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ABSTRACT

Soil erosion is a severe land degradation issue that many developing nations
continue to face. Its effects are more pronounced in catchment areas due to the
combination of environmental and human factors. According to experts, soil
erosion is a costly problem to fix, which is why so many attempts have been made
to avoid it. However, in catchment areas, soil and water management strategies

cannot be implemented without prior information of soil loss.

In Machakos town's Maruba dam catchment, soil loss is a serious problem. It has
resulted in severe soil degradation in the catchment area as well as sedimentation
issues in the dam reservoir. Scientific data on soil erosion in the catchment area
and reservoir sedimentation rates, on the other hand, is scarce. Furthermore, the
dam environment is desolate, with little evidence of soil protection measures. The
Machakos County Government, the Kenya Water Resources Authority, and the
Machakos Water and Sewerage Company Limited have all battled to manage the
Maruba dam reservoir. The goal of this study was to model the annual soil erosion
rates and sediment yield in the dam catchment, estimate annual reservoir
sedimentation rates, and assess the physicochemical qualities of dam reservoir

sediments for biotic or abiotic uses.

The Revised Universal Soil Loss Equation (RUSLE) was used in this study to
estimate average annual soil erosion rates, as well as a bathymetric survey to

determine reservoir sedimentation state and laboratory testing of the dam
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sediments’ physicochemical properties. Remote sensing and geographical
techniques were used to determine the RUSLE model parameters. Bathymetric
data was acquired using the multifrequency acoustic profiling system (APS), then
analyzed in DepthPic 5.0.2 software before being imported into Golden Surfer 22
for spatial analysis. The sediment yield from bathymetric data was estimated as a
ratio of the sediment volume and the catchment area, whereas that from the
RUSLE model was computed as a product of the sediment delivery ratio (SDR)
and the catchment's average soil loss. The physicochemical parameters of dam

sediments were determined using standard laboratory procedures.

The annual soil erosion rates in the Maruba dam reservoir ranged from 0 to 29 t
hayr?, with an average of 0.9708 t ha™yr™, according to the study. The RUSLE-
based sediment output was computed as 0.1775 t ha® yr'. The sediment
deposition in the Maruba dam reservoir was estimated to be around 290435 m?,
accounting for 10.8 % of the reservoir volume based on current day bathymetry.
The annual rate of reservoir volume loss due to sedimentation was 1 %, which
was consistent with global data. The sediment yield and the projected reservoir
life, respectively, were 3.34 t ha™ yr' and 95 years. In the study, the reservoir
sedimentation rate approach was found to be a better strategy for predicting
sediment yield because the RUSLE model-based was found to underestimate
sediment yield. On the other hand, the RUSLE model was shown to be excellent

for assessing the spatial variance of soil loss within a catchment area in this study.
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The reservoir's bottom sediments were mostly clay (56.31 %) and sand particles
(39.75 %), whereas the deposited sediments at the reservoir inlet were mostly
sandy (54.6 %). In the bottom sediments of the Maruba dam reservoir, the mean
potassium, nitrogen, and phosphorus levels were 0.46 %, 0.12 %, and 12.81 mg.
kg™, respectively. Similarly, the chemical analysis of deposited sediments at the
reservoir inlet showed that mean nitrogen, phosphorous and potassium contents
were 0.11 and 0.10 %, 17.51 and 13.16 mg.kg™, and 0.38 and 0.43 % for the
surface and subsurface horizons, respectively. According to the findings, both
forms of sediment might be employed biotically to boost vegetation and plant
cover around the dam and even in agricultural fields upon enrichment with
nitrogen and organic carbon. More specically, bottom sediments could potentially
be used to improve the water retention capacity of the catchment’s sandy soils.
Further, the sandy sediments at the reservoir inlet would necessitate the local
government authority's coordination of sand harvesting activities as a way of
sediment drenching. This process would boost the reservoir's storage capacity

while also providing economic benefits to the community and local government.
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CHAPTER ONE: INTRODUCTION

1.1. Background

It is worth mentioning that, given the current trends in land use, which are
exacerbated by climate change, fertile soils would be crucial resources for human
survival, (Alewell et al., 2019). In the recent decades, rapid land degradation has
escalated into a major environmental problem, jeopardizing the health of natural
ecosystems, (Bou-imajjane & Belfoul, 2020). Land degradation has been singled
out as the greatest and most serious threat to humanity, (Jothimani et al., 2022). In
the twenty-first century, serious soil degradation issues have arisen, particularly in
tropical and subtropical nations where soil erosion is prevalent, (Beyene, 2019;

Patyal, 2022).

The majority of soils in the world have rapidly degraded as a result of soil
erosion, nitrogen depletion, and other issues, (Bensekhria & Bouhata, 2022).
Approximately 6 million hectares of soil are lost from agricultural fields annually,
with salinization, waterlogging, and erosion being the main causes, (Beyene,
2019). The threat posed by climate change, water scarcity, and falling soil fertility
affects over 95 % of the world's population, who rely on soils for their food and

feed, (Panagos et al., 2016; Bansekhria & Bouhata, 2022).

Soil erosion has been of global concern with negative consequences for our
environment, and above all, the economy, (Devatha et al., 2015; Moses, 2017,
Sahu et al., 2017; Thlakma et al., 2018). Trigunasih et al. (2018) identified it as a
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major issue that threatens human survival. Soil erosion, according to Yang et al.
(2003), is a natural disaster that has contributed to deterioration in water and soil
quality, as well as low agricultural production. It is a global issue that is
continuing to jeopardize food security and, more importantly, ecological function,
(Fayas et al., 2019; Chen & Thomas, 2020; Weupper et al., 2020). It has an

impact on the water, air, and, most significantly, the soil, (Beyene, 2019).

The process is quite a natural one and it occurs on every arable land, (Chan &
Shah, 2019), and its outcome is soil loss, (El Jazouli et al., 2017). The
phenomenon leads to soil degradation and it is associated with intensified
agricultural activities, deforestation activities, and unsustainable human activities
in the environment, (Karthick et al., 2017; Roslee & Sharir, 2019). As an attribute
in the degradation of land, the soil erosion process induces some on-site effects
(e.g. loss of both soil and important nutrients from agricultural fields) as well as
off-site effects (e.g. deposition of sediments on croplands, sedimentation in
reservoirs, pollution of water bodies, etc.), (Mutua et al. 2006; Park et al., 2011,
Efthimiou et al., 2014; Devatha et al., 2015; Zhang et al., 2017; Zhang et al.,
2019). Soil erosion further affects the sustainability of the ecosystem and has
long-term effects on water retention capacity, plant nutrients, soil depth, organic
matter content, and surface albedo, (Biasutti & Seager, 2015; Trigunasih et al.,

2018; Fayas et al., 2019).



To be more explicit, soil erosion continues to put national, regional, and even
global agriculture at danger, (Gurebiyaw et al., 2018; Zhang et al., 2019;
Bensekhria & Bouhata, 2022). It has led to a massive loss of rich top soil and
important plant nutrients resulting in reduced crop yields, (Ganasri & Ramesh,
2016). As a consequence, about a third of the entire global land that supports
agriculture has been largely affected, (Thlakma et al., 2018; Zhang et al., 2019).
Biggelaar et al. (2003) reported that about 12 to 15 t ha™ yr** of soil are believed
to have been lost annually worldwide due to soil erosion, a figure which translates

to about 0.90 to 0.95 mm of topsoil every year, (FAO, 2015).

However, the vastness of soil loss is much influenced by the soil’s type, slope,
land use, land cover, among others, (Wischmeier & Smith, 1978; Renard et al.,
1997; Mutua et al., 2006; Verheijen et al., 2009; Wang et al., 2022). In addition,
anthropogenic activities such as development of infrastructure, expansion of
urban centres, intensification of agricultural activities, removal of vegetative
cover and mining have been deemed to be the key accelerators of soil erosion,
(Zhang et al., 2017; Sujatha & Sridhar, 2018; Thomas et al., 2018). In this regard,
Sujatha and Sridhar (2018) singled out climate (intense erosive precipitation),
topography, and characteristics of soil as the key contributing factors in the

process of soil loss.

According to Karydas et al. (2014), soil is dynamically at risk from water erosion

due to its physical and socioeconomic importance. Water erosion, according to De



Carvalho et al. (2014), has led to the degradation of two crucial natural resources:
soil and water, (Becvar, 2006; Sharma & Jain, 2014), and has consequently
become a global threat to agriculture, (Pimentel, 2006; Panagos et al., 2018). The
extent of water erosion has increased globally in the twenty-first century due to a
reduction in the ratio of natural resources to population and effects associated
with climate change, (Jahun et al., 2015; Thlakma et al., 2018; Chen & Thomas,

2020).

On the other hand, soil formation is viewed as a non-renewable resource (Rulli et
al., 2013) because soil loss occurs far more quickly than soil formation does,
(Weupper et al., 2020). One centimeter of soil can be formed in around 200 years
and lost in minutes owing to a moderate storm, depending on the soil qualities,
(Verheijen et al., 2009). Agricultural soils are washed 10—40 times more than they
are regenerated, according to Pimentel et al. (2009). If the current trends continue,
virtually all of the world's top soil might be lost in the next 60 years, according to
Blue Sky Organics (https://blueskyorganics.com/). The main causes of soil
erosion due to water have been singled out as a combination of geomorphic and

climatic elements, as well as human activity, (Panagos et al., 2016).

Water erosion is arguably the most widespread kind of soil deterioration on a
global scale, (Oldeman, 1991; Oldeman, 1994; Angima et al., 2003; de
Graffenried & Shepherd, 2009; Thlakma et al., 2018; Sakuno et al., 2020). It is

responsible for an estimated 55 percent of the worldwide soil loss, (Bridges &


https://blueskyorganics.com/

Oldeman, 1999), with soil loss being the principal result, (Misthos et al., 2019).
Surface runoff has been identified as a serious problem that has caused negative
consequences on the environment, occupying almost 56 % of the worldwide
surface area, (Gelagay & Minale, 2016; Nouri et al., 2018). According to
Thlakma et al. (2018), roughly a third of all global agricultural land has been
degraded, primarily due to water. Over 2000 t km™ yr™ of soil has been washed

from croplands, according to FAO (2015), primarily in tropical areas.

Furthermore, water-related erosion has impacted almost 1094 mega hectares of
land worldwide, with around 751 mega hectares significantly deteriorating,
according to statistics, (Lal, 2003). Hurni (1993) observed a 42 t ha™ yr! mean
rate of soil loss from cropped lands, and he predicted that if the current scenario
continued, the amount would rise to 300 t ha™ yr. According to Pimentel et al.
(1995), global soil loss from farmed areas is around 30 t ha™ yr?, on average, with
an estimated range of about 0.5 to 400 t ha™ yr’. Over 24 million tonnes of
topsoil have been removed from agricultural fields worldwide, according to the
FAO (2011). Water erosion, according to Pimentel and Burgess (2013), is
responsible for the loss of around 10 million hectares of agricultural land each
year around the world. Approximately 5 Mg ha™ of Africa's most productive soil

ends up in rivers, lakes, seas, and oceans, according to Angima et al. (2003).

Sediment yields have been compiled and even analyzed for different catchment

areas by several researchers all over the world. However, sediment yields in



Africa remains largely underrepresented, with smaller catchments being the worst
affected, (Vanmaercke et al., 2014). This has been attributed to the few sediment
yield observations available in Africa, especially the lack of streamflow data,
(Vanmaercke et al., 2014). Vanmaercke et al. (2014) established that the sediment
yield observations for most African catchments are between 0.002 and 157 t ha™

yr*, with an average of 6.34 t ha™ yr™.

The agricultural sector forms the backbone of Kenya's economy. As a result, any
improvement in agricultural productivity is contingent on the health of the soils,
(Fwamba et al. 2017). Around 75 % of Kenya's soils are thought to have suffered
degradation as a result of environmental fragility, (Wekulo, 2017). Furthermore,
around 30 % of Kenya's land area has been severely degraded due to human
activity, (FAO, 2005). According to Biamah et al. (1997), soil erosion was
pointed out as one of the primary causes of land degradation problems in Kenya,
and as a result, production capacity has been significantly reduced. In Kenya,
surface runoff is basically the most contributing factor in the soil erosion process,
(Ongwenyi et al., 1993). About 20 % of Kenya's land has permanently lost its soil
fertility due to water erosion, (Dregne, 1990). It is more noticeable on slopes,
particularly near rivers and streams, riparian regions, and, most crucially, in
marginal areas, (Mulinge et al., 2016). It gets more severe in marginal areas,
owing to overstocking and increased cultivation intensity, (Ongwenyi et al., 1993;
Mutua & Klik, 2004; Njiru et al., 2018). Furthermore, the majority of the soils are
extremely bare, making them susceptible to soil erosion, (Ongwenyi et al., 1993).
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Kenya's annual rates of soil loss exceed the average tolerable level of 10 t ha™ yr*
by a substantial margin, (Ongwenyi et al., 1993; Angima et al., 2003). According
to ICRAF (2004), the Nyando River Basin in Western Kenya was degraded at a
rate of 43 t ha™ yr™, resulting in about 3.2 million tonnes of soil sediments
entering Lake Victoria. A total of 3 mm, or 52 t ha™ yr', of topsoil is lost
annually, according to Mwakubo et al. (2004). Further, the Masinga catchment's
mean annual rate of sediment yield was reported to be 57.2 t ha™ yr?, (Mutua et
al., 2006). According to reports, soil erosion rates in severely degraded places can
surpass 90 t hayr. Fwamba et al. (2017) reported that the geographical variance
of soil loss in Kakamega County's Isiukhu river catchment ranged from 0 to about
128 t ha yr''. According to Njiru et al. (2018), 279 t ha™ of soil are lost each year

in Marsabit County's Golole catchment.

