

organic N sources in plots with water-harvesting features like tie ridges would be preferable.

5.15 Interaction effect of crop rotation (CR) and soil fertility management (SFM) on

yield

Regardless of the previous crop, this study found clear evidence that a high rate of
inorganic N source resulted in considerably better production. The higher production due to
legumes as pre-crops and the application of the greatest rate of inorganic N fertilizer might be
ascribed to the fact that the high rate of inorganic N increased the biomass of the pre-crop,
resulting in increased yield of the following wheat crop. Integrated Soil Fertility Management
(ISFM) alternatives have been proposed by several studies for increasing soil fertility and
agronomic effectiveness of applied inputs (Sanginga & Woomer, 2009; Vanlauwe et al., 2010).

Furthermore, for the most efficient use of organic and inorganic resources and crop yield, ISFM
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techniques including both organic and inorganic resources in an integrated way are critical
(Verde et al., 2013). To summarize, legumes, particularly dolichos, should be used as a pre-crop
with an enhanced rate of inorganic N in short-term rotations to boost grain production and

above-ground biomass buildup.

5.16 Interaction effect of water harvesting (WH) and soil fertility management (SFM) on

yield

Due to an interaction between water harvesting (WH) and soil fertility management, a
substantial interaction impact on wheat production was discovered (SFM). The impact of soil
fertility management method and water management on yield was considerably (p < 0.05) larger
in the tie ridge under unfertilized control (SFM1) than in normal ridges, according to the current
study. Wheat fertilized with FYM at 5 tonnes ha! (SFM2) on tie ridged plots (WH2) yielded
substantially (p < 0.05) less than the mean and the other SFM methods, with the exception of the
unfertilized control (SFM1). However, the highest grain production was reported when wheat
was cultivated with 75 kg N ha'! inorganic nitrogen fertilizer (SFM6). These findings show that
regardless of the N source, the impact of N to boosting grain production is significant. It's also
worth noting that, independent of water collection technique, the greatest rate of N (SFM6; 75 kg
ha!) resulted in considerably higher yields than the other soil fertility management options (in
either flat bed or tie ridges).

However, the highest grain production was reported when wheat was cultivated with 75
kg N ha'! inorganic nitrogen fertilizer (SFM6). These findings show that regardless of the N
source, the impact of N to boosting grain production is significant. It's also worth noting that,
independent of water collection technique, the greatest rate of N (SFM6; 75 kg ha™!) resulted in
considerably higher yields than the other soil fertility management options (in either flat bed or
tie ridges). Several employees in arid regions of the world have reported the advantages of tie
ridges. Tie ridges, for example, have been shown to increase crop yields when used as an in-situ
soil and water conservation strategy (Temesgen et al., 2012). While tie ridging is known to assist
reduce runoff by holding rain water on the soil and allowing it to penetrate, it is also important in
decreasing runoff (Zeyege et al, 2015). Thus, tie ridging may be used in Nakuru County,

particularly if wheat must be cultivated during the low and unpredictable second rains.
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5.17 Interaction effect of crop rotation (CR) and water harvesting (WH) on yield

Wheat yielded more than other pre-crops when planted on tie ridged (WH2) plots that
had previously been occupied by legumes (dolichos lablab and wheat). Wheat planted on tie
ridged (WH2) plots that had previously been occupied by potato and yielded the lowest grain
yield. Under the flatbed method, wheat grain production improved by around 16 percent when it
was preceded by dolichos lablab and grown under tie ridge. This demonstrates that combining
legumes as pre-crops with a tie ridge results in high wheat grain production. Other workers have
mentioned the benefit of ridging. In Pakistan, for example, Hussain et al. (2018) observed a 23%
increase in wheat output owing to ridge planting. This might be explained by the fact that the
biomass produced by legumes may have conserved moisture for the benefit of succeeding crops.

Several researchers have cited the advantages of incorporating legumes in crop rotations.
Legumes-based systems increase numerous elements of soil fertility, including SOC and humus
content, as well as N and P availability (Jensen et al., 2012). The yield attained in continuous
wheat and flatbed plots, on the other hand, was higher than in tie ridged plots. The yield attained
in continuous wheat and flatbed plots, on the other hand, was higher than in tie ridged plots.
Because of the difficulties that rain-fed agriculture faces across the world, the findings of this
study are extremely important.

The globe is currently experiencing a water crisis, with little room for large-scale
irrigation growth. As a result, better water management in rain-fed agriculture is required not just
to secure the water required for food production (Molden et al., 2007), but also to create
resilience to future water-related risks and uncertainties (Rockstrom et al., 2010). However,
because some experts expect a further reduction in rainfall and amplification of severe events
(IPCC, 2007), it is critical to embrace integrated water harvesting (tie ridging) and crop rotation

incorporating short-term legumes in regions like Njoro Sub-County to boost wheat output.
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CHAPTER SIX
CONCLUSIONS, RECOMMENDATIONS AND NEW KNOWLEDGE

6.1 Conclusions

Crop rotation (CR), water harvesting (WH) techniques, and soil fertility management
(SFM) were studied individually and in combination to assess their impacts on nitrogen use
efficiency (NUE), water use efficiency (WUE), and wheat performance. The study's objectives
were satisfied as a consequence of the findings, and the following conclusions were reached:
Objective 1: To determine the effect of crop rotation (CR) on nitrogen use and water use

efficiency of wheat.

1) The most important factors in boosting NUE and WUE were legume pre-crops,

especially when combined with SFM.

Objective 2: To determine the effect of soil fertility management (SFM) strategies on
nitrogen and water use efficiency of wheat
1) Wheat NUE was favourably impacted by soil fertility management (SFM), particularly
organic sources, but the effect was amplified when CR was added.
i1) Wheat NUE increased when the rate of inorganic fertilizer was reduced with legumes as
pre-crops.

i) Wheat on flat beds with an organic fertilizer source (FYM) had a higher WUE.

Objective 3: To determine the effect of water harvesting strategies on nitrogen and water
use efficiency of wheat.\
1) Except when combined with SFM and CR, the water harvesting (WH) approach had no
impact on NUE and its related characteristics (NU{E and NUE).
i1) On flatbeds, the application of organic fertilizer sources, particularly FYM, boosted WUE
(WHI).

Objective 4: To determine the effect of rotation on the overall productivity of wheat.
1) In the context of appropriate soil and water management, crop rotation (CR) is a

significant element in wheat production.
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6.2

In a wheat cropping system, legumes as a pre-crop have the potential to improve wheat

grain production and biomass.

Recomendations

Based on the conclusions discussed according to the objectives some of the

recommendations are as follows:

Recommendation for further research:

)

ii)

iii)

An examination of a broader range of grain legume species to assess their influence on
wheat NUE and WUE.

To determine the land equivalent ratios (LERs) and conduct a cost-benefit analysis of
several legume species in Njoro wheat-legume cropping systems.

Examine the wheat-legume farming system under pure organic conditions.

Recommendation for the farmers:

)

vi)

Wheat should be planted with FYM at 5 tonnes ha! in plots previously occupied by green
pea to maximize NUE in short term rotation systems.

To enhance wheat production, grain legumes should be planted before wheat in short
legume — cereal rotation systems.

As a short and long-term fertilization plan, a low dose (25 kg N ha!) of inorganic source
in conjunction with legumes is advised to enhance NUE value of wheat and sustainable
resource usage.

During the main season with heavy rainfall, FYM at 5 tonnes ha™! on flat beds is adequate
to optimize WUE of wheat.

Wheat should be sown after green pea to increase grain production and above-ground
biomass buildup.

To optimize the benefits of green pea as a pre-crop, it should be planted during the short

rainy season, with wheat following in the long wet season.
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6.3

New knowledge contributed by the study

It was learnt from this study that wheat in Njoro Sub-County should be planted on flat
beds and planting wheat on tied ridges is not appropriate for Njoro especially during the
main season when rainfall is high.

Use of wheat — legume — wheat crop rotation will allow reduced use of inorganic
fertilizers to as low as 25 kg N ha™! or organic sources (green manure at 25 tonnes ha™! or
FYM at 5 tonnes ha!) and retaining the same yield levels. This will benefit wheat farmers

interested in organic farming.
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APPENDICES

Appendix I: Mean squares showing the effects of factors and their interactions on soil N,
soil organic carbon (SOC), soil moisture, soil temperature and total water use

(TWU)

Source of variation Df  Soil organic Soil N Soil Soil Total water
carbon Temperature moisture use

Rep 2 9.0713 0.08467 296.876 7165 0.7198
Water harvesting 1 2.7333 0.00027 7.358 117.5 0.0166
(WH)
Residual 2 1.3202 0.07959 9.567 181.3 0.0245
Crop rotation (CR) 3 0.1952 0.0071 165.176%**  2885.5%**  (.2783***
WH x CR 3 0.0151 0.01031 1.38 128.4 0.0119
Residual 12 0.3157 0.01062 2.065 198.3 0.0176
Soil Fertility 5 0.0226 0.02539 2.848 141.2 0.0120
Management (SFM)
WH x SFM 5 0.0863 0.01371 1.086 49.1 0.0044
CR x SFM 15 0.1443 0.01695 1.721 205.4 0.0181
WH x CR x SFM 15 0.1918 0.01338 3.426* 269.2 0.0224
Residual 80 0.4451 0.01282 1.601 2323 0.0204
Season (S) 2 38.4003***  6.39154***  100.526***  9834]1.2%** 1235000%***
WH x S 2 8.08*#* 0.00097 1.068 69 0.0049
CRxS 6 0.2337 0.01166 156.102%** 954.7%*%*  (0.08588%**
SFM x S 10 0.329 0.02054 1.495 192.6 0.0171
WHx CR xS 6 0.2786 0.02334 0.806 20.3 0.0012
WH x SFM x S 10 0.1336 0.00976 1.346 105 0.0084
CRxSFM x S 30 0.246 0.00975 0.543 102.6 0.0079
WH x CR x SFM x 30 0.2262 0.01291 0.805 103.6 0.0077
S
Residual 192 0.6928 0.01273 2.185 179.1 0.0157
Total 431
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on NUE, NUpE, NUtE and WUE

Appendix II: Mean squares showing the cumulative effects of factors and their interactions

Source of variation Df NUE NUpE NU(E WUE
Rep 2 272.3 261.4 368.68 2.1486
CR 3 2723.5%*%*  3631.6%** 6.17 8.8991**
Residual 6 82.3 129.8 15.89  0.1535
WH 1 301.2 461.8 4297 0.217
CR.WH 3 259.6 598.8 61.8 5.6175%*
Residual 8 169.8 169 37.1 0.564
SFM 5 1182.3%** 14952**  26.1 8.3332%*
CR.SFM 15 591.8%**  1130.4*%* 2449  2.3477**
WH.SFM 5 168.1 234.2 9.79 2.3796**
CR.WH.SFM 15 144.9 366.2 2435  0.9516**
Residual 80 146 234.7 16.77  0.2417
Total 143

yield and biomass

Appendix III: Mean squares showing the effect of factors and their interactions on grain

Source of variation Df Grain Yield  Biomass
Rep stratum 2 170559 1011567
Water Harvesting (WH) 1 68885 27828214 7***
Residual 6 96637 2486833
Crop Rotation (CR) 3 4043216** 3023230
WH x CR 3 1405269** 327497
Residual 8 83443 884697
Soil Fertility Management

(SFM) 5 2084977** 1455007
CR x SFM 15 414976** 1138137
WH x SFM 5 516217%* 564371
CR x WH x SFM 15 191432%* 1583192
Residual 80 48198 922779
Total 143
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Appendix IV: Treatment combinations for 15 season (2014)

Treatment
No.