Finally, sedimentation in reservoirs and soil erosion at the catchment level are
important issues, especially in tropical climates, (Mutua et al., 2006). This
requires scaling up management practices for both soil and water at the catchment
level, (Ongwenyi et al., 1993). Moreover, catchment regions should be properly
monitored by calculating soil loss from a spatiotemporal perspective, (Boix-Fayos
et al., 2007). In this regard, site-specific scientific information should be made
available to support any planned soil and water management strategies,
(Bensekhria & Bouhata, 2022). Therefore, the primary objective of any research
on soil erosion should be to address soil erosion-related problems by providing
appropriate solutions, (Wang et al., 2022).
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1.2. Problem Statement and Justification

1.2.1. Problem Statement

According to Trigunasih et al. (2018), catchments are segmented into upper,
middle, as well as lower reaches. The upper section plays a protective role for the
other basin parts. In the context of water system functions, both upper and lower
reaches influence the hydrological cycle, (Trigunasih et al., 2018). A catchment
has distinct characteristics and it relates strongly to some of its physical
conditions, which include soil type, topography, land use, etc., (Ongwenyi et al.,
1993; Simms et al., 2003; Aglanu, 2014). Land use changes in the upper reach
have an impact on the lower reach because they directly cause reservoir capacity
to decline and river siltation, which raises the risk of flooding, (Tamene et al.,

2006).

Healthy catchments effectively serve their functions, but poor management
induces some damage to them, (May & Place, 2005; Ban et al., 2016).
Furthermore, due to poor planning and changes brought on by land use,
catchments rapidly degrade, making them vulnerable to soil erosion, flooding, and
other problems, (Gratius & Chinedu, 2018). An unhealthy catchment is
characterized by the occurrence of landslides, floods, high soil erosion rates, and
droughts, (Aglanu, 2014; Ban et al., 2016). Damage in catchments occurs more
frequently if the immediate community is not sensitized to the importance of the
particular environment, (Aglanu, 2014; Gratius & Chinedu, 2018). Erosion is

influenced by the climate, soil, geography, plants, and humans, (Trigunasih et al.,
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2018). However, humans can influence land and vegetation, but they have no

control over topography and climate, (Aglanu, 2014).

Conservation measures can be utilized to lessen the harm caused by soil erosion
in a catchment, (Ongwenyi et al., 1993). As a consequence of conservation
measures, soil erosion is prevented, damaged soils are repaired, and soil
productivity is maintained and improved, allowing the land to be used
sustainably, (Beyene, 2019). Water conservation, on the other hand, promotes
greater use of rainwater by managing its flow time to reduce floods while still
making water available during dry seasons. This can be accomplished by
improving infiltration in high-rainfall areas and capturing rainwater in low-
rainfall areas using reservoirs. However, before taking any soil and water
management measures, the rate at which the soil is detached must be determined,
(Jasrotia & Singh, 2006). Therefore, the effectiveness of any soil conservation
program is determined by the accuracy with which soil loss is assessed, as well as
the identification of critical places where management methods can be adopted,

(Ganasri & Ramesh, 2016).

Despite being a small catchment, the status of the Maruba dam catchment has
deteriorated because of land degradation. Soil erosion has caused land
degradation in the catchment, as it has in many other catchments in Kenya and
tropical countries, (Onyando et al., 2005). It has been exacerbated by farming

activities on steep slopes. The rapid siltation of the Maruba dam reservoir and



widespread sand harvesting along Maruba stream are both signs of soil erosion
within the catchment. If the current trend continues, the situation is likely to
worsen, (Ongwenyi et al., 1993). However, management measures may only be
implemented effectively if the vastness and spatial variations of soil loss are
objectively known, (Onyando et al., 2005; Salunkhe et al., 2018; Sujatha &

Sridhar, 2018).

The Maruba dam catchment's soil erosion state, as well as the dam reservoir’s
sedimentation status, has not been evaluated. To be more specific, spatial soil
erosion data is still missing, which is critical for creating appropriate management
plans of action, (Kale & Vadsola, 2012; Diwediga et al., 2018). This obviously
demonstrates that smaller catchments have received much less attention than
larger ones, (Vanmaercke et al., 2014). Therefore, there is both a knowledge gap
and an information gap with regards to the relationship between soil erosion as
well as sediment yield in small catchment areas. Soil erosion research in Kenya
has primarily concentrated on large catchments, where data from gauging stations
have aided in the estimation of sediment yield. Therefore, spatial assessment of
soil erosion as well as sediment yield at small catchment levels is inevitable due
to significant land use changes in addition to lack of management practices in

such catchments, (Mutua et al., 2006).
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1.2.2. Justification

Huge sections of land have become economically unproductive due to land
degradation and unchecked soil erosion, (Diwediga et al., 2018). Decision-
makers, policymakers, and land managers all across the world are concerned
about land degradation, with a particular focus on soil erosion, (Holz et al., 2015;
Ganasri & Ramesh, 2016; Benavidez et al., 2018). This concern over soil erosion
has been heightened by the fact that hydrological monitoring and even proper soil
surveys are in short supply, particularly in poor nations, (Steinmetz et al., 2018).
As a consequence, assessing the danger of soil erosion provides a valuable
methodology for appropriately managing land and water resources, (Karamage et
al., 2016; Asadi et al., 2017). Thus, a thorough prediction of erosion changes in
the near future thus enables the creation of a strategy for better land management
while simultaneously preserving the ecosystem, (Biasutti et al., 2015; Koirala et

al., 2019).

Reservoir designs and catchment management action plans rely on precise
geographic soil erosion data as well as sediment yield, (Korada & Vala, 2014).
Hence, better management decisions will be made if soil conditions and soil
erosion variables are well understood. It is important to emphasize that if soil
erosion is to be effectively stopped, scientific approaches to management of
watershed resources, notably vegetation, water, and soil, are required, (Korada
&Vala, 2014). Therefore, scientific understanding of the elements that influence
each is necessary in order to plan successfully for their management, (Njiru et al.,
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2018; Roslee & Sharir, 2019). This aids in the delineation and, more importantly,
the prioritization of erosion mitigation in erosion-prone locations, (Bewket &

Teferi, 2009).

Soil erosion prevention is defined as slowing down the rate at which soil is lost in
its natural form, (Korada & Vala, 2014). As a result, proper soil conservation
methods must be chosen based on an understanding of the soil erosion process,
(Korada & Vala, 2014). The rate of soil loss is much influenced by soil, climate,
slope, vegetation cover, conservation efforts, and, most importantly, their
linkages, (Ganasri & Ramesh, 2016). On the basis of the intensity of these
variables, net soil loss occurs when soil erosion rates exceed the rate at which soil
is formed, (Diwediga et al.,, 2018). A catchment, on the other hand, is
heterogeneous in nature, and as a result, it has a wide range of biophysical
properties, (Gurebiyaw et al., 2018). Because of the spatiotemporal changes
therefore, determining erosion at the catchment size is extremely difficult,
(Merritt et al., 2003; Onyando et al., 2005; Kovacs et al., 2012; Amah et al.,
2020). The dynamics of soil erosion are determined by spatial heterogeneity
elements such as elevation, soil characteristics, plant cover, land use, and above
all, land cover, (Mallick et al., 2014). This necessitates the employment of
effective instruments and methodologies for quantifying and analyzing soil
erosion in terms of its extent and magnitude, as well as, most crucially, sediment

yield, (Sujatha & Sridhar, 2018).
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The spatial quantification of soil loss has become necessary due to increased
changes with regards land use as well as management in catchments, (Mutua et
al., 2006). In this sense, soil erosion can be assessed using a range of approaches
used at various sizes, as well as a variety of management objectives, (Diwediga et
al., 2018). Therefore, quantifying soil erosion provides an estimate of its extent
and magnitude, allowing for the development of effective management measures,
(Bhat et al., 2017; Salunkhe et al., 2018; Beyene, 2019). However, because of the
complicated interconnections of the many elements at play, measuring and
predicting erosion is a tough task, (Bhat et al., 2017; Gull et al., 2017; Trigunasih
et al., 2018). However, if certain assumptions and simplifications are made, it is
possible to measure and estimate soil erosion with a reasonable level of accuracy

using soil erosion models, (Marston & Dalon, 1999).

Soil erosion modeling can simulate the erosion process by taking into account the
many complex relationships that determine soil erosion rates within catchments,
(Onyando et al., 2005; Efthimiou et al., 2014; Devatha et al., 2015; Benavidez et
al., 2018). Most models are developed to use particular conditions from a
particular area, leading to an improved understanding of such areas, (Devatha et
al., 2015). Therefore, soil erosion models can offer precise estimates of soil
erosion, (Onyando et al., 2005). To compute soil loss, the majority of models
require data on the type of soil, type of land use, topography, landform, and
climate, (Trigunasih et al., 2018). In this regard, modeling is an excellent tool
through which spatial variation of soil loss and its intensity is simulated in
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addition to identifying the areas for sediment origin and above all, deposition,

(Ganasri & Ramesh, 2016; Diwediga et al., 2018).

Existing methods have been bolstered by current milestones in geospatial
techniques, resulting in better ways for parameter analysis, monitoring and above
all, management of land resources, (Hajigholizadeh et al., 2018; Boufala et al.,
2020). Quantitative spatial datasets on soil loss at the micro-catchment level
contributes significantly to developing soil conservation plans, control of erosion,
and most importantly, management of the environment over the entire catchment,
(Jakubinsky et al., 2019). However, the aims, characteristics of the catchment,
data availability, and model’s efficacy play an important role in the model’s

selection, (Pandey et al., 2016).

1.3. Objectives
1.3.1. Overall Objective
The overall objective of the study was to model soil erosion, estimate sediment

yield and characterize sediments for sustainable reservoir management.

1.3.2. Specific Objectives

The specific objectives of the study were to:

a) Predict the spatial distribution of soil erosion at a catchment scale using
the RUSLE model.

b) Assess the sedimentation status of the Maruba dam reservoir over the past
eleven (11) years using a multi-frequency acoustic profiling system.
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c) Assess the physicochemical characteristics of reservoir bottom sediment
and sediment deposited at the inlet of the reservoir in order to inform their

potential use.

1.4. Research Questions
a) Can the average annual soil loss from a catchment be effectively predicted
using the RUSLE model?
b) Can the multi-frequency acoustic profiling system adequately model
sedimentation in a dam reservoir?
c) Can the sediments at the Maruba dam reservoir be beneficially used?
d) How does the sediment yield estimated from the RUSLE-based sediment

compare with that obtained from acoustic bathymetric measurements?
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CHAPTER TWO: LITERATURE REVIEW

2.1. Soil Erosion Process

2.1.1. Introduction

Soil serves as the uppermost surface of the lithosphere, and whose depth varies
according to geographical scales, and above all it is an important aspect of human
existence in all the corners of world, (Abdo & Salloum, 2017). The main
components are air, oragnic matter, water, and minerals, (Chen & Shah, 2019). It
is vulnerable to a variety of degrading processes and even dangers, (Panagos et
al., 2018). The mechanical forces associated with water and wind damage the
upper layer of many soils; this is basically the process of soil erosion, (Panagos et
al., 2018; Tamang et al., 2018). Soil erosion is primarily caused by three factors:
water, wind, and tillage, (Ghabbour et al., 2017). The process is highly physical
and occurs in every corner of the planet, even nearly zero slope settings,

(Jakubinsky et al., 2019).

For a long time, the most important and urgent environmental issue has been
regarded to be soil erosion, (Ochoa et al., 2016; Patyal, 2022). The phenomenon
is fairly gradual, and its effects may go unnoticed or be extremely severe,
resulting in a rapid loss of topsoil, (Sahu et al., 2017). It occurs when the soil’s
cohesive force is exceeded by the energy possessed by wind, drops of rain, and
surface runoff water, (Lal, 1990; May & Place, 2005; Pimentel, 2006; Sahu et al.,
2017; Hajigholizadeh et al., 2018; Tsitsagi et al., 2018; Dominguez & Schaldach,

2019). Soil erosion is a complicated process that involves water and wind
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separating, transferring, and accumulating soil components from the land’s
surface, (Abdo & Hassan, 2018; Hateffard et al., 2021). Soil erosion, according to
Dominguez and Schaldach (2019), is a natural process whereby soil particles get
separated, entrained, and transported. Due to the splashing impact of water as it
rushes down the slopes and into water bodies in sloppy places, nearly half of the
soil's surface is wiped away, (Pimentel, 2006). Similarly, wind's energy is
sufficient to dislodge soil particles and carry them across long distances,
(Pimentel, 2006). Although wind-driven erosion and raindrop impacts have a
limited effect, their magnitude is smaller than that generated by water, (Kale
&Vadsola, 2012). Surprisingly, while completely preventing soil erosion is

difficult, it is feasible to limit it to some level, (El Jazouli et al., 2017).

2.1.2. Soil Erosion Due to Water

Water erosion is simply a naturally occurring mechanism whose magnitude is
determined by how agricultural fields are managed in terms of cover and surface
roughness, (Carr et al., 2020). It is an irreversible geomorphologic process that
results in significant land degradation, (Jiang et al., 2014; Dominguez &
Schaldach, 2019). Water erosion is a concern in mountainous regions, tropical and
subtropical climates, and dry regions, (Carr et al., 2020). Suspended sediment in
rivers is a good indicator of how soil erosion is dispersed around the world,
(Walling & Webb, 1996). The problem is exacerbated by high-energy rainfall,
extremely steep slopes, and dwindling vegetation cover, (Tamene et al., 2006;

Alemaw et al., 2013; Carr et al., 2020). Since farming is restricted in mountainous
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locations, most of the harm to agricultural land brought on by water erosion
occurs here, (Carr et al., 2020). Different land-use activities, on the other hand,
have an increasing influence on water erosion, (Tsitsagi et al., 2018). However,
by having appropriate vegetation cover on the soil, the erosive power's effects can

be minimized, (Bekele & Gemi, 2020).

Water erosion quite is a physical mechanism in which water's erosive forces
separate, transport, and deposit soil particles elsewhere within a watershed,
(Wieschmeier & Smith, 1978; Lal, 1990; Jain et al., 2001; Mitasova et al., 2013;
Hajigholizadeh et al., 2018; Tsitsagi et al., 2018; Chen & Shah, 2019). Erosive
forces dislodge soil particles during detachment, after which they are transported
and deposited following a decrease in water velocity caused by the influence of
ground slope or land cover, (Yang et al., 1998; Roshani et al., 2013; Vantas et al.,

2019).