Main Plot = Water
Harvesting (WH)

Sub-Plot = Crop
Rotation (CR)- Crop
Species

Sub-Sub- Plot = Soil
Fertility Management
(SFM)

o 0 N SN Bt A W N -

N N N N N e e e e e e e e e
AW N = O O X9 SN N AR WD = O

WHI1 —Flat bed
WHI1 —Flat bed
WHI1 —Flat bed
WHI1 —Flat bed
WHI1 —Flat bed
WHI1 —Flat bed
WHI1 —Flat bed
WHI1 —Flat bed
WHI1 —Flat bed
WHI1 —Flat bed
WHI1 —Flat bed
WHI1 —Flat bed

WH2- Tie Ridge

WH2- Tie
WH2- Tie
WH2- Tie
WH2- Tie
WH2- Tie
WH2- Tie
WH2- Tie
WH2- Tie
WH2- Tie
WH2- Tie
WH2- Tie

Ridge
Ridge
Ridge
Ridge
Ridge
Ridge
Ridge
Ridge
Ridge
Ridge
Ridge

CR1=Wheat
CR1=Wheat
CR1=Wheat
CR1=Wheat
CR1=Wheat
CR1=Wheat
CR1=Wheat
CR1=Wheat
CR1=Wheat
CR1=Wheat
CR1=Wheat
CR1=Wheat
CR1=Wheat
CR1=Wheat
CR1=Wheat
CR1=Wheat
CR1=Wheat
CR1=Wheat
CR1=Wheat
CR1=Wheat
CR1=Wheat
CR1=Wheat
CR1=Wheat
CR1=Wheat
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SFM4= 25 kg N ha’!
SFM6=75 kg N ha’!
SFM2 =5t FYM ha’!
SFM1 = Control
SFM3 =2.5t GM ha’!
SFM5 = 50 kg N ha!
SFM3 =2.5t GM ha’'
SFM 1= Control
SFM3 =2.5tGM ha’!
SFM4 = 25kg N ha’!
SFM4 = 25kg N ha’!
SFM2 = 5t FYM ha'!
SFMS5 = 50kg N ha’!
SFM3 =2.5tGM ha’!
SFM1 = Control
SFM4 = 25kg N ha’!
SFM6 = 75kg N ha’!
SFM2 = 5t FYM ha'!
SFMS5 = 50kg N ha’!
SFM6 = 75kg N ha’!
SFM4 = 25kg N ha’!
SFM1 = Control
SFM3 =2.5t GM ha’!
SFM1 = Control



25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

WHI1 —Flat bed
WHI1 —Flat bed
WHI1 —Flat bed
WHI1 —Flat bed
WHI1 —Flat bed
WHI1 —Flat bed
WHI1 —Flat bed
WHI1 —Flat bed
WHI1 —Flat bed
WHI1 —Flat bed
WHI1 —Flat bed
WHI1 —Flat bed
WH2= Tie ridge
WH2= Tie ridge
WH2= Tie ridge
WH2= Tie ridge
WH2= Tie ridge
WH?2= Tie ridge
WH?2= Tie ridge
WH?2= Tie ridge
WH?2= Tie ridge
WH2= Tie ridge
WH2= Tie ridge
WH2= Tie ridge

CR1=Wheat
CR1=Wheat
CR1=Wheat
CR1=Wheat
CR1=Wheat
CR1=Wheat
CR1=Wheat
CR1=Wheat
CR1=Wheat
CR1=Wheat
CR1=Wheat
CR1=Wheat
CR1=Wheat
CR1=Wheat
CR1=Wheat
CR1=Wheat
CR1=Wheat
CR1=Wheat
CR1=Wheat
CR1=Wheat
CR1=Wheat
CR1=Wheat
CR1=Wheat
CR1=Wheat
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SFMS5 = 50kg N ha!
SFM2=5t FYM ha™!
SFM1 = Control
SFM6 = 75kg N ha’!
SFM5 = 50kg N ha’!
SFM3 =2.5tGM ha'!
SFM 1= Control
SFM6 = 75kg N ha’!
SFM2 = 5t FYM ha’!
SFM5 = 50kg N ha’!
SFM6 = 75kg N ha’!
SFM4 = 25kg N ha’!
SFM1=Control
SFM6 = 75kg N ha!
SFM4 = 25kg N ha’!
SFM2 = 5t FYM ha’!
SFM3 =2.5tGM ha’
SFMS5 = 50kg N ha!
SFM4 = 25kg N ha’!
SFM2 = 5t FYM ha™!
SFM3 =2.5tGM ha'!
SFM2 = 5t FYM ha’!
SFM6 = 75kg N ha’!
SFM5 = 50kg N ha’!



Appendix V: Treatment combinations for the 2"? season (2015)

Treatment Main Plot = Water Sub-Plot Crop Sub-Sub- Plot= Soil Fertility

No. Harvesting (WH) Rotation (CR) - Crop Management (SFM)

Species

1 WHI1 —Flat bed CR1=Dolichos SFM4= 25 kg Nha'!
2 WHI1 —Flat bed CR2=Greenpea SFM6= 75 kg N ha’!
3 WH1 —Flat bed CR3=Potato SFM2 =5t FYM ha’!
4 WHI1 —Flat bed CR4=Wheat SFM1 = Control
5 WHI1 —Flat bed CR4=Wheat SFM3 =2.5t GM ha’!
6 WHI1 —Flat bed CR3=Potato SFM5 = 50 kg N ha!
7 WHI1 —Flat bed CR2=Greenpea SFM3 =2.5t GM ha’!
8 WHI1 —Flat bed CR1=Dolichos SFM 1= Control
9 WHI1 —Flat bed CR1=Dolichos SFM4 = 25kg N ha’!
10 WHI1 —Flat bed CR2=Greenpea SFM5 = 50kg N ha’!
11 WHI —Flat bed CR3=Potato SFM2 = 5t FYM ha!
12 WHI1 —Flat bed CR4=Wheat SFM6 = 75kg N ha’!
13 WH2- Tie Ridge CR4=Wheat SFMS5 = 50kg N ha!
14 WH2- Tie Ridge CR3=Potato SFM3 =2.5t GM ha’!
15 WH2- Tie Ridge CR2=Greenpea SFM1 = Control
16 WH2- Tie Ridge CR1=Dolichos SFM4 = 25kg N ha’!
17 WH2- Tie Ridge CR1=Dolichos SFM6 = 75kg N ha’!
18 WH2- Tie Ridge CR2=Greenpea SFM2 = 5t FYM ha!
19 WH2- Tie Ridge CR3=Potato SFM3 = 2.5t GM ha’!
20 WH2- Tie Ridge CR4=Wheat SFMS5 = 50kg N ha!
21 WH2- Tie Ridge CR4=Wheat SFM4 = 25kg N ha’!
22 WH2- Tie Ridge CR3=Potato SFM1 = Control
23 WH2- Tie Ridge CR2=Greenpea SFM2 = 5t FYM ha'!
24 WH2- Tie Ridge CR1=Dolichos SFM6 = 75kg N ha!
25 WH1 —Flat bed CR1=Dolichos SFMS5 = 50kg N ha!
26 WH1 —Flat bed CR2=Greenpea SFM2 = 5t FYM ha!
27 WHI1 —Flat bed CR3=Potato SFM 1= Control
28 WHI1 —Flat bed CR4=Wheat SFM6 = 75kg N ha'!
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29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