Rainfall and overland flow, according to Lal (1990), are the most powerful
detaching agents. Following the contact of the raindrop with the soil's surface,
shear stresses arise, and the interstitial forces that keep the soil particles together
are destroyed, resulting in detachment, (Kothyari, 2008). Due to overland flow, a
thin water film forms when the precipitation rate exceeds the rate of infiltration.
Overland flow induces shear forces on the soil's surface, after which, when they

surpass the soil's cohesive force, result in sediment detachment, (Merritt et al.,
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2003; Kothyari, 2008). The principal processes that soil of erosion by water were

summarized by Sanders (1986) as shown in figure 2.1 below.

The depletion of soil particles as a result of the effects of water through surface
water runoff, rill, inter-rill, and even gulley is referred to as water-induced soil
loss, (Yang et al., 1998; Kothyari, 2008; Shoshany et al., 2013; Wang et al., 2015;
Hajigholizadeh et al., 2018). Rill erosion, according to Beskow et al. (2009),
occurs when a concentrated flow detaches and moves soil particles, whereas inter-
rill erosion occurs at the instant when droplets detach soil particles, which are
finally transported together with surface water runoff. Sheet and inter-rill erosion
were identified as the initial steps of the erosion process in catchments by
Hajigholizadeh et al. (2018), a phenomenon that is highly widespread on bare or
very bare soils in agricultural areas, pasture lands, or open places. At lower scales,
such as a plot, splash and sheet erosion dominate soil loss rates, but rill and gulley
erosion are the primary agents of soil loss at larger scales, such as slopes or even

watersheds, (Verheijen et al., 2009).
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Figure 2.1: Key processes influencing soil erosion by water (Source: Sanders,
1986)
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2.1.3. Effects of Water Erosion

Water-induced soil erosion causes several environmental impacts for instance
reduced yields in agricultural production, hydrological cycle disruptions, reduced
plant cover, and losses in biodiversity, which in turn increase the probability of
the occurrence of some natural disasters, (Roslee & Sharir, 2019; Lépez-Garcia et
al., 2020). These impacts are categorized as either on-site or off-site, (Pimentel et
al., 1995; Kisan et al., 2016; Diwediga et al., 2018; Yesuph & Dagnew, 2019).
For instance, it causes depletion of the topsoil, which leads to a reduced effective
root depth and loss of important soil nutrients, (Lal, 1990; Yang et al., 2003;

Koirala et al., 2019). This is an on-site soil erosion problem.

Off-site erosion problem, on the other hand, causes deposits of sediment in river
channels, reservoirs and related hydraulic structures, thereby reducing their
capacity, (Lal, 1990; Pandey et al., 2007; Kisan et al., 2016; Roslee & Sharir,
2019). Sediment is in itself a pollutant; hence, it may carry soil pollutants in
adsorbed form, (Lal, 1990; Kisan et al., 2016). In general, the ecosystem that
surrounds wet territories is endangered by water erosion, (Abdo & Hassan, 2018).
May and Place (2005) noted that a small percentage of the eroded material over a
catchment is deposited in drainage systems while the rest is re-deposited in less
sloping catchment areas, especially the ones with larger particles, (Haan et al.,

1994).
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2.2. Accelerated Soil Erosion

2.2.1. Impacts of Land use and/or Land Cover on Soil Erosion

Land use as well as land cover changes indicate that the surface of the land has
changed, either naturally or purposefully, (Tolessa et al., 2019). The rate at which
land cover is decreased influences the rate of deterioration of both land and soil
resources, (Chalise et al., 2019; Koirala et al., 2019). In addition to shifting
climate trends, the loss of land cover is exacerbated by the way the land is used,
(Roshani et al., 2013; Tolessa et al., 2019). The key drivers of the frequency with
which soil erosion occurs have been recognized as land cover changes and land
use activities in terms of kind, distribution, and management, (Roshani et al.,
2013). Rainfed agriculture has an impact on soil and land deterioration because
the primary goal is to increase output, (Roshani et al., 2013; Belay et al., 2020).
In comparison to uplands, soil erosion rates were low in farmed low-lying

regions, according to Chalise et al. (2019).

According to Pimentel (2006), the loss of land vegetative cover is quite
substantial, especially in developing nations where population growth continues,
and even agricultural operations have shown to be insufficient in safeguarding
topsoils. Trimble and Mendel (1995) found that when the entire ground cover was
reduced from 100 % to even less than 1 %, soil erosion rates drastically increased
by 200 times. According to Haigh et al. (1995), a minimum forest cover of 60 %
is required to prevent major soil loss and landslides. Bajracharya and Sherchan

(2009) calculated that annual soil loss in wooded regions is 5.1 tonnes per hectare
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per year, which is 12 times less than that in shrubland. Higher soil erosion rates
have been linked to sloppy topography, less plant cover, compacted soil surface
layers, and the occurrence of gullies and rills in shrub regions, (Chalise et al.,

2019).

Table 2.1: Land-use types and erosion rates (source: Bajracharya &
Sherchan, 2009)

Type of land Soil erosion rate Range
use (thatyr?) (thatyr?)
Upland 28.0 £ 29 2-105
Lowland 0.70+£0.9 0-27
Shrub 58.0 + 78 0.4 -420
Forest 5.1+47 0.2-15.3

Soil loss is much strongly influenced by long-term land use activities and above
all changes in land cover, (Mallick et al., 2014; Trigunasih et al., 2018).
Following the positive identification of the dependency between loss of soil and
sediment discharge with land management, Li et al. (2014) stated that there has
been a topical environmental argument on the link between changes in the use of
land and cover. For example, Chalise et al. (2019) found a decline in forested land
area and land occupied by water bodies in western Nepal between 1995 and 2015,
but a significant rise in cultivated fields and populated areas. This resulted in a
considerable rise in soil loss rates, which varied from 5.35 to 6.03 t ha™ yr*

during the same time period, (Chalise & Kumar, 2018).
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2.2.2. Effects of Environmental Factors on Soil Erosion

The rate of soil loss that occurs from a given geographical landscape is influenced
by the duration and intensity of rainfall that occurs in that location, (Chalise et al.,
2019). The energy contained in raindrops that impact the surface of land is
sufficient to dislodge soil particles, and this is the basis for soil loss by water,
(Verheijen et al., 2009). As a result, heavy rain that lasts longer and falls on
mountainous terrain is likely to cause substantial soil loss, (Pimentel, 2006;
Devatha et al., 2015; Sujatha & Sridhar, 2018). Chalise et al. (2019), on the other
hand, found that the erosivity factor of rainfall remained essentially constant
across the study period, whereas soil erosion rates increased significantly,
(Chalise & Kumar, 2018). This phenomenon is related to climate change, since
despite a drop in the number of rainy days, no substantial change in rainfall

amount was seen, (Nearing et al., 2004; Mondal et al., 2016; Chalise et al., 2019).

Fine-textured soils with little organic matter percentage and a weak structure
disintegrate more quickly, (Pimentel, 2006; Ochoa et al., 2016). Water erosion is
exacerbated by inadequate organic matter, which diminishes the soil's infiltration
ability, (Morgan, 2005). Chilase et al. (2019) found that the disintegration of soil
particles and eventual loss of topsoil in hilly areas compromises sustainable
agricultural systems. However, strengthening the structural stability of the soil
and boosting plant cover might help reduce soil erosion on such sloppy terrain.
Increased grazing activities have been found to degrade the physical state of the
soil, particularly its ability to hold water and nutrients, and this has exposed it to
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soil erosion problems and landslides as well. The process of soil erosion is
accelerated by livestock grazing because an increased animal population

disintegrates soil aggregates and leads to increased soil bulk density values.

Soil erosion rises when the slope gradient is relatively high and defined by longer
slopes, and topography impacts the rate of soil loss from a specific terrain,
(Koirala et al., 2019). As a result, the discharge and velocity of runoff increase.
Flat terrains, on the contrary, undergo splash erosion as a result of falling
raindrops scattering soil particles in various directions, whereas sloppy terrains
experience downhill splashing, exposing the soil to additional erosion concerns,

(Lietal., 2014).

2.2.3. Management Factors and Soil Erosion

Before the rains fall, most cultivated areas are tilled many times, leaving the soil
barren before crop planting, (Siddique et al., 2017). During certain seasons, some
areas may be subjected to high-intensity storms accompanied by strong winds,
increasing the soil's sensitivity to erosion, (Atreya et al., 2008). The production of
maize, for example, is said to need a variety of soil tillage practices, (Chalise et
al., 2019). After the harvest of the maize crop followed by the subsequent
removal of maize stalks from the field, the field is ploughed repeatedly following
the application of farmyard manure, (Atreya et al., 2008). As a result, the soil
becomes more exposed, making it more vulnerable to erosion from water and

wind, (Chalise et al., 2019). This necessitates the replacement of traditional tillage
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techniques with measures such as minimal and/or reduced tillage, which are
mostly unsustainable. In hilly farmed fields, Atreya et al. (2008) observed that

lowering tillage activities reduced yearly soil loss by 33 percent.

The ability of vegetation cover to fight soil erosion is due to its root system, litter,
and canopy, (Dominguez & Schaldach, 2019). During parts of the year when
there is no rain, however, plant cover is limited, which exacerbates soil loss.
Between these intervals, according to Schreier and Shah (1999), about 60 to 80
percent of the soil, as well as nutrients, are lost. Plant cover is either alive or dead,
according to Chalise et al. (2019), and as a result, the ground is more protected
and less prone to soil erosion. Therefore, in order to successfully prevent soil
erosion in poor nations, soil cover must be restored, as agriculture and forestry

practices are woefully inadequate, (Pimentel, 2006).

2.2.4. Restoration Measures

Three major aspects determine the severity of soil erosion: energy, resistance, and
protection, (Dominguez & Schaldach, 2019). Soil erosion is a natural occurrence
that cannot be completely avoided, although it may be minimized, (El Jazouli et
al., 2017; Dominguez & Schaldach, 2019). The most serious issue affecting the
land surface is caused by rapid soil loss coupled with high rates of surface runoff,
hence it is essential to develop and put into practice effective soil erosion

management techniques as soon as feasible, (Chalise et al., 2019).
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An effective plan for the management of soil erosion can be achieved by (figure
2.2): reducing the direct effect of falling raindrops and impeding overland flow,
(Morgan, 2005; Mohammad & Adam, 2010; Dominguez & Schaldach, 2019);
preventing soil crusting, increasing its infiltration, and reducing surface runoff by
improving the physical conditions of the soil alongside adopting agricultural
practices which can enhance conservation, (Morgan, 2005; Panagos et al., 2015;
Dominguez & Schaldach, 2019; Koirala et al., 2019); utilization of suitable
engineering technologies to manage the excess overflow of water, (Morgan, 2005;
Evette et al., 2009; Dominguez & Schaldach, 2019) and reducing the length of the
slope by adopting agricultural practices, particularly terracing as a way of

minimizing surface runoff build-up, (Morgan, 2005).

Soil Erosion
Management

Rainfall and Slope Management
- Terracing

- Bunding

- Waterways

Crop Management

Soil Management
- Mulching

- Contour cultivation

- High density planting
- Multiple cropping

- Cover cropping - Zero tillage

- Fascines

Figure 2.2: Management of soil erosion (Source: Chalise et al., 2019)

Fertilizer and Manure Application

The proper use of manure and fertilizer results in a healthy crop population,
(Chalise et al., 2019). Plants that quickly cover the ground help to prevent soil

loss, (Nasir Ahmad et al., 2020). However, correct nutrient balance and tracking
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is critical for crop yield and soil performance, (Chalise et al., 2019). According to
Ramos et al. (2006), introducing cow dung slurry into the soil reduced the
detaching power of raindrops on soil particles by around 70 percent. Chalise et al.
(2019) found that combining organic manures with chemical fertilizers boosts the
soil's capacity to store water while also changing the physical condition of the

soil, reducing soil erosion.

Mulching

Mulching, according to Dominguez and Schaldach (2019), is a popular practice
that can operate as a "forest soil litter cover," protecting the soil from erosion
while also increasing its physical attributes. Mulching reduces soil erosion by:
minimizing surface runoff, enhancing water infiltration capacity, and reducing
sediment concentrations by improving soil structure, resulting in little rill as well
as inter-rill erosion, (Chalise et al., 2019; Dominguez & Schaldach, 2019; Nasir
Ahmad et al., 2020). Mulching efficiently inhibits water erosion, although it is
much dependent on variables such as soil type, slope gradient, rainfall erosivity,

and mulch application rate, (Smets et al., 2008).

According to Atreya et al. (2008), when rice straw was utilized as mulch, soil
runoff was decreased by 18 percent. Farmers utilized chippings from trimming
operations and distributed them on the top of the soil rather than burning them,

according to Keesstra et al. (2016). This process, it was found to help in soil
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recovery, add more organic material into the soil, and ultimately a reduction in the

soil’s bulk density.

Management of Cover Crop

Cover crops' thick foliage protects the soil's surface, mitigating the negative
impacts caused by soil erosion, (Keesstra et al., 2016; Chalise et al., 2019). As a
result, the volume of surface runoff water that would otherwise cause soil erosion
is decreased, and the soil productivity is increased, (Vannoppen et al., 2015; Nasir
Ahmad et al., 2020). Cover crops may reduce the splashing effect of rainfall on
soil while also increasing the content of organic material into the soil, controlling
weeds, and reducing microclimate changes surrounding the plants, (Ochoa et al.,
2016). Furthermore, soil surface cover restricts the flow of surface water,
resulting in increased infiltration and less soil loss, (Vannoppen et al., 2015;
Chalise et al., 2019). Napier grass, according to Higaki et al. (2005), is an
efficient cover crop for restoring soil fertility and rehabilitating highly damaged

catchments.

Strip Planting

Strip planting, according to Chalise et al. (2019), is a method in which row crops
that allow erosion are cultivated alternately in strips with crops and grasses that
prevent erosion. When plant strips are created on severely sloping soils, there is a
reduction in runoff and subsequent soil loss, (Raya et al., 2006; Gathagu et al.,

2018). Chalise et al. (2019) identified barley and lentil crops as the key erosion-
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checking species because they produce thick foliage, which is important for
decreasing the effects of soil erosion. Row crops prevent erosion, according to
Chalise et al. (2019), while the eroded soil debris is contained by the erosion
control strips, (Mekonnen et al., 2015). The efficiency of this strategy in
mitigating soil erosion, however, is dependent on how well crop rotation exercises

are carried out, (Kinama et al., 2007).

Contour Farming

Contour farming is a kind of farming that involves carrying out field operations
like primary tillage, secondary tillage, and planting in a way that follows the
land's contours, (Morgan, 2005). This method is used on sloppy soils to create a
barrier against runoff water, reduce its velocity, and reduce soil loss, (Gathagu et
al., 2018). As a result, there is improved water conservation in the soil, resulting
in increased crop output, (Farahani et al., 2016). Contour cultivation is a
frequently used method across the world due to its efficiency in reducing
sedimentation and controlling soil erosion, (Tadesse & Morgan, 1996; Traore &
Birhanu, 2019). Contour farming, according to Gathagu et al. (2018), decreases a
catchment's annual sediment output by 36 percent. When contour farming is
paired with conservation tillage methods like minimum or no-tillage, it becomes
even more effective, (Farahani et al., 2016). Furthermore, when some
conservation tillage strategies, such as minimum or no-tillage, are combined with

contour farming, it becomes more successful, (Farahani et al., 2016).
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Conservation Tillage

Tillage is a powerful process that produces soil dissociation, transport, and
deposition despite modifying the ground surface, (Farahani et al., 2016).
Conservation tillage is a crop production technique that tries to leave nearly 30 %
of crop residue on the surface of the land after ploughing. Surface runoff and soil
loss are reduced when agricultural wastes are retained. Many people in poor
nations, on the other hand, rely on crop wastes for fuel, (Pimentel, 2006).
Excessive tillage disrupts the soil's structure, speeding up soil erosion, (Keesstra
et al., 2016; Chalise et al., 2019). In addition to in situ plant remnants, adopting
less frequent and vigorous tillage methods preserves the structure of the soil and

prevents soil loss.

Conservation measures, notably no-till and limited tillage, increase the biological
and physicochemical features of the soil, according to Mupangawa et al. (2007),
and hence improve the soil's water holding capacity. Reduced tillage practice,
according to Tiwari et al. (2008), reduced soil erosion as well as sediment flow by
around 23 and 9 percent, respectively. According to Nyssen et al. (2011),
conservation tillage reduced runoff by 51 percent and soil erosion by 81 percent,

respectively.

Bioengineering Practices
Live plant materials are used in bioengineering approaches to give simple

engineering solutions, with the living plants being wisely integrated with various
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soil erosion control engineering technologies, (Sriwati et al., 2018; Chalise et al.,
2019). Live check dams, hedgerows, fascines, and brush layers are popular
bioengineering approaches that have been successfully employed to reduce soil
erosion, according to Rey et al. (2019). The use of bioengineering methods is
aided by favorable climatic conditions, particularly in tropical regions, (Vianna et

al., 2020).

Native plants like Dalbergia sissoo, bamboo, and eucalyptus camaldulensis can be
planted alongside man-made dams built on river or streambanks, (Dhital et al.,
2013). These plants help to stabilize the banks and decrease landslides and above
all soil erosion, (Sriwati et al., 2018). The use of live plants and wire-netted check
dams not only stabilizes stream banks, but also narrows the flow of the stream
channel, reducing erosive force, (Dhital et al., 2013). Hedgerows, according to
Chaowen et al. (2007), produce bunds that lessen steepness and eventually build
natural terraces, which minimize surface runoff and soil erosion. With the
implementation of contour-planted hedgerows, Ya and Nakarmi (2004) showed a
considerable reduction in soil loss of 80-99 percent. Grass strips, on the other
hand, were shown to be more successful in preventing soil erosion than
hedgerows because the grass strips are more compact and dense, (Kinama et al.,

2007).
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2.3. Sediment Yield, Sediment Transfer and Sedimentation of Reservoirs
2.3.1. Sediment Yield

Soil erosion and even sediment yield are major catchment challenges in many
third-world nations, limiting development, (Aga et al., 2020). Sediment transfer
occurs primarily in suspended form or even bedload, and comprises of eroded
content from the catchment area, streambed, and even stream banks, (Nyssen et
al., 2009; Dutta, 2016). Deposition of sediments happens throughout time,

thereby causing serious issues in downstream communities, (Gelagay, 2016).

The sediment content that passes through the catchment's outlet ultimately
becomes the sediment yield at that particular point, (Swarnkar et al., 2018). In this
regard, sediment yield refers to a fraction of sediment mobilzation from a
catchment area, (Hassan et al., 2008), and therefore, it accounts for the net
quantity of both and deposition processes inside the catchment, (Sadeghi &
Mizuyama, 2007; Bekele & Gemi, 2020). Thus, sediment yield serves as the
ultimate product of both erosion and even deposition phenomena within the
confines of the catchment, (Haregeweyn et al., 2008; Boakye et al., 2018). At the
scale of a catchment, soil erosion strongly relates to sediment yield, (Dutta, 2016).
This explains the spatiotemporal variation in sediment production, transport and

above all, deposition, (Becvar, 2006).

Typically, the overall soil loss from a given catchment area is much smaller than

the generation of sediment from the same area, (Wasson et al., 1996). This is an
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indication that some dislodged soil particles are deposited before being
transported beyond the catchment area, (Swarnkar et al., 2018). Hence, estimating
soil loss rates at the scale of a catchment is therefore an engineering methodology
that depends on some two basic principles: prediction of sediment yield within the
catchment area and prediction of sediments inside the stream channel, (Aga et al.,

2020).

Erosion control elements impact sediment output, including soil topographical
qualities, plant cover, catchment morphology, climate, network characteristics of
the drainage region, and, most importantly, land uses, (Tamene et al., 2006;
Hassan et al., 2008). However, several human-related activities, such as
urbanization, deforestation, mining, and climate change, have exacerbated its
severity, (Jain et al., 2010). Estimating sediment yield is therefore significant in
researches that touch on sedimentation, morphology of rivers, soil and water
management plans, modeling water quality, and design considerations in erosion

control structures, (Kothyari, 1997; Jain & Kothyari, 2000).

Sediment comes mostly from a catchment's upper, middle, and lower sections,
(Schleiss et al., 2016). Sediments have been found in fields, streams, and even
reservoirs, according to reports, (Bec¢var, 2006; William & Smith, 2008). Erosion
and weathering of rocks inside steep mountainous terrains within valleys, as well
as unchanneled movement of the same through slopes by flowing water and wind,

contribute to the production of sediments in the higher reaches, (Morgan, 2009).
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Therefore, in order to accurately predict sediment production in the higher
reaches, it is necessary to measure the quantity of rainfall or runoff, as well as,
more critically, the thermodynamic activities that occur inside the catchment's

boundaries, (Schleiss et al., 2016).

In the middle reach of a catchment, sediment is produced via gully, rill, and
riverbank erosion as well as legacy load, (Be¢vat, 2006; Schleiss et al., 2016).
The quantity of sediment accumulated in a dispersed way within the alluvial
environment is included in the legacy load, (Hargrove et al., 2010). The size of
the sediments in this section of the catchment diminishes owing to crashing and
abrasion that happens on bigger sediments as they travel through the river channel
(Dutta, 2016). According to Fox et al. (2016), sediment generation in the middle
reach of the catchment, particularly rill, gully, and riverbank erosion, contributes

considerably to reservoir sedimentation.

2.3.2. Sediment Transfer

Depending on how the sediments are supplied, flow velocity, and turbulence,
river sediments come in a variety of sizes as a bed or even suspended loads,
(Pelletier, 2012; Schleiss et al., 2016). The unpredictability in streamflow causes
large or little amounts of suspended sediment to accumulate, resulting in a wide
range of suspended sediment concentrations, (Lin et al., 2017). Different
mechanisms are involved in the manner in which soil particles are moved on this

basis, because their size varies greatly, (Pelletier, 2012; Schleiss et al., 2016).
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Figure 2.3 demonstrates that large particles, which make up the bedload, roll and
bounce (saltate), while smaller particles (suspended load) are lifted by flow
turbulence above the channel bed and carried in a manner comparable to water
flow, (Pelletier, 2012; Dutta, 2016; Lin et al., 2017). The creation of a channel is
determined by suspended sediment load; hence, it is critical in a watercourse

regime, (Gilja, 2009).

Suspension Traction Saltation

-

Larger particles
pushed or rolled
along streambed

Smaller particles
move by bouncing

e

Fig. 2.3: Sediment transport modes

Sediment movement is a critical issue that must be addressed if water resources
are to be used sustainably, (Khanchoul et al., 2018). This is because concerns like
aquatic ecosystem assessment, pollutant export estimates from catchments, and
stream water quality projections all necessitate the calculation of fluctuations in
suspended load with flow over time, (Tabarestani & Zarrati, 2014). Energy
conditions govern the behavior of suspended sediment in watercourses, with low
flows accumulating sediment and high flows transferring it, (Dutta, 2016;
Khanchoul et al., 2018). However, sediment transport rates are determined by the
amount of sediment available, (Asselman, 2000). As a result, understanding
sediment mobility is essential for anticipating sediment and even contaminants in

surface water, (James et al., 2010).
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2.3.3. Sedimentation of a Reservoir

Water is without a doubt the most precious natural resource on the world for all
living things, (Maina et al., 2018; Daus et al., 2021; Palma et al., 2021).
However, many third-world nations have struggled to find enough water in the
correct quantity and quality, (Lee et al., 2022). Water shortage, for example, can
lead to issues like pollution and abstraction, (Palma et al., 2021). In developing
countries, existing freshwater resources are insufficient to sustain the enormous
need for water for households, agricultural, and more importantly, industrial
operations, (Kondolf & Yi, 2022). As a result, river/stream runoff retention in
reservoir facilities has been suggested as a viable alternative for addressing global
water concerns, (Daus et al., 2021; Ko$ et al., 2021; Moslemzadeh et al., 2022).
Climate change and the seasonality of rainfall, on the other hand, have heightened
the need to develop and manage water resources in order to increase conservation
and make resources available for immediate use, (llci et al., 2019; Adongo et al.,
2020). This awareness has awakened the development of strategies for storing
water in rivers through the construction of reservoirs, allowing this wonderful
goal to move forward more quickly, (Gopinath, 2010). Water storage is a tried-
and-true strategy that has helped humankind survive for decades, (Do et al.,

2022).

Reservoirs are hydraulic structures built across rivers for a variety of purposes,
including recreation, water supply on a rural and municipal scale, power
generating, discharge management, and flood control, (Basson, 2009; Gopinath,
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2010; Schleiss et al., 2016; Feldbauer et al., 2020; Basson et al., 2022; Kondolf &
Yi, 2022). The normal location of a reservoir is near the catchment's outlet, where
inflows from rivers or stream channels accumulate, (Snyder et al., 2004).
Sedimentation, on the other hand, has become an inescapable phenomenon that
has continued to jeopardize the operation of all reservoirs, (llci et al., 2009;

Alemaw et al., 2013; Adongo et al., 2020; Iradukunda et al., 2020).

Natural mechanisms have been shown to have an impact on the reduction of
reservoir storage capacity owing to anthropogenic pressure and climate change in
studies, (Dargahi, 2012; Sojka et al., 2021). Land use activities and even land
cover changes have all contributed to the movement of both matter and energy
within these ecosystems, with sediment deposition into lakes and reservoirs being
the worst, (Norgbey et al., 2021; Sojka et al., 2021). Climate change-related
effects, such as changes in rainfall patterns, have recently resulted in a rise in
occurrences of soil loss, resulting in an increase in both sediment as well as
pollutant supplies in lakes and reservoirs, (ElI-Radaideh et al., 2014). Increased
population expansion has led in more sediment and nutrients entering streams and
rivers, eventually ending up in reservoirs and lakes, (Kamarudin et al., 2017).
Despite the fact that sedimentation is a naturally occurring process, it may
probably be slowed down by implementing improved soil as well as water
management methods and even better agricultural practices in catchment regions,
(Gopinath, 2010). The removal of sediment, on the other hand, is a far more
difficult undertaking due to technological constraints and, above all,
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environmental, social, and ecological concerns, (Kazberuk et al., 2021; Basson et

al., 2022).

Reservoir sedimentation is a natural process (Foteh et al., 2018); however, it may
be slowed down by better catchment management methods, (Gopinath, 2010).
Sediment coming from surface runoff owing to rainfall, snowmelt, and even river
channel erosion makes its way into rivers or streams within the catchment, where
it is finally deposited into reservoirs, thanks to the hydraulic process, (Merina et
al., 2016). As a result, reservoir sedimentation can serve as an indirect way of

predicting soil erosion, (Kusimi et al., 2015).

River basins transport water, heat, sediments, chemicals, and even biological
species from the slopes of hills to aquatic bodies such as lakes and reservoirs,
(Schleiss et al., 2016). Natural rivers are thought to have a rough equilibrium
between sediment intake and discharge, (Turgut et al., 2015). Hence, the
geomorphology, hydrology, and even biological conditions in both the upper and
lower sections of the river are all affected when the normal flow regime is
disrupted, (Turgut et al., 2015). Therefore, any structure built to impound water
disrupts the aforementioned fluxes and creates sedimentation, reducing the
reservoir's capacity to hold water, (George et al., 2016; Merina et al., 2016; Ali &
Shakir, 2018). Dams generate an excellent sediment sink within a valley, to put it
simply, (George et al., 2016; Schleiss et al., 2016; Morris, 2020). As a result, the

sedimentation process has an impact on a reservoir's life. Morris (2020) found that
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almost half of sediment flux is confined in controlled basins, meaning that the rest

may make its way into the reservoir.