WH1 —Flat bed
WHI1 —Flat bed
WHI1 —Flat bed
WHI1 —Flat bed
WHI1 —Flat bed
WHI1 —Flat bed
WHI1 —Flat bed
WHI1 —Flat bed
WH2= Tie ridge
WH?2= Tie ridge
WH2= Tie ridge
WH2= Tie ridge
WH?2= Tie ridge
WH2= Tie ridge
WH2= Tie ridge
WH2= Tie ridge
WH?2= Tie ridge
WH?2= Tie ridge
WH2= Tie ridge
WH2= Tie ridge

CR4=Wheat
CR3=Potato
CR2=Greenpea
CR1=Dolichos
CR1=Dolichos
CR2=Greenpea
CR3=Potato
CR4=Wheat
CR4=Wheat
CR3=Potato
CR2=Greenpea
CR1=Dolichos
CR1=Dolichos
CR2=Greenpea
CR3=Potato
CR4=Wheat
CR4=Wheat
CR3=Potato
CR2=Greenpea
CR1=Dolichos
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SFMS5 = 50kg N ha’!
SFM3 =2.5tGM ha’!
SFM 1= Control

SFM6 = 75kg N ha’!
SFM2 = 5t FYM ha’!
SFMS5 = 50kg N ha’!
SFM6 = 75kg N ha’!
SFM4 = 25kg N ha’!
SFM1 = Control

SFM6 = 75kg N ha’!
SFM4 = 25kg N ha’!
SFM2 = 5t FYM ha!
SFM3 =2.5tGM ha’!
SFMS5 = 50kg N ha’!
SFM4 = 25kg N ha’!
SFM2 = 5t FYM ha!
SFM3 =2.5tGM ha’!
SFM2 = 5t FYM ha’!
SFM6 = 75kg N ha’!
SFM5 = 50kg N ha’!



Appendix VI: Treatment combinations for the 3" season (2016)

Treatment

No.

Main Plot = Water
Harvesting (WH)

Sub-Plot Crop Rotation Sub-Sub- Plot= Soil

(CR) - Crop Species

Fertility Management
(SFM)

O o0 N N N B~ W N =

N N N N N N N NN e = e e e e e e e
@ NN N A W N e O O 0NN SN N A WN =D

WHI1 —Flat bed
WHI1 —Flat bed
WH1 —Flat bed
WHI1 —Flat bed
WHI1 —Flat bed
WHI1 —Flat bed
WHI1 —Flat bed
WHI1 —Flat bed
WHI1 —Flat bed
WHI1 —Flat bed
WHI1 —Flat bed
WHI1 —Flat bed

WH2- Tie
WH2- Tie
WH2- Tie
WH2- Tie
WH2- Tie
WH2- Tie
WH2- Tie
WH2- Tie
WH2- Tie
WH2- Tie
WH2- Tie
WH2- Tie

Ridge
Ridge
Ridge
Ridge
Ridge
Ridge
Ridge
Ridge
Ridge
Ridge
Ridge
Ridge

WH1 —Flat bed
WHI1 —Flat bed
WHI1 —Flat bed
WHI1 —Flat bed

CR4=Wheat
CR4=Wheat
CR4=Wheat
CR4=Wheat
CR4=Wheat
CR4=Wheat
CR4=Wheat
CR4=Wheat
CR4=Wheat
CR4=Wheat
CR4=Wheat
CR4=Wheat
CR4=Wheat
CR4=Wheat
CR4=Wheat
CR4=Wheat
CR4=Wheat
CR4=Wheat
CR4=Wheat
CR4=Wheat
CR4=Wheat
CR4=Wheat
CR4=Wheat
CR4=Wheat
CR4=Wheat
CR4=Wheat
CR4=Wheat
CR4=Wheat

137

SFM4= 25 kg Nha'!
SFM6= 75 kg N ha’!
SFM2 =5t FYM ha’!
SFM1 = Control
SFM3 =2.5tGM ha’!
SFM5 = 50 kg N ha!
SFM3 =2.5t GM ha’!
SFM 1= Control
SFM4 = 25kg N ha’!
SFM5 = 50kg N ha’!
SFM2 = 5t FYM ha'!
SFM6 = 75kg N ha’!
SFMS5 = 50kg N ha’!
SFM3 =2.5t GM ha’!
SFM1 = Control
SFM4 = 25kg N ha’!
SFM6 = 75kg N ha’!
SFM2 = 5t FYM ha'!
SFM3 = 2.5t GM ha’!
SFMS5 = 50kg N ha’!
SFM4 = 25kg N ha’!
SFM1 = Control
SFM2 = 5t FYM ha'!
SFM6 = 75kg N ha’!
SFMS5 = 50kg N ha’!
SFM2 = 5t FYM ha'!
SFM 1= Control
SFM6 = 75kg N ha’!