The number of reservoirs across the world has been steadily increasing, (Kondolf
& Yi, 2022). However, sedimentation is expected to reduce effective storage
capacity during the next several years, (Basson, 2009; George et al., 2016; Merina
et al., 2016; Basson et al., 2022). Because of the accumulation of sediment and
sediment imbalances caused by soil erosion, reservoir storage capacity is
dwindling, (Ali & Shakir, 2018). Furthermore, the velocity of water entering a
reservoir is fairly low, and as a result, a reservoir traps sediments very well,
resulting in lower transit capacity while sedimentation grows, (Dutta, 2016;

Merina et al., 2016).

The progressive deposition process reduces the reservoir's live storage capacity,
rendering it ineffectual in achieving its goal over time, (Foteh et al., 2018; Boakye
et al.,, 2020). In this regard, sedimentation reduces flood storage capacity,
affecting water supply and hydroelectric energy generation, exposing downstream
populations to floods, reducing water quality due to sediments and phosphatic
nutrients, reducing recreational value of water due to increased algal blooms, and
subjecting water turbines to wear and tear, (Odhiambo & Boss, 2004; Schleiss et

al., 2016; Ali & Shakir, 2018).

The way reservoirs lose capacity owing to sedimentation has presented a

significant issue to dam owners, (Schleiss et al., 2016). This is because dams
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disrupt the flow of material via rivers, generating a buildup of sediment in the
reservoir, which degrades its operation and above all, reducing storage capacity,
(Kondolf et al., 2014; Ali & Shakir, 2018). According to Kondolf et al. (2014),
sedimentation deprives the river's downstream portions of sediments that are

necessary for maintaining the channel's shape and supporting the riparian ecology.

The rate at which sedimentation occurs in reservoirs is influenced by factors such
as the catchment’s extent, soil type, land use activities, land cover alterations, and
most importantly, climate, (Moriasi et al., 2018). Human activities and catchment
manipulations on the upstream side also exacerbate reservoir sedimentation,
(Foteh et al., 2018). Sedimentation issues have affected 40,000 big reservoirs
worldwide, leading them to lose between 0.5 and 1 % of their storage capacity,
(Mahmood, 1987; Basson, 2009; Merina et al., 2016). According to Basson
(2009), the rate at which the storage capacity is depleted is slower when the
reservoir is larger. This, according to Kondolf and Yi (2022), is owing to the
increased chance of potential sediment sinks and filters forming due to

topographical influences on vast drainage basins.

The worldwide reservoir capacity is predicted to be 7000 km?, with 4000 km?
being utilised for electricity generation, agriculture, and water supply, (Basson,
2009). Reservoirs have an average age of 30 to 40 years, with around 0.5 to 1 %
of their volume lost each year owing to sedimentation, (Basson, 2009; Schleiss et

al., 2016). If no action was taken, WCD (2000) predicted that nearly a quarter of
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the dam reservoirs will have sedimentation issues within 25 to 50 years.
According to Basson (2009), arid regions have the greatest average rates of
sedimentation (table 2.2). Schleiss and De Cesare (2010) found that the decline in
reservoir storage capacity due to sedimentation was far greater than the increase
in capacity due to the building of new reservoirs on a worldwide scale. Reservoir
sedimentation, as shown in Table 2.2, puts the sustainable production of energy

and food at jeopardy.

The sedimentation phenomenon gives a basis for forecasting the storage capacity
on which the reservoir's life may be anticipated in the context of fluvial
hydraulics, (Dutta, 2016; Basson et al., 2022). This demonstrates that
sedimentation in any reservoir is influenced by sediment yield, (Ali & Shakir,
2018). As a result, maintaining reservoirs necessitates excellent flow regulation
and sediment management, (llci et al., 2019; Ali & Shakir, 2018; Pacina et al.,
2020). However, data on water depth, reservoir capacity, water surface area,
sedimentation rates, and genuine practical life span are still insufficient, (Adongo

et al., 2020).
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Table 2.2: Average global rates of sedimentation and time period when 80
and 70 percent respectively of the capacity of the reservoirs will be lost due to
sedimentation, (Basson, 2009)

Region 'Averag_e rate of Dams for hydroelectric ~ Dams for other
sedimentation (%/year) power: 80 % uses: 70 %
Africa 0.85 2100 2090
Asia 0.79 2035 2025
Australia and Oceania 0.94 2070 2080
Central America 0.74 2060 2040
ﬁ]‘gzg; Russia 0.73 2080 2060
Middle East 1.02 2060 2030
North America 0.68 2060 2070
South America 0.75 2080 2060

2.3.4. Bottom Sediments

Bottom sediments are extremely important in aquatic bodies, (Senze et al., 2021).
The catchment features, the prevailing climate, and the residence duration all
influence the nature, composition, and above all, the quantity of sediment material
in reservoirs, (Kazberuk et al., 2021). In addition to fostering the growth of plants

and algae, sediments are key transporters of nutrients, (Wondim & Mosa, 2015).

Bottom sediment material found in various water bodies are typically fine-
grained, if not ultrafine-grained, and consist mostly of clay particles, silt and even
fine sands, (El-Radaideh et al., 2014; Kazberuk et al., 2021). They are either
typical inorganic substances (fractions of silt, clay, and sand) or even organic
material (remains of plant and animal species) and they are basically adsorbed by

nutrient elements and pollutants, according to Kamarudin et al. (2009).
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Gatuszka et al. (2007) defined inorganic sediments as substances that build in
reservoirs throughout time as a result of human activities. Due to the high demand
for both food and even feed, majority of farmers have had to depend on artificial
and even organic fertilizers to fix key minerals (mostly nitrogen and phosphorus)
into the soil, (Matej-Lukowicz et al., 2021). However, plants, on the other hand,
do not use all of the supplied nutrients, and the balance is rejected to the
environment, (Szymaski et al., 2012). Total organic carbon, on the other hand, is
used to express the amount of organic material in sediment material, whereas
nutrient content is represented as total nitrogen or even total phosphorous,
(Wondim & Mosa, 2015). Furthermore, the breakdown of organic material results
in lower carbon levels in the sediment, while nutrient concentrations in the

sediment are discharged into the immediate water column, (Senze et al., 2021).

Despite connections and interaction between the physicochemical and even
biological characteristics of bottom sediments, the water ecosystem in most lakes
and reservoirs is somewhat dynamic, (Kazberuk et al., 2021). As a result, the the
floral and faunal species in the aquatic ecosystem is heavily reliant on the
reservoir's physicochemical properties, (Madeyski & Bednarczyk, 2000; Sojka et
al., 2021). Furthermore, reservoir features aid in a better description of interaction
that may occur between some natural processes and even activities that take place
within the reservoir, thereby allowing for better protection decisions, (Zakonnov
et al., 2019). The physical properties of reservoirs describe their non-uniformity
and complexity, (Zieminska-Stolarska et al., 2020; Senze et al., 2021). The
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circulation of water and sedimentation are influenced by actual physical elements
such as the form, depth, and temperature of the water, (Senze et al., 2021). The
chemical characteristics of sediments provide some crucial information about
eutrophication rates within reservoirs, (Szymaski et al., 2012; Zieminska-

Stolarska et al., 2020; Kos et al., 2021).

An appropriate equilibrium is struck in healthy reservoirs between sediment
intake and that which would fairly support aquatic life, (Sang et al., 2017;
Zieminska-Stolarska et al., 2020). Trace elements, on the other hand, are crucial
indicators for documenting how human-induced activities affect lakes and
reservoirs, (Sojka et al., 2021). Trace elements may contaminate sediments and
endanger the living species, which have a significant impact on the aquatic
environment, (Zieminska-Stolarska et al., 2020). Detailed geophysical surveys are
commonly used to learn about present sedimentary activities as well as catchment
processes within a range of geological contexts, and more importantly, their effect
with regards to sediment distribution within any receiving body, (Sahoo et al.,
2017). The geochemical characteristics of sediments enable the identification of
variables as well as processes that affect the occurrence and distribution of

elements, (Zakonnov et al., 2019).

2.3.5. Beneficial Use of Reservoir Sediments
Sediment is a byproduct of erosion processes in which soil breaks down into sand,

silt, or clay grains, and organic materials, which ultimately settle in receiving
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water bodies after being transported, (Junakova & Balintova, 2014). In the subject
of water management, sediment formation in reservoirs is regarded as a serious
issue, particularly in terms of reservoir storage capacity loss and, more crucially,
the beneficial use of sediment material retrieved from reservoirs, (Junakova &

Balintova, 2014).

Dam reservoir maintenance necessitates drenching operations, which is an
expensive procedure, (Basson et al., 2022). Furthermore, the reuse of dredged
sediments has the potential to make better use of huge amounts of the material.
The biotic and abiotic use of dredged sediments, on the other hand, can only be
done once their qualities are known, (Junakova & Balintova, 2014). Dredged
sediments have distinct physicochemical properties that might be connected to
past and current land usage in catchment areas. Biotic use of sediments, according
to Junakova and Balintova (2014), means that they are used directly for objectives

such as land reclamation and augmentation, such as horticulture and forestry.

Karanam et al. (2008) revealed that reservoir bottom sediments are associated
with both environmental and economic benefits. In this regard, such sediments
with moderate levels of macronutrients, organic carbon, and even trace elements
may be utilized to improve the quality status as well as the productivity of arable
land, (Tomczyk-Wydrych et al., 2021). They can be used to replace inorganic
fertilizers in croplands when they are proven to be quite rich in the context of

nutrients and organic carbon, (Karanam et al., 2008). However, the direct
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utilization of bottom sediments as fertilizer, according to Matej-Lukowicz et al.
2021, should be discouraged, and instead, nitrogen as well as organic carbon

enrichment is strongly advised.

Bottom sediments, in fact, do not fit a conventional fertilizer mixture, despite the
fact that they include useful elements such as iron and sulfur, (Matej-Lukowicz et
al., 2021). The low phosphorus concentration, which is defined as a non-
renewable resource, is the most significant disadvantage with reservoir bottom

sediments in terms of their potential use in agriculture.

2.4. Reservoirs and Climate Change

Reservoirs are significant hydraulic structures that help to minimize climate
change-related challenges, because of their ability to store and control water
supply, (Field et al., 2014; Kondolf & Yi, 2022). In this regard, new reservoirs
must be built, while current ones must be managed well to avoid potential storage
losses, (Schleiss et al., 2016; Basson et al., 2022; Kondolf et al., 2022). Climate
change, on the other hand, has an impact on reservoirs, as well as other connected
water bodies, (Feldbauer et al., 2020). Increased water temperatures, high
evapotranspiration rates, and hydrological shifts are all effects of climate change

on reservoirs, (Ehsani et al., 2017).

Soil moisture dynamics in catchments is likely to be affected by changes in
temperature, runoff, and evapotranspiration rates, (Miranda et al., 2019). Changes

in rainfall events and decreased plant cover are expected to exacerbate soil loss

~ 46 ~



within catchments and streams that feed reservoirs, (Furniss et al., 2010).
Seasonal variations in temperature and rainfall may also increase forest mortality
and forest fires, which have a severe impact on vegetative communities within the
catchment and even on the riparian contours that define the reservoir, (Furniss et
al., 2010). Hence, such alterations could have an impact on the long-term buildup
of particle organic matter content and coarse wood debris from wooded areas in
reservoirs, (Miranda et al., 2019). As a result of the catchment's vulnerability to
precipitation and temperature variations, reservoirs are at increased risk, (Miranda

etal., 2019).

Climate change may disrupt sediment delivery, create thermodynamic processes
within the catchment, promote basin drying, and, eventually, have a direct impact
on sediment output, (Schleiss et al., 2016; Miranda et al., 2019). Furthermore,
with the increased likelihood of intense precipitation events, soil erosion and river

or stream bank failure are projected to rise, (Ojima et al., 2015).

Schleiss et al. (2016) pointed out that the effects associated with climate change
may significantly affect biodiversity within reservoirs, which has some
relationship with sedimentation processes. For instance, catchment changes may
induce some changes in the rate at which nutrients enter the reservoir, and this
may stimulate the arrival mechanism of specific invasive species, given that
changes in reservoir conditions may favour exotic plants compared to native ones,

(Schleiss et al., 2016). Similarly, increased temperatures and changing patterns of
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rainfall may interfere with the distribution of vegetation if at all it exists, and this
may increase the speed of eutrophication, (Schleiss et al., 2016; Miranda et al.,
2019). According to Rebetez et al. (2011), the occurrence of landslides and
debris-characterized flows will rise, particularly in countries with temperate

hydro-climates.

The spatiotemporal sediment distribution within river catchments is affected by
climate change, (Kondolf & Yi, 2022). This is because climate change has the
potential to alter soil characteristics and vegetation composition, resulting in
changes in sediment loading and reservoir capacity, (Miranda et al., 2019). This is
due to the fact that climate change may alter sediment transport through
watersheds, (Schleiss et al., 2016; Dahl et al., 2018). As a result, climate change
is projected to jeopardize reservoir sustainability through increasing
sedimentation rates, (Miranda et al., 2019). In this sense, small reservoirs are
likely to suffer more from the effects of climate change since they are limited by
capacity, and consequently they cannot resist major flow variations, (Annandale,

2014; Armin et al., 2018).

On the other hand, the accumulation of sediments in reservoirs serves as a
possible sink for the carbon cycle, (Mendonga et al., 2012; Imamoglu & Dengiz,
2017; Mendonca et al., 2017). Organic carbon present in the atmosphere is
removed during the photosynthesis process and is thus trapped by sediments; as a

result, the accumulation of sediments in reservoirs serves as a possible sink for the
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carbon cycle, (Mendonca et al., 2017; Phyoe & Wang, 2019). Eventually, the
amount of carbon stored within the sediments could be released as carbon dioxide
gas or even methane gas by diffusing as emissions from surfaces, being degassed
into the river, especially downstream, or finally bubbling out as emissions,

(Mendonca et al., 2017).

According to Prairie et al. (2018), when rivers are dammed, carbon emissions rise
because of the buildup of terrestrial organic material and sediment rich in
degradable organic matter. Because of the large amounts of biomass in tropical
reservoirs, they have been observed to be strong generators of methane gas,
(Barros et al., 2011). Reservoirs do have an impact on the carbon cycle, but their
importance is mostly determined by age, climate, and latitude, (Barros et al.,
2011; Phyoe & Wang, 2019). Furthermore, the carbon cycle is influenced by
elements such as productivity, geology, type of water body, geology, and

morphometry of the watershed, (Phyoe & Wang, 2019).

2.5. Management Strategies against Sediment in Reservoirs

Sediment trapping is the only practical remedy because soil erosion never ceases
and reservoir capacity is constrained, (George et al., 2016; Obialor et al., 2019;
Morris, 2020). Morris (2020) goes on to say that when a reservoir fills and its
functionality is jeopardized, an equilibrium balance between sediment influx and
outflow will be struck, or by encouraging management initiatives that would

improve the reservoir's long-term functionality (figure 2.4).
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Figure 2.4: Sediment equilibrium in a reservoir (Source: Morris, 2020)

When a proper sediment management strategy is executed, a reservoir's
functionality can be maintained, (George et al., 2016; Morris, 2020; Basson et al.,
2022; Kondolf & Yi, 2022). Sustainable sediment management aims to achieve a
balance between in and out of the sediment, restore sediment delivery
downstream of the channel, maximize long-term storage, and derive possible
advantages while keeping the environment in mind, (Morris, 2020; Sun et al.,
2022). Reservoirs can be characterized as low or high in this regard, depending on
a variety of characteristics such as infrastructure use, volume loss due to

sedimentation, and, more importantly, the rate at which sedimentation occurs,

(Juracek, 2015).

Preventative and, more significantly, post-sedimentation mitigation approaches
can be put in place before or even during the construction phase, (Schleiss et al.,
2016). There are quite a number of engineering approaches that could be used to
effectively regulate sedimentation in reservoirs,

(Schleiss et al., 2016).
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Retroactive approaches, according to Schleiss et al. (2016), restore reservoir
volume by draining silt via or even bypassing the embankment. According to
Kondolf et al. (2014), reservoir sedimentation mitigation methods are grouped
into three categories based on where they occur within a river basin: upstream of
the reservoir (C), within the reservoir (R), and most importantly at the dam (D), or

even a mix of the three.

Schleiss et al. (2016) classified reservoir sedimentation control techniques based
on the intervention process, such as where sediments are produced (upper reach,
middle reach, and within the reservoir), sediment transport (within the upper
network of the channel or as sediments approach the reservoir), and long-term
sediment storage. As indicated in the diagram below, Morris (2020) grouped

reservoir management options into four categories (figure 2.5).
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Figure 2.5: Management strategies for reservoir sedimentation (Source:

Morris, 2020)

The strategy chosen for the control of sediments must take into account the

following important parameters, (Schleiss et al., 2016): Geographic location

(climate, weather, latitude, and altitude); geometry of the catchment (hypsometry,

area, river network, and topography); land cover/land use within the catchment;

human activities carried out within the catchment; mineralogy of the sediment and
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grain size distribution; geometry of the reservoir (in relation to the area of the
catchment, capacity, orography, shape and slope characteristics); type of the dam
(naturally occurring or artificial, method of construction); hydro-mechanical
equipment for releasing water in terms of type and even their number); age and
the manner in which the infrastructure is being used; the level at which sediments

have accumulated within the reservoir; the system of management of the water;




quality aspects of water and that of sediments; economic value for both the water
resource as well as sediments; sensibility of geopolitics; practices at local scale in
addition to the available equipment; and ecological aspects on the upstream and

even on the downstream sides of the dam.

Morris (2020), on the other hand, identified technical, economic, hydrologic,
environmental, and regulatory challenges as key determinants of the use of
reservoir management strategies. He went on to say that adaptive and proactive
techniques can be blended to come up with the best management strategy.
However, the two strategies must be addressed when a long-term plan for the
reservoir's sustainable usage is being prepared, as well as a foundation for moving

from near-term to long-term management strategies, (Morris, 2020).

2.6. Soil Erosion Modelling

2.6.1. Why Modeling?

Managers must make decisions based on collected data in order to improve water
quality and restore degraded catchments, (Jothimani et al., 2022). However, data
gathering can be costly, time-consuming, and inconvenient, thus modeling is
considered as a superior option in these cases. A model is a representation of logic

and processes, (De Roo, 1996).

In order to tackle a specific problem, a modeller employs formulations to
represent a basic process or a set of processes. Some factors that are not

physically observable may be included in the model, but they must be calibrated
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for each case, according to De Roo (1996). This, however, does not degrade the
model's quality; rather, it strikes a balance between available time, monetary
resources for model creation, data collecting, and processing time. The model
users should clearly identify the intended output from the modeling study. Most
models that have been developed by various authors differ in complexity, data

requirements, process, and application, (Pandey et al., 2016).

2.6.2. Soil Erosion Models

To relate the primary causes and the key processes that occur on the ground
surface, soil erosion models utilize mathematical expressions, (Jetten et al., 2003;
Gianinetto et al., 2019). Topography, soil qualities, land use/land cover, and
meteorological variables are all elements to consider, (Jetten et al., 2003; Devatha
et al., 2015; Gianinetto et al., 2019). The detachability, transportability, and
deposition behaviour of soil particles on the terrestrial surface are described by
these models, (Nearing et al., 1994; Jetten et al., 2003). They have the ability to
estimate soil loss, making them valuable instruments in project planning,
(Siddique et al., 2017; Benavidez et al., 2018). They contribute to a better
apprehension of the soil erosion phenomenon and its consequences, (Nearing et
al., 1994; Benavidez et al., 2018). Appropriate models have been chosen on the
basis objectives, data availability, catchment features, and model efficiency,

(Keesstra et al., 2014; Pandey et al., 2016).
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Different types of erosion models have been developed and used on the basis of
land and weather conditions, (Merritt et al., 2003; Devatha et al., 2015; Ganasri &
Ramesh, 2016; Beyene, 2019; Bansekhria & Bouhata, 2022). For the prediction of
soil erosion on fields, drainage basins, and hillslopes, some parametric models
have been created, (Wischmeier & Smith, 1978; Korada & Vala, 2014). The soil
type, climate, terrain, and land use features were all taken into account when

creating these models, (Sharma et al., 2010).

Three sorts of models are classified based on the mechanism examined during
model development: physical, conceptual, and empirical models, (Merritt et al.,
2003; Efthimiou et al., 2014; Devatha et al., 2015; Ayinla & Jona, 2018; Sujatha
& Sridhar, 2018; Gianinetto et al., 2019). Both empirical and conceptual models
are "simple," according to Merritt et al. (2003), however, physically-based models
are "complex.” Both empirical and process-based models have been used to
model soil erosion, (Li et al., 2017; Saha et al., 2018) and, more crucially, to build
conservation plans, (Ascough et al., 2017). However, other aspects involved in
soil erosion must be included in a model, such as influencing variables, level and
implementation period, processes to be considered, characteristics to be assessed,
algorithm type and assessment type, and types of hazard, (Karydas et al., 2014),

(Table 2.3).
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Table 2.3: Key parameters involved in modelling water erosion and their
relevant options (Source: Karydas et al., 2014)

Parameters Options

Magnitude Field, hillslope, watershed or landscape

Period Event-based or averaged

Influencing factors Climate, topography, soil or vegetation

Soil erosion processes Splash detachment, runoff transfer or runoff
detachment

Forms of erosion Sheet, rill, gully or bank

Algorithm Empirical or mechanistic

Assessment Qualitative or quantitative

Physically Based Models

In the modeling of soil erosion, physical models have frequently been used,
(Malleswara Rao et al., 2005). The progress of physical soil erosion models has
been accelerated by increased understanding of the representation of hydrological
processes, as well as the availability of measuring tools at the field level,
(Ramsankaran et al., 2013). Physical models solve fundamental physics equations
to describe the soil erosion process in a catchment, (Merritt et al., 2003;
Malleswara Rao et al., 2005; Roshani et al., 2013). They can anticipate both
runoff and even sediment yield for a given storm in terms of location,
(Chandramohan et al., 2015). Physical models, according to Morgan (1995), are
process-based since they use an empirical method to model soil erosion. They
mostly employ explicit differential equations, also commonly known as the
equation of continuity, which is the theory of matter conservation in a given place

for a given time, (Morgan, 2005; Mitasova et al., 2013).
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Physical models are effective tools because they combine elements of soil
erosion, their interactions, and their temporal variability, (Zhang et al., 1996;
Ascough et al., 2017). Physically-based models, on the other hand, do not provide
an ideal set of parameters for driving models based on parameter estimation
criteria, (Malleswara Rao et al., 2005), despite the fact that they are extremely
sophisticated and require a lot of data, (Sujatha & Sridhar, 2018). A created
physically based model for a limited area, such as a catchment, cannot be

transferred to a wide area, according to Malleswara Rao et al. (2005).

Physical models have been extensively used in studying water quality issues and
erosion processes, (Sujatha & Sridhar, 2018). The common ones include: Areal
Non-Point Source Watershed Environment Response Simulation model
(ANSWERS), (Beasley et al., 1980); Griffith University Erosion System
Template model (GUEST), (Misra & Rose, 1996); Productivity, Erosion and
Runoff, Functions to Evaluate Conservation Techniques model (PERFECT),
(Littleboy et al., 1992); European Soil Erosion Model (EUROSEM), (Morgan et
al., 1998), and Water Erosion Prediction Project model (WEPP), (Laflen et al.,

1991).

Empirical Models

Empirical models are the most basic, relying on inductive logic, experience, and
experimental outcomes, (Wheater et al., 1993; Merritt et al., 2003; Ayinla & Jona,

2018). They have a broad range of applications because they require fewer
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calculations and data, (Merritt et al., 2003; Efthimiou et al., 2014; Asadi et al.,
2017). The erosion process effect (separated amount of soil) is connected by
mathematical formulae to either objectively quantifiable (temperature, catchment
area, topography variables, etc.) or subjectively assignable parameters

(temperature, catchment area, topographic factors, soil erodibility factor, etc).

These models are only applicable to the location and its conditions because they
do not seek to understand the physics underpinning catchment dynamics,
(Gianinetto et al., 2019). The input data for the model is considered to be uniform
across the basin. That is why they produce more consistent results when used in
small areas where parameter fluctuation is minimal, (Merrit et al., 2003;
Efthimiou et al.,, 2014). The models assume that the data remains constant

throughout the analysis, which may be unsatisfactory in some instances.

They are, however, highly costly and time-consuming, particularly during the
calibration process, because much time is required to collect the necessary data.
Furthermore, empirical models are costly and necessitate extensive experiments in
order to gather crucial data for calibration. Some of the most widely used
examples of this type of model include: Universal Soil Loss Equation (USLE),
(Wieschmeier & Smith, 1978), sediment delivery ratio (SDR), (Renfro, 1975),
Modified Universal Soil Loss Equation (MUSLE), (Williams, 1975), Revised
Universal Soil Loss Equation (RUSLE), (Renard et al., 1997), Sediment Delivery

Distributed (SEDD), (Ferro & Porto, 2000), and Agricultural Non-point Pollution
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Source (AGNPS), (Young et al., 1989).

Conceptual Models

Catchments are typically represented in these models as conventional periodic
internal storage units, (Merritt et al., 2003). The general mechanisms that govern
sediment and water storage define the interface between the two, (Merritt et al.,
2003). Rainfall and runoff determine sediment formation; hence they are part of
the model input, whereas sediment yield is the result, (Chandromohan et al.,
2015). The input parameters for this type of model are typically derived after

calibration using field data.

The process of determining the best set of data values, on the other hand, might be
time-consuming. The model may be complicated by the several sets of optimal
parameter values, making it far more difficult to determine them, (Merritt et al.,
2003). It signifies that the parameters can not be fully translated into physical
values, (Sujatha & Sridhar, 2018). Examples include the Chemical Runoff and
Erosion from the Agricultural Management Systems (CREAMS), (Knisel, 1980),

and Large Scale Catchment Model (LASCAM), (Viney & Sivapalan, 1999).

2.6.3. Model Scales

Soil erosion mechanisms vary in space and time due to the interplay of multiple
components at each phase, (Fistikoglu & Harmacioglu, 2002; Mayor et al., 2011,
Santos et al., 2017; Gianinetto et al., 2019). Soil erosion models must account for

the catchment's geographical and temporal effects, (Owen et al., 2006). As a
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result, the primary goal of incorporating a model into soil erosion research is to
show the erosion process and sediment transport mechanism at various
spatiotemporal scales, (De Vente & Poesen, 2005). Since runoff and erosion rates
vary in terms of space and time, it is vital to identify the scales, as well as the
processes and forces at play, (Mayor et al., 2011). In order to fully represent the
spatial and temporal scales, a model is designed to operate at a certain spatial

extent and time interval, (Karydas et al., 2014).

Examples of spatial scales include hill slopes, small, medium, and large
catchments, with land area sizes ranging from less than 0.1 km? to 1,000 km?,
1,000 km? to 10,000 km?, and more than 10,000 km? respectively, (Owens et al.,
2006; Li et al., 2017). According to De Vente and Poesen (2005), greater drainage
area leads to enhanced sediment yield. Furthermore, Owens et al. (2006) pointed
out that as the geographical scales rise, such as from hilltop to watershed, erosion
processes and sediment transport increase. In this context, relevant data sets must
be developed to aid in the modeling of soil loss and more importantly, sediment
transport processes, (Owens et al., 2006). Geospatial features (spatial, temporal,
and even spatial methods) would, thus, constitute the basis for modeling soil

erosion, according to Karydas et al. (2014).