29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

WH1 —Flat bed
WHI1 —Flat bed
WHI1 —Flat bed
WHI1 —Flat bed
WHI1 —Flat bed
WHI1 —Flat bed
WHI1 —Flat bed
WHI1 —Flat bed
WH2= Tie ridge
WH?2= Tie ridge
WH2= Tie ridge
WH2= Tie ridge
WH?2= Tie ridge
WH2= Tie ridge
WH2= Tie ridge
WH2= Tie ridge
WH?2= Tie ridge
WH?2= Tie ridge
WH?2= Tie ridge
WH2= Tie ridge

CR4=Wheat
CR4=Wheat
CR4=Wheat
CR4=Wheat
CR4=Wheat
CR4=Wheat
CR4=Wheat
CR4=Wheat
CR4=Wheat
CR4=Wheat
CR4=Wheat
CR4=Wheat
CR4=Wheat
CR4=Wheat
CR4=Wheat
CR4=Wheat
CR4=Wheat
CR4=Wheat
CR4=Wheat
CR4=Wheat
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SFMS5 = 50kg N ha’!
SFM3 =2.5tGM ha’!
SFM 1= Control

SFM6 = 75kg N ha’!
SFM2 = 5t FYM ha’!
SFMS5 = 50kg N ha’!
SFM6 = 75kg N ha’!
SFM4 = 25kg N ha’!
SFM1 = Control

SFM6 = 75kg N ha’!
SFM4 = 25kg N ha’!
SFM2 = 5t FYM ha!
SFM3 =2.5tGM ha’!
SFMS5 = 50kg N ha’!
SFM4 = 25kg N ha’!
SFM2 = 5t FYM ha!
SFM3 =2.5tGM ha’!
SFM2 = 5t FYM ha’!
SFM6 = 75kg N ha’!
SFM5 = 50kg N ha’!



Appendix VII: Field Plan For the 2014-Seasonl1

PLOT 1 PLOT 2 PLOT 3 PLOT 4 PLOT 96 | PLOT 95 PLOT 94 | PLOT 93 PLOT 97 | PLOT 98 PLOT 99 PLOT 100
TRT 1 TRT 2 TRT 3 TRT 4 TRT 48 TRT 47 TRT 46 TRT 45 TRT1 TRT 2 TRT 3 TRT 4
\ \4 \4 \ \ \ \Y \Y \ \ \ \4
PLOT 8 PLOT 7 PLOT 6 PLOT 5 PLOT 89 | PLOT 90 | PLOT 91 | PLOT 92 PLOT 104 | PLOT 103 | PLOT 102 PLOT 101
TRT 8 TRT 7 TRT 6 TRT 5 TRT 41 TRT 42 TRT 43 TRT 44 TRT 8 TRT 7 TRT 6 TRT 5

W \ \ N W \ \ W \ \ \ W
PLOT 9 PLOT 10 PLOT 11 PLOT 12 PLOT 88 | PLOT 87 | PLOT 8 | PLOT 85 PLOT 105 | PLOT 106 | PLOT 107 PLOT 108
TRT 9 TRT 10 TRT 11 TRT 12 TRT 40 TRT 39 TRT 38 TRT 37 TRT9 TRT 10 TRT 11 TRT 12
W W W \ W \ W W \ \ \Y \
PLOT 16 | PLOT 15 PLOT 14 PLOT 13 PLOT 81 | PLOT 82 | PLOT 83 | PLOT 84 PLOT 112 | PLOT 111 | PLOT 110 PLOT 109
TRT 16 TRT 15 TRT 14 TRT 13 TRT 33 TRT 34 TRT 35 TRT 36 TRT 16 TRT 15 TRT 14 TRT 13
W W W \ W W W W A A W A
PLOT 17 | PLOT 18 PLOT 19 PLOT 20 PLOT 80 | PLOT 79 | PLOT 78 | PLOT 77 PLOT 113 | PLOT 114 | PLOT 115 PLOT 116
TRT 17 TRT 18 TRT 19 TRT 20 TRT 32 TRT 31 TRT 30 TRT 29 TRT 17 TRT 18 TRT 19 TRT 20
W W W i W W W W \ \ A A
PLOT 24 | PLOT 23 PLOT 22 PLOT 21 PLOT 73 | PLOT 74 | PLOT 75 | PLOT 76 PLOT 120 | PLOT 119 | PLOT 118 PLOT 117
TRT 24 TRT 23 TRT 22 TRT 21 TRT 25 TRT 26 TRT 27 TRT 28 TRT 24 TRT 23 TRT 22 TRT 21
W W W \ \ \ \ \4 w w W W
PLOT 25 | PLOT 26 PLOT 27 PLOT 28 PLOT 72 | PLOT 71 | PLOT 70 | PLOT 69 PLOT 121 | PLOT 122 | PLOT 123 PLOT 124
TRT 25 TRT 26 TRT 27 TRT 28 TRT 24 TRT 23 TRT 22 TRT 21 TRT 25 TRT 26 TRT 27 TRT 28
\ \ N \ W W W W N N W \
PLOT 32 | PLOT 31 PLOT 30 PLOT 29 PLOT 65 | PLOT 66 | PLOT 67 | PLOT 68 PLOT 128 | PLOT 127 | PLOT 126 PLOT 125
TRT 32 TRT 31 TRT 30 TRT 29 TRT 17 TRT 18 TRT 19 TRT 20 TRT 32 TRT 31 TRT 30 TRT 29
W W i i W W W N i i W W
PLOT 33 | PLOT 34 PLOT 35 PLOT 36 PLOT 64 P%I%:r 1653 P%I%:r 1642 P%I%:r 1631 PLOT 129 | PLOT 130 | PLOT 131 PLOT 132
TRT 33 TRT 34 TRT 35 TRT 36 TRT 16 W W W TRT 33 TRT 34 TRT 35 TRT 36
W W i i W i i W W
PLOT 40 | PLOT 39 PLOT 38 PLOT 37 PLOT 57 | PLOT 58 | PLOT 59 | PLOT 60 PLOT 136 | PLOT 135 | PLOT 134 PLOT 133
TRT 40 | TRT 39 TRT 38 TRT 37 TRT 9 TRT 10 TRT 11 TRT 12 TRT 40 TRT 39 TRT 38 TRT 37
\ \ N N DOL \ \4 \4 N N \ \
PLOT 41 | PLOT 42 PLOT 43 PLOT 44 PLOT 56 | PLOT 55 | PLOT 54 | PLOT 53 PLOT 137 | PLOT 138 | PLOT 139 PLOT 140
TRT 41 TRT 42 TRT 43 TRT 44 TRT 8 TRT 7 TRT 6 TRT 5 TRT 41 TRT 42 TRT 43 TRT 44
W W W W W W W W A A W W
PLOT 48 | PLOT 47 PLOT 46 PLOT 45 PLOT 49 | PLOT 50 | PLOT 51 | PLOT 52 PLOT 144 | PLOT 143 | PLOT 142 PLOT 141
TRT 48 TRT47 TRT 46 TRT 45 TRT 1 TRT 2 TRT 3 TRT 4 TRT 48 TRT 47 TRT 46 TRT 45
\ \ \ \ \ \4 \4 \4 N N \ W
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Appendix VIII: Field Plan For the 2015-Season2