In order to establish the suitable application of the model, the timing of events or
even processes to be predicted must be addressed, (Merritt et al., 2003). Examples

of time scales include storms, daily, weekly, monthly, annual, decadal, and
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holocene events, (Owens et al., 2006; Li et al., 2017). By building models that
might function for a specific rainfall event, the behavior of an area subjected to a
single storm event was explored, (Merritt et al., 2003). For event-based models,
the timestep ranges from minutes to hours. These models' algorithms use grid
cells to describe processes at the plot or catchment level, (Merritt et al., 2003). As
a result, models have been used at larger temporal scales to investigate broader
trends in vegetation, land management, and rainfall over time, (Merritt et al.,
2003). Event-based models have been modified to continuously simulate mode as

computing power has increased, (Merritt et al., 2003).

2.7. GIS and RS Applications in Modelling Soil Erosion

Soil erosion assessment is difficult due to the isolated nature and heterogeneity of
large catchment areas, (Amah et al., 2020). Hence, the use of traditional methods
to map soil erosion becomes extremely difficult, (Amah et al., 2020). The future
success in soil erosion modeling will depend on how successfully the
geographical information system (GIS) is integrated into the process,
(Avwunudiogba & Hudson, 2014). At the field level, models have been used to
develop plans aimed at conserving and managing catchments in a cost-effective
manner, (Wieschmeier & Smith, 1978). However, given the large sets of data and
parameters involved, applying models has been difficult due to the spatial extent
of catchments, (Avwunudiogba & Hudson, 2014). This necessitates the use of
more valuable and practical tools such as RS and GIS, among others, (Devatha et

al., 2015).
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These geospatial tools have enhanced the quality of soil erosion modeling, (De
Jong, 1994; Jain & Sharma, 2014). This is reflected in their improved ability to
store, manage, analyze, and display data, (De Jong, 1994). The majority of models
calculate soil loss by taking into account the relationship between the various
erosion factors, (Wieschmeier & Smith, 1978). As a result of the integration of
geospatial tools into these models, it is now possible to estimate the risk of soil
erosion spatially as well as develop sound soil erosion prevention techniques,

(Efthimiou et al., 2014; Saha et al., 2018).

GIS, as defined by Longley et al. (2004), is a computerized system that collects,
stores, transforms, and displays spatial data in order to solve spatial problems.
The use of GIS in erosion modeling allows for a more realistic simulation of the
phenomenon, (Karydas et al., 2014). Furthermore, by combining soil erosion
models with GIS, the process of soil erosion can be simulated while taking into
account the complexity of the factors involved, (Mallick et al., 2014). When GIS
is used in soil erosion models, it creates a powerful research tool, (De Roo, 1996;
Devatha et al., 2015; Beyene, 2019). This is due to the fact that a large number of
models require manual file feeding via typing. GIS, on the other hand, can
generate files for use in the model as well as display the results, (Csafordi et al.,
2012). De Roo (1996) went on to say that the use of DEM in GIS allows for
detailed descriptions of the morphology of the catchment, which allows for

successful soil erosion modeling.
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In larger catchments, GIS techniques make it possible to estimate soil erosion in
addition to quantifying its spatial extent at manageable costs and above all, with
greater accuracy, (Jain et al., 2001; Csafordi et al., 2012; Manjulavani et al.,
2016; El Jazouli et al., 2017). GIS, as demonstrated by Korada and Vala (2014),
can measure parameters related to a region's topography and hydraulics at spatial
scales. According to Bartsch et al. (2002), the GIS framework can be used to
calculate a topographic factor from a DEM, which is important in calculating soil
erosion loss. Some existing models, such as RUSLE, ANSWERS, and

EUROSEM, have successfully integrated GIS, (Avwunudiogba & Hudson, 2014).

2.8. The RUSLE Model

2.8.1. Overview

The (R)evised (U)niversal (S)oil (L)oss (E)quation model is a mathematical
model for predicting annual soil erosion that was developed and above all, it is
extensively used, (Renard et al., 1997; Manjulavani et al., 2016; Beyene, 2019;
Roslee & Sharir, 2019). It is a revised version of the (U)niversal (S)oil (L)oss
(E)quation (USLE), which has been used for more than 40 years at various
geospatial scales all over the world, (Farhan et al., 2013). The RUSLE model's
predicted amount of soil loss represents the quantity of soil lost from a user-
described landscape, (Manjulavani et al., 2016). The model, according to Angima

et al. (2003), can be used to predict soil erosion in ungauged catchments.
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RUSLE evaluates the loss of soil from undisturbed lands that encounter overland
flow, disturbed areas, and even newly/reclaimed lands that have been recently
formed, according to Renard et al. (1997). The RUSLE model, according to
Angima et al. (2003), is a powerful tool for predicting the hazards associated with
erosion in a specific location as well as identifying priority regions that require
intervention measures. It is a common model for predicting soil erosion because it
can accommodate for data management requirements to a limited extent, (Sujatha

& Sridhar, 2018).

The RUSLE model accounts for the main causes of soil erosion by considering
rainfall, soil, slope length, steepness, land cover management, and support
practice as elements, (Farhan et al., 2003; Bhat et al., 2017; Sujatha & Sridhar,
2018; Phinzi & Ngetar, 2019). These characteristics vary in space and time,
(Sujatha & Sridhar, 2018) and are heavily reliant on other variables, (Bhat et al.,

2017).

According to Bhat et al. (2017), the RUSLE model does not require a lot of data
because it may employ satellite images with low to medium spatial resolution in
addition to the restricted rainfall data. Integration of RUSLE with GIS, according
to Shi et al. (2004), allows for the utilization and analysis of vast volumes of
datasets that are difficult to handle manually. As a result, numerous countries
have adopted the concept as an official conservation planning tool, (Wieschmeier

& Smith, 1978; Renard et al., 1997; Hudson & Fall, 2005; Farhan et al., 2013).
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The RUSLE model has dominated the world in predicting soil erosion because it
is simple to use and has some GIS interoperability, (Pandey et al., 2009; Yesuph

& Dagnew, 2019).

Given that anthropogenic and natural factors are both major contributors to soil
erosion (Phinzi & Ngetar, 2019), it is essential to understand these factors in order
to precisely quantify soil erosion. Traditional methods, on the other hand, produce
accurate predictions of soil erosion at plot proportions but are grossly inadequate
at catchment dimensions, (Amah et al., 2020). This is due to their inadequacy in
terms of financial resources, time, and effort. As a result, Phinzi and Ngetar
(2019) concluded that the RUSLE framework is excellent for assessing soil
erosion and the elements that cause it. Globally, researchers have predicted soil

erosion using the RUSLE model with greater success.

2.8.2. RUSLE Parameterization
RUSLE adds several enhancements for factor verification, although it keeps the
latter's equation as its foundation, (Chadli, 2016; Sahu et al., 2017). The model is

empirically expresses as shown in equation (2.1).

A = (R) X (K) X (LS) X (C) X (P) [2.1]
Where,

A = average annual soil loss time (t ha™ yr™)

R = rainfall erosivity factor (MJ mm t ha™* yr)

K = soil erodibility factor (t hah ha *MJ™ mm™)
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LS = slope length - steepness factor (dimensionless parameter)
C = cover management factor (dimensionless parameter)
P = support practices factor

2.8.2.1. Rainfall Erosivity (R) Factor

The energy possessed by a specific storm, which is a factor of the intensity of
rainfall and the amount of precipitation, is known as rainfall erosivity, (Renard et
al., 1997). As a result, the rainfall factor quantifies the erosive power of a certain
rainfall, (Malleswara Rao et al., 2005; Tsitsagi et al., 2018). There is a substantial
correlation between soil erosion and rainfall, as evidenced by particle detachment
and runoff contribution, (Esa et al., 2018). As a result, the rainfall erosivity factor
is greatly reliant on the amount and intensity of rainfall, (Phinzi & Ngetar, 2019).
Therefore, the R-factor quantifies the total result of rainfall duration, volume, and

severity for a certain rainfall event, (Panagos et al., 2015).

The most essential aspects of rainfall, according to Foster et al. (2003), are the
quantity and even intensity of rainfall. In this aspect, erosion is more likely when
the quantity and intensity of rainfall for a specific rainfall event are both larger.
Despite the fact that the rainfall erosivity factor is strongly linked to soil loss over
the world, Renard and Freimund (1994) found that it varies depending on
individual regions and scales. The lack of dense time series data has hampered the
application of USLE and its upgraded formats. According to Vantas et al. (2019),

a number of soil erosion models have since been developed on the basis of
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rainfall’s depth for certain time intervals, notably daily, monthly, and even
annually, taking into account the corresponding spatial effects and climatological

properties (Table 2.4).

Many researchers in many countries throughout the world have have noted some
good relation between R-factor values and yearly rainfall using a variety of
techniques, ranging from simple equations to geo-statistical models, (Vantas et
al., 2019). Time periods of larger than 20 years are typically used to remove bias
in the calculation of the R-factor, allowing for both wet as well as dry periods to

be included, (Angima et al., 2003; Vantas et al., 2019).
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Table 2.4: Rainfall Erosivity Factor Equations

Equation Region of Authors Equation
Application Number
R =0.55 MAR - 24.7 Ethiopia & | Hurni (1985) 2.2
Egypt

R = —8.12 + 0.562 MAR | Ethiopia Hurni (1985) 2.3

R =79 +0.363 MAR Entire India Singh et al. 2.4

R =50 + 0.389 MSR (1981) 2.5

R =0.1059 abc + 52 Entire India Singh (2006) 2.6

R =22.8 + 0.6400 MAR Dehradun, India | Rambabu et 2.7
al. (1979)

R =0.5MAR Ivory Coast and | Roose (1975); 2.8

Burkina Faso Morgan

(1986)

R = 23.61e0.0048MAR Northern Jordan | Eltaif et al. 2.9
(2010)

R = 117.6 (1.00105™) | Kenya Kassam et al. 2.10

for <2000 mm (1992)

R =0.38 +0.35 MAR Thailand Harper (1987) 2.11

2.5p2 Indonesia Bols (1978) 2.12
~100(0.073P + 0.73)

Key: MAR = average annual rainfall (mm), MSR = average seasonal rainfall
(mm), and P = annual rainfall (mm), a = average annual rainfall (mm), b =
maximum 24-hour rainfall (mm), and ¢ = maximum 1-hour rainfall having a
recurrence interval is 2 years

2.8.2.2. Soil Erodibility (K) Factor

When it comes to estimating soil loss and more so, implementing soil

conservation measures, soil erodibility becomes an important factor to consider,

(Shabani et al., 2014; Zhang et al., 2019). The K-factor assesses how soil

attributes as well soil profile parameters influence soil loss, (Agarwal et al., 2016;

Chuenchum et al., 2020). According to Alewell et al. (2019), there is a substantial

statistical association between the K-factor and some soil parameters, particularly
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when soil erodibility is attributable to water. These characteristics include those
that affect infiltration capacity, permeability, and total content in the soil, as well
as those that influence processes including abrasion, splashing, dispersion, and
overland flow, (Alewell et al., 2019). As a result, the K-factor has been
characterized as the soil's inherent vulnerability to rainwater runoff erosion, (Ban
et al., 2016; Thomas et al., 2017; Uddin et al., 2018; Phinzi & Ngetar, 2019). It
expresses the soil's inherent vulnerability to dislodgement and transfer in simple

terms, (Lin et al., 2019).

The erodibility of soil is much influenced by a number of physical and chemical
factors, (Morgan, 1995; Esa et al., 2018; Fayas et al., 2019; Phinzi & Ngetar,
2019; Amah et al., 2020). Organic matter content, soil particle dispersion, texture,
and structural orientation are among them, (Chuenchum et al., 2020). In theory,
the K factor is a quantity that, despite being lumped, provides a description that
quantitately characterizes a specific soil when expressed as an annual integrated
value, (Uddin et al., 2018). On the basis of a typical plot, the K factor quantifies
the rate of soil loss per unit index of erosion for a certain soil association, (Uddin

et al., 2018; Koirala et al., 2019).

When exposed to water-borne erosion, however, various soils behave differently,
(Phinzi & Ngetar, 2019). In this regard, finely textured clays, as well as sandy
soils, have low K values; silt and loams having average texture have moderate K

values; while soils with high fractions of silt have rather high K values, (Renard et
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al., 1997). The availability of organic material in the soil, on the other hand,
lowers the value of K due to its ability to bind soil particles together, and
therefore, the rate of soil aggregation increases, which minimizes the effect of
raindrop detachability, enhances infiltration capacity, and above all, reduces

surface runoff, (Wischmeier & Smith, 1978; Renard et al., 1997).

Empirical equations that have been developed using the physicochemical
parameters of soils, runoff plots, and even simulation experiments on both rainfall
as well as runoff have all been used to determine soil erodibility, (Shabani et al.,
2014). Following long-term data taken directly from runoff plots, the-K factor as
described in the USLE model (Wischmeier & Smith, 1978) has been widely
utilized to estimate soil erodibility. However, because the methodology is both
time-consuming and costly, various ways that rely on certain soil's qualities that
are easier to assess have been employed to quantify the K-factor, (Zhang et al.,
2019). Under some conditions, such methodologies have been used to give an

estimate the K factor, (Zhang et al., 2019).

K-factor values can also be obtained using erodibility and the soil nomograph,
according to Wischmeier and Smith (1978). As a result, K-factors for specific
sites can be found in a variety of sources, (Jain et al., 2001; Agarwal et al., 2016).
However, if several researchers reported various K values for the same type of
soil, the average values should be calculated, (Uddin et al., 2018). Hurni (1985)

used the color of the soil to determine K factor values. Kaltenrieder (2007), on the
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other hand, claimed that this criterion was inaccurate because soils of the same

color had various K values. Several studies have developed K factor algorithms

based on pedological data (table 2.5).