PLOT 1 PLOT2 | PLOT3 PLOT 4 PLOT 96 P%I?TT 4975 PLOT 94 P’IPISTT 4953 PLOT 97 PLOT 98 PLOT 99 PLOT 100
TRT 1 TRT 2 TRT 3 TRT 4 TRT 48 GP TRT 46 W TRT1 TRT 2 TRT 3 TRT 4
DOL GP POT N DOL POT DOL GP POT N
PLOT 8 PLOT 7 | PLOT 6 PLOT 5 PLOT 89 | PLOT 90 PLOT 91 PLOT 92 PLOT 104 | PLOT 103 PLOT 102 PLOT 101
TRT 8 TRT 7 TRT 6 TRT 5 TRT 41 TRT 42 TRT 43 TRT 44 TRT 8 TRT 7 TRT 6 TRT 5
DOL GP POT \ DOL GP POT \ DOL GP POT \
PLOTY9 | PLOT 10 | PLOT 11 | PLOT 12 PLOT 88 | PLOT 87 PLOT 86 PLOT 85 PLOT 105 | PLOT 106 PLOT 107 PLOT 108
TRT 9 TRT 10 | TRT 11 TRT 12 TRT 40 TRT 39 TRT 38 TRT 37 TRT9 TRT 10 TRT 11 TRT 12
DOL GP POT \ DOL GP POT W DOL GP POT \
PLOT 16 | PLOT 15 | PLOT 14 | PLOT 13 PLOT 81 | PLOT 82 PLOT 83 PLOT 84 PLOT 112 | PLOT 111 PLOT 110 PLOT 109
TRT 16 TRT 15 | TRT 14 TRT 13 TRT 33 TRT 34 TRT 35 TRT 36 TRT 16 TRT 15 TRT 14 TRT 13
DOL GP POT \ DOL GP POT \ DOL GP POT w
PLOT 17 | PLOT 18 | PLOT 19 | PLOT 20 PLOT 80 | PLOT 79 PLOT 78 PLOT 77 PLOT 113 | PLOT 114 PLOT 115 PLOT 116
TRT 17 TRT 18 | TRT 19 TRT 20 TRT 32 TRT 31 TRT 30 TRT 29 TRT 17 TRT 18 TRT 19 TRT 20
DOL GP POT \ DOL GP POT \ DOL GP POT \
PLOT 24 | PLOT 23 | PLOT 22 | PLOT 21 PLOT 73 | PLOT 74 PLOT 75 PLOT 76 PLOT 120 | PLOT 119 PLOT 118 PLOT 117
TRT 24 TRT 23 TRT 22 TRT 21 TRT 25 TRT 26 TRT 27 TRT 28 TRT 24 TRT 23 TRT 22 TRT 21
DOL GP POT \ DOL GP POT \ DOL GP POT \
PLOT 25 | PLOT 26 | PLOT27 | PLOT 28 PLOT 72 | PLOT 71 PLOT 70 PLOT 69 PLOT 121 | PLOT 122 PLOT 123 PLOT 124
TRT 25 TRT 26 | TRT 27 TRT 28 TRT 24 TRT 23 TRT 22 TRT 21 TRT 25 TRT 26 TRT 27 TRT 28
DOL GP POT \ DOL GP POT \ DOL GP POT \
PLOT 32 | PLOT 31 | PLOT 30 | PLOT 29 PLOT 65 | PLOT 66 PLOT 67 PLOT 68 PLOT 128 | PLOT 127 PLOT 126 PLOT 125
TRT 32 TRT 31 TRT 30 TRT 29 TRT 17 TRT 18 TRT 19 TRT 20 TRT 32 TRT 31 TRT 30 TRT 29
DOL GP POT \ DOL GP POT W DOL GP POT N
PLOT 33 | PLOT 34 | PLOT 35 | PLOT 36 PLOT 64 | PLOT 63 PLOT 62 PLOT 61 PLOT 129 | PLOT 130 PLOT 131 PLOT 132
TRT 33 TRT 34 | TRT 35 TRT 36 TRT 16 TRT 15 TRT 14 TRT 13 TRT 33 TRT 34 TRT 35 TRT 36
DOL GP POT \ DOL GP POT w DOL GP POT \
PLOT 40 | PLOT 39 | PLOT 38 | PLOT 37 PLOT 57 | PLOT 58 PLOT 59 PLOT 60 PLOT 136 | PLOT 135 PLOT 134 PLOT 133
TRT 40 | TRT 39 | TRT 38 TRT 37 TRT 9 TRT 10 TRT 11 TRT 12 TRT 40 TRT 39 TRT 38 TRT 37
DOL GP POT \ DOL GP POT \ DOL GP POT N
PLOT 41 | PLOT 42 | PLOT 43 | PLOT 44 PLOT 56 | PLOT 55 PLOT 54 PLOT 53 PLOT 137 | PLOT 138 PLOT 139 PLOT 140
TRT 41 TRT 42 | TRT 43 TRT 44 TRT 8 TRT 7 TRT 6 TRT 5 TRT 41 TRT 42 TRT 43 TRT 44
DOL GP POT N DOL GP POT N DOL GP POT N
PLOT 48 | PLOT 47 | PLOT 46 | PLOT 45 PLOT 49 | PLOT 50 PLOT 51 PLOT 52 PLOT 144 | PLOT 143 PLOT 142 PLOT 141
TRT 48 TRT47 | TRT 46 TRT 45 TRT 1 TRT 2 TRT 3 TRT 4 TRT 48 TRT 47 TRT 46 TRT 45
DOL GP POT N DOL GP POT N DOL GP POT N
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Appendix IX: Field Plan For the 2016 — Season3
PLOT1 | PLOT2 | PLOT3 | PLOT4 PLOT 96 | PLOT95 | PLOT 94 | PLOT 93 PLOT 97 | PLOT98 | PLOT99 | PLOT 100
TRT 1 TRT 2 TRT 3 TRT 4 TRT 48 TRT 47 TRT 46 | TRT 45 TRT1 TRT 2 TRT 3 TRT 4
W W w W w W W w w W W W
PLOTS | PLOT7 | PLOT6 | PLOTS PLOT 89 | PLOT90 | PLOT 91 | PLOT 92 PLOT 104 | PLOT 103 | PLOT 102 | PLOT 101
TRT 8 TRT 7 TRT 6 TRT 5 TRT 41 TRT 42 TRT 43 | TRT 44 TRT 8 TRT 7 TRT 6 TRT 5
W W w W w W W w W W W W
PLOT9 | PLOT 10 | PLOT 11 | PLOT 12 PLOT 88 | PLOT 87 | PLOT 86 | PLOT 85 PLOT 105 | PLOT 106 | PLOT 107 | PLOT 108
TRT9 | TRT10 | TRT11 | TRT 12 TRT 40 TRT 39 TRT 38 | TRT 37 TRT9 TRT 10 TRT 11 TRT 12
W W w W w W W w w W W W
PLOT 16 | PLOT 15 | PLOT 14 | PLOT 13 PLOT 81 | PLOT 82 | PLOT 83 | PLOT 84 PLOT 112 | PLOT 111 | PLOT 110 | PLOT 109
TRT16 | TRT15 | TRT14 | TRT13 TRT 33 TRT 34 TRT 35 | TRT 36 TRT 16 TRT 15 TRT 14 TRT 13
w w W W w W W w W W W w
PLOT 17 | PLOT 18 | PLOT 19 | PLOT 20 PLOT 80 | PLOT 79 | PLOT 78 | PLOT 77 PLOT 113 | PLOT 114 | PLOT 115 | PLOT 116
TRT17 | TRT18 | TRT19 | TRT 20 TRT 32 TRT 31 TRT30 | TRT 29 TRT 17 TRT 18 TRT 19 TRT 20
w w W W w W W w W w w w
PLOT 24 | PLOT 23 | PLOT 22 | PLOT 21 PLOT 73 | PLOT 74 | PLOT 75 | PLOT 76 PLOT 120 | PLOT 119 | PLOT 118 | PLOT 117
TRT24 | TRT23 | TRT22 | TRT21 TRT 25 TRT 26 TRT27 | TRT 28 TRT 24 TRT 23 TRT 22 TRT 21
w w W w w W W w W w w w
PLOT 25 | PLOT 26 | PLOT27 | PLOT 28 PLOT72 | PLOT71 | PLOT70 | PLOT 69 PLOT 121 | PLOT 122 | PLOT 123 | PLOT 124
TRT25 | TRT26 | TRT27 | TRT 28 TRT 24 TRT 23 TRT22 | TRT21 TRT 25 TRT 26 TRT 27 TRT 28
W W w W W w w W w W W W
PLOT 32 | PLOT 31 | PLOT 30 | PLOT 29 PLOT 65 | PLOT 66 | PLOT 67 | PLOT 68 PLOT 128 | PLOT 127 | PLOT 126 | PLOT 125
TRT32 | TRT31 | TRT30 | TRT29 TRT 17 TRT 18 TRT 19 | TRT 20 TRT 32 TRT 31 TRT 30 TRT 29
W W w W W W W W w W W W
PLOT 33 | PLOT 34 | PLOT 35 | PLOT 36 PLOT64 | P LOT163 P LOT1642 PLOT1631 PLOT 129 | PLOT 130 | PLOT 131 | PLOT 132
TRT33 | TRT34 | TRT35 | TRT 36 TRT 16 TRT 15 TRT TRT TRT 33 TRT 34 TRT 35 TRT 36
W W w W W \d \d i w W W W
PLOT 40 | PLOT 39 | PLOT 38 | PLOT 37 PLOT 57 | PLOT 58 | PLOT 59 | PLOT 60 PLOT 136 | PLOT 135 | PLOT 134 | PLOT 133
TRT 40 | TRT 39 | TRT38 | TRT 37 TRT 9 TRT 10 TRT 11 | TRT 12 TRT 40 TRT 39 TRT 38 TRT 37
W W w W DOL W W w w W W W
PLOT 41 | PLOT 42 | PLOT 43 | PLOT 44 PLOT 56 | PLOT55 | PLOT 54 | PLOT 53 PLOT 137 | PLOT 138 | PLOT 139 | PLOT 140
TRT41 | TRT42 | TRT43 | TRT 44 TRT 8 TRT 7 TRT 6 TRT 5 TRT 41 TRT 42 TRT 43 TRT 44
W W w W w W W w w W W W
PLOT 48 | PLOT 47 | PLOT 46 | PLOT 45 PLOT 49 | PLOT50 | PLOT 51 | PLOT 52 PLOT 144 | PLOT 143 | PLOT 142 | PLOT 141
TRT 48 | TRT47 | TRT 46 | TRT 45 TRT 1 TRT 2 TRT 3 TRT 4 TRT 48 TRT 47 TRT 46 TRT 45
W W w W w W W w w W W W
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ABSTRACT

Aims: The study determined the effect of soil fertility management (inorganic and organic N sources)
and short term crop rotation (cereal — legumes cropping systems) on water use efficiency of wheat in
high potential areas.

Study Design: A randomized complete block design was used with split-split-plot arrangement
replicated three times. Three factors evaluated included water harvesting (WH), crop rotation (CR)
and soil fertility management (SFM). The data obtained were subjected to an analysis of variance
(ANOVA) using Genstat statistical package while the mean separation was performed using least
significance differences (P =.05).

Place and Duration of Study: The trial was conducted at the Kenya Agricultural and Livestock Research
Organization (KALRO) fields based in Njoro for three years between 2014 and 2016 during rainy
seasons.

Methodology: Water harvesting was evaluated at consisted of flat beds (WH1) and tied ridges (WH2),
crop rotation was tested at four levels comprising of Wheat- Dolichos lablab (Lablab purpureum)-
Wheat- L. purpureum (CR1); Wheat-Greenpea (P. sativum) —Wheat (Triticum aestivum L)- P. sativum
(CR2); T. aestivum L-potato- P. sativum —Potato (Solanum tuberosum) (CR3); and Wheat-Wheat-
Wheat-Wheat) (CR4). Six different soil fertility management (SFM) strategies evaluated included SFM1
= untreated control; SFM2 = Farm Yard Manure at 5 t ha?l; SFM3 = Green manure (L.eucaena
triachandra) at 2.5 mt hal; SFM4 = Calcium Ammonium Nitrate (CAN) at 25 kg N ha’; SFM5 = Calcuim
Ammonium Nitrate at 50 kg N ha; and SFM6 = Ammonium Nitrate (CAN) at 75 kg N ha. The Water
harvesting (WH) and SFM were fixed on the same plot at the form and rate for the entire period of the
study while crops were rotated between seasons. Water use efficiency was derived as a ratio of water
use and grain yield and biomass.

Results: Results revealed significant (P =.05) effect of crop rotation and soil fertility management on
water use efficiency. However, water harvesting did not influence. While interaction of CR and SFM
significantly (P =.05) influenced WUE and grain yield. Significant influence was also observed on WUE
due to an interaction between WH and SFM. Dolichos lablab (L. purpureum) and green pea as pre-
crops resulted in higher yield than when potato was the pre-crop and continuous wheat. Use of
inorganic N fertilizer with L. purpureum as a pre-crop resulted in higher grain yield than all other soil
fertility management strategies evaluated. In conclusion, the use of green pea as a pre-crop during
the short rain followed by wheat in long rains is a beneficial crop rotation systems and a climate smart
strategy. In addition, organic N sources should be recommended for sustainable wheat production
because it will positively influence the accumulation and slow release of soil moisture for increased
water use efficiency.

Keywords: Water use efficiency,; water harvesting; tied ridges; soil fertility management; crop rotation.
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ABSTRACT

Aims: The study determined the effect of legumes in short term crop rotation (cereal — legumes
cropping systems) on nitrogen use efficiency of wheat.

Study Design: A randomized complete block design (RCBD) was used in a split-split-plot
arrangement replicated three times. Three factors evaluated included water harvesting (WH),
crop rotation (CR) and soil fertility management (SFM). The data obtained were subjected to an
analysis of variance (ANOVA) using Genstat statistical package while the mean separation was
performed using least significance differences (P =.05).

Place and Duration of Study: The trial was conducted at the Kenya Agricultural and Livestock
Research Organization (KALRO) fields based in Njoro for three years between 2014 and 2016
during rainy seasons.

Methodology: The treatments consisted of four pre-crops in the rotation systems (CR1 = Dolichos lablab (L.
purpureus) as a pre-crop; CR2 = Green pea (Pisum sativum) as a pre-crop; potato (Solanum tuberosum) as
a pre-crop; and CR4 = continuous wheat (Triticum aestivum), two water harvesting (WH)
strategies (WH = flat beds; and WH= tied ridges) and six soil fertility management (SFM)
strategies (SFM1 = untreated control; SFM2 = FYM at 5 t ha; SFM3 = Green manure (Leucaena
trichandra) at 2.5 t hal; SFM4 = inorganic source at 25 kg N ha!; SFM5 = inorganic source at 50
kg N ha; and SFM6 = Inorganic source at 75 kg N ha'™)..

Results: The results revealed that the value of NUE significantly (p < 0.001) increased when P.
sativum and L. purpureus preceded wheat in the short term crop rotation system. The value of
NUE increased by 39% and 44%, when wheat was preceded L. purpureus and P. sativum,
respectively, relative to S. tuberosum. Under continuous wheat, NUE value was increased by
54.17% relative to potato as a pre-crop. Overall, the contribution of legumes (L. purpureus and P.
sativum) as precursor crops was greater than those observed with potato and wheat as pre-crops.

Keywords: Triticum aestivum; Pisum sativum; Leuceana trichandra; Lablab purpureus.
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ABSTRACT

Eenya's agriculfure isabeut §8%: reainfed heoressensitve miclimate changey Therefore climate
smart agricultare (@5A) should be considersd to help faTmers mitizate against the impacts of
climate change. In'viswr of this, a three year sady was conducted at the Kenya Aprirulnmal and
Livestock Besearch l:q:.:m;:ilzun (K ALRD) in Npome:for thrae vears mainly oo quantify the effect
of crop rotation oo wates use efficiency (WUE); ouimentpse sficency (NUE) and its associated
components of wheatand potako in a cereal- potatocropping system  The trial consisted of thres
factors including (1) water harvesting (WH=INo ndge and T ndgze), (1] Crop rotation (CR)
(Wheat-Dalichos-Whear-Dolickos, Wheat-Gresnpea-Wheat-Greenpea; Wheat-potato-Gresnpea-
Paotata; Wheat-Whear-Wheat-Wheat); and (3) Soil Feniliny Management (3FM) = including Sour
treamments such as untreated comtrol; Calcmm Ammociom Nitrate (CAN) at 25, 50 and 75 kg
P20 ha™; Farm yard manure (FYM) at 3t ha™'. and Green manure (L ewcaena finchamdra) at
25 mt ba™) for three seaszons The treatments were laid ouf in 2 modomized conaplete block
design (F.CBLY) with split-split armanpemeant with three replications. Data was subjected to an
anabysis of vanance (ANOVA) using SAS smdsdoal package was performed. The resalt showed
a significantly (P=20.05) greater mfluence on both water (WUE) and mifrogen use efficiency
(NUE} In a sitnation where wheat was preceded by leguminous crop (Greenpea) than the other
o crop retaton systems. Cozamic searces of patmients also resulted in a pesitve influsnce on
ﬂ:e‘il.l'Ea.udH"JEmhmﬂln]Eﬂmdpu[mhmra' the influsnce was greater in pedato than
wheat. In conciusion if was confirmed that cereals grown after legumes had a positive nfluence
on WUE and its assecated componsnts. This manifested the cgnficant comtrinetsons of the shady
to the C%A concept because the r2limmce on crop of cersals (wheat) with legumes and the ns= of
organic sources of fertility in shart cropping cycle would help to mitigate apamst the impacts of
iclimate chanze.

Key wards: Cropping systems, water uss eficiency, nimogen wuse efficiency present in
alphaberical arder
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