Table 2.5: K-factor algorithms

Equation

Reference

Serial
Number

K=27.66m"*x 1078 % (12 —a) +
0.0043(b — 2) + 0.0033(c — 3)

Where,

K = Soil erodibility factor

(ton-hr *-hat-MJ-mm),

m = (Silt % + Sand %) x (100 — clay %),

a = percent organic matter,

b = soil structure code: 1) very structured or
particulate, 2) fairly structured, 3) slightly
structured, and 4) solid,

¢ = soil profile permeability code: 1) rapid, 2)
moderate to rapid, 3) moderate, 4) moderate to
slow, 5) slow, 6) very slow

Soil organic matter is derived by the following
equation:

SOM =1.72*0OC

Where,

SOM = soil organic matter

OC = soil percentage organic carbon content

Wischmeier
& Smith
(1978)

Abraham,
(2013)

2.13

K =311.63 — 4.48 * (SG% + S%) + 613.4 +
6.45 = EC

Where,
SG = coarse sand content (%)
S = sand content (%)

Merzoul
(1985)

2.14
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EC = electrical conductivity

SIL

K = (0.2 + 0.3¢[0-02565AN (1- m)]) .

( SIL )0-3 0.25C
$[1— —gses *
CLA+SIL C+e(3.72-2.950)

1 0.7SN;
- SN1+e(22.9SN1— 5.51)

Where,

SAN = sand content (%)
SIL = silt content (%)
CLAY = clay content (%)

C = soil organic content (%)
SN; = (1 — SAN/100)

Sharply and
William
(1990)

2.15

K =

2
7.594{0.0034 + 0.0405 exp [ (W]}

Where,
K is in terms of t hah MJ™* ha* mm™

Dg = geometric mean particle diameter of soil
texture

Romkens et
al. (1986)

2.16

2
K = 0.0034 + 0.0387 exp[_%(1°g1o(0D7gz;L11.533)

Dg = exp(0.1 * Z?zl f; In m;)
Where,

Dg = geometric mean diameter of the soil
particles (mm)

fi = weight percentage of the particle size
fraction (%),

m; = arithmetic mean of the particle size limits
(mm)

n = number of particle size fractions.

Romkens et
al. (1997)

2.17
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K=
0.0293(0.65 — D, +

0.24D2)exp[—0.0021 % —0.00037(
4.02C1% + 1.72C12]

Dg = Zi fi ln(,/ didi—l)

Where,

oM
C

1)2_

Dy = Napierian logarithm of the geometric
mean of the particle size distribution

OM = organic matter content (%)

Cl = clay fraction (%)

fi = mass fraction in the corresponding particle
size class (%)

n = number of particle size fractions

di = maximum diameter of the i class (mm)
di 1 = minimum diameter (mm)

Torri et al.
(1997)

2.18

K=(271*10"%) % (12 —a) * M1 + 4.20 «
(b —2) 4 3.23 % (c—3)/100

Where,

M = (% silt + % fine sand) * (100 - % clay)

a = organic matter content

b = representative code of the soil structure type
(dimensionless)

¢ = code of soil profile permeability
(dimensionless)

Renard et al.

(1997)

2.19

2.8.2.3. Topographic (LS) Factor

The topography of a specific landscape is defined by the length of the slope, in
addition to its steepness, which impacts the degree of soil erosion, (Fayas et al.,
2019). When modeling soil erosion (Ganasri & Ramesh, 2016), slope length and
slope gradient are key characteristics to consider, especially when calculating the
transport power associated with surface runoff, (Koirala et al., 2019). As a result,

the LS factor accounts for both length as well as steepness variables, which give
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an account of a landscape's topographical influence on erosion, (Sujatha &
Sridhar, 2018; Chuenchum et al, 2020). The topographic factor accurately
represents the impacts of terrain on soil erosion processes, indicating that soil
erosion rises as the angle and hence the slope length increases, (Devatha et al.,

2015).

The slope length (L) factor depicts the effect of slope length in the soil erosion
process, (Koirala et al., 2019). The slope length is defined by Ganasri and
Ramesh (2016) as the cumulative distance from a given point that marks the start
of surface runoff to a point that marks the start of deposition or even where runoff
volume accumulates to a properly defined channel, (Gelagay & Minale, 2016;
Ramesh & Ganasri, 2016). Therefore, the amount of soil removed per unit of
surface rose as the slope length increased, (Ganasri & Ramesh, 2016; Koirala et

al., 2019).

The slope gradient, on the other hand, expresses the erosion effect of slope
steepness, (Ganasri & Ramesh, 2016; Koirala et al., 2019). Slope gradient
parameters have a greater impact on soil erosion than slope length, (Ganasri &
Ramesh, 2016; Koirala et al., 2019). As a result, soil loss is much noticeable on
steeper slopes, (Ganasri & Ramesh, 2016; Amah et al., 2020). The most severe
erosion occurs on slopes of ten to twenty-five percent, (Ganasri & Ramesh, 2016).
However, the link between soil loss and slope steepness is determined by both

plant cover and the distribution of particle size of the soil, (Koirala et al., 2019).
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The LS factor increased as the length of the slope and its steepness increased,

according to Koirala et al. (2019).

To determine the two topographic sub-factors, digital elevation models (DEM)
can be employed, (Ayalew & Selassie, 2015; Koirala et al., 2019). Panagos et al.
(2015) used both GIS and RS approaches to produce digital elevation models in
order to obtain the LS factor for use in the RUSLE equation. Grid resolution,
according to Wang et al. (2012), is critical when predicting soil erosion across a
vast area. Changes in the cell size affect the steepness values either directly or
indirectly, according to Chuenchum et al. (2020). The L sub-factor has been
discovered to be dependent on the grid size and steepness, but the S sub-factor has
just an effect on the steepness, (Chuenchum et al., 2020). According to Liu et al.
(2009), high-resolution DEM data may effectively be used to calculate the

topographic factor accurately within the RUSLE model.

A topographic grid is produced using a filled DEM as the required input,
according to Koirala et al. (2019). The procedure of filling a DEM entails
identifying respective drains or even cells whose elevation value is lower than that
of nearby cells, and then assigning greater elevation values to them. Following the
filling of the sinks, each region is assigned a mean value based on the values of
surrounding cells, (Shiekh et al., 2011). Wischmeier and Smith (1978) established
an equation (2.20) for computing and mapping slope length using a raster

calculator in ArcGIS, where flow accumulation is multiplied with slope maps.
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Several scholars have extensively employed equations (2.20-2.22) to estimate the
topographic factor in various places, (Simms et al., 2003; Panagos et al., 2015;
Gelagay, 2016; Gelagay & Minale 2016; Karamage et al., 2016; Njiru et al.,

2018; Kidane et al., 2019; Kogo et al., 2020; Kolli et al., 2021).

Table 2.6: LS-factor algorithms

Equation Reference Equation
Number
7 - .
LS = (521 x (0.065 + 0.045 x Sy + \S’V'S_C:mlfg%a”d 220
0.0065 x S2) mith (1978)
Where,

LS = topographical factor;
a = flow accumulation grid
Sg = grid slope in percentage
M = grid size (vertical length x horizontal
length)
y = a constant which depends on the slope
gradient
0.5 for slopes greater than 4.5 %,
0.4 for slopes between of 3% to 4.5%
0.3 for slopes between 1% to 3%
0.2 for slopes less than 1%.

LS = (Flow Accumulation Moore and Burch 221
cellsize)o'4 " (Sin (slope))1'3 (1986)
22.31 0.0896
Where,
LS = topographic factor
Cell size =
LS = Lfactor * Stactor Panagos et al. 2.22
Stactor = (2015)
10.8sin 0 + 0.03; slope gradients < 9 %
Stactor =

16.8sin 8 4+ 0.50; slope gradients = 9 %
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( sin 6 )
0.0896

L _ A % (3sin 6x0.8+4+0.56)
factor — 2212 ( sin 0 )
: 14 0.0896
(3sin 6+0.8+40.56)

Where,

A = length of the slope

Ltactor = SlOpe length factor
Stactor = SlOpe steepness factor.

2.8.2.4. Cover Management (C) Factor

The C-factor is a measure of how plants cover, as well as other land management
methods, influences soil erosion rates, (Renard et al., 1997; Ban et al., 2016;
Rhouma et al., 2018; Koirala et al., 2019). There is a substantial link between
vegetation cover and C-factor, (Rhouma et al., 2018). Rainfall is intercepted,
infiltration is improved, and rainfall energy is absorbed by the vegetation cover,
(Koirala et al., 2019; Chuenchum et al., 2020). As a result, the C-factor is
considerably more typically linked to the percentage of vegetation cover over a
specific land area, which is why Koirala et al. (2019) rated vegetation cover

second after topography in terms of reducing erosion risks.

However, due to the impacts of rainfall, agricultural activity, and crop type,
among other factors, C-factor values change from season to season, (Ganasri &
Ramesh, 2016). Furthermore, historical land use activities, soil moisture content,
surface roughness, canopy and surface cover all influence the factor, (Renard et
al., 1997; Gitas, 2009). Therefore, the C-factor denotes the ratio of soil lost from
specific cropped fields to the equal quantity of soil lost from bare tilled plains,

(Wischmeier & Smith, 1978; Beyene, 2019). In this case, values of 1 and less than
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1 may be used for bare and covered soils, respectively. The C-factor can be
described as the link between erosion effect on bare soil and erosion effect on
land with a certain sort of cover and density, on this premise, (Ganasri & Ramesh,
2016; Rhouma et al., 2018). As a result, the C-factor’s contribution to soil loss
decreases, particularly in forested areas and plantations, (Ganasri & Ramesh,

2016).

The C-factor maps were created by many researchers using both land use and land
cover maps for various study locations, (Ganasri & Ramesh, 2016; Salunkhe et
al., 2018; Koirala et al., 2019). C-factors are typically awarded by merely
examining vegetation cover rather than closely analyzing cropping patterns in
agriculture, according to Koirala et al. (2019). According to Uddin et al. (2018),
C-factor values are assigned based on the type of vegetation cover as well as its
density. According to Uddin et al. (2018), this method may translate land cover
into unique weighted data. On the basis of percent canopy cover, ground cover,
and fall height, Obiora-Okeke (2019) assigned C-factors to different types of land

use.

Several approaches (table 2.7) for estimating the C-factor on the basis of the
Normalized Difference Vegetation Index (NDVI) have been devised. Correlating
NDVI measurements with appropriate C-factor values yielded the regression
equations. De Jong (1994), for example, constructed a link between calibrated C-

factors from the field and the NDVI, and then produced a continuous C-factor
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showing the surface. Maps obtained by Landsat images for land use activities, in

addition to land cover, can be used to determine data on vegetation cover and

management, (Devatha et al., 2015; Njiru et al., 2018).

Table 2.7: C-factor Algorithms

Parameter | Equation Reference Serial
Number
NDVI NDVI = Band 5—Band 4 Durigon et al. 2.23
Band 5+Band 4 (2014)
Where,
Band 4 = red band
Band 5 = infra-red band
Land cover | c = o1 (—ND‘Z’IH) Durigon et al. 2.24
factor Where. (2014)
C = land cover factor
C=0.431-0.805 x NDVI De Jong, 2.25
(1994)
C = exp [_a NDVI Van der Knijff | 2.26
(B=NDVD et al. (1999).

2.8.2.5. Practice (P) Factor

Land use and even land cover contributions to soil erosion is expressed by support

practice factors, (Chuenchum et al., 2020). This factor gives a comparison

between the quantity of soil lost from land surfaces that have specific

management initiatives to a similar quantity lost from a landscape with an up and

down slope style of tillage, (Devatha et al., 2015; Rellini et al., 2019). It

represents the rate at which soil is lost from diverse cultivated regions, (Renard et

al., 1997). The P-factors, according to Ganasri and Ramesh (2016), account for

the positive consequences of conservation support strategies. P-factors have been

defined as the effects of practices that contribute in reducing soil erosion by
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controlling the rate of runoff water, (Devatha et al., 2015; L6pez-Garcia et al.,

2020).

The P-factor, according to Obiora—Okeke (2019), quantifies the efficiency of
some land management strategies aimed at limiting soil loss from a certain
catchment. Tillage practices along contours, strip cropping, and terracing are
examples of such methods, (May & Place, 2005). P-factor values typically range
from 0 to 1, where a value of zero (0) is indicative of excellent soil erosion
management and a value of one (1) indicates inadequate or unavailable
conservation technique, (Ganasri & Ramesh, 2016; Njiru et al., 2018; Alewell et
al., 2019; Obiora-Okeke, 2019; Rellini et al., 2019; Chuenchum et al., 2020).
Wischmeier and Smith (1978) recognized land slope as a primary element that

influences the P-factor, (table 2.8).

Table 2.8: Conservation Practice Factors (Source: Wischmeier & Smith,
1978)

Land use Percentage slope | P-factor
Cultivated land 0to5 0.10
5t0 10 0.12
10 to 20 0.14
20to 30 0.19
30 to 50 0.25
50 10100 0.33
Other lands All 1.00

2.9. Data Simulation and Validation of Sediment Yield
Sediment yield studies aim to measure the amount of sediment that moves out of a
given location over time, (Boakye et al., 2020). There are three parts to these

studies: erosion mechanisms, sediment deposition, and delivery, (ljam &

~80~



Tarawneh, 2012). For estimating sediment yield, a number of deterministic
models have been made accessible. However, because they require large datasets,
such as hydrological information and physiographic characteristics, and several
field measurements to gather essential parameters for the suggested equations,

most of them can only be used in small areas, (Sadeghi et al., 2007).

Sediment yield is measured at the basin scale by conducting sedimentation
surveys in reservoirs or monitoring erosive processes (figure 2.6), (Msadala &
Basson, 2017; Millares & Moino, 2018; Aga et al., 2020). Various formulae for
estimating sediment output have been developed around the world, particularly in
upland watersheds, (Aga et al., 2020). According to Swarnkar et al. (2018),
sediment production is often determined using stream flow analysis, which

includes sediment sampling or reservoir sedimentation surveys.

BASIN SEDIMENT
YIELD
|
MONITORING SILTING MONITORING EROSIVE
PROCESSES AT PROCESSES AT BASIN
RESERVOIR SCALE
Bathymetric and
Geophysical surveys SSC rating curves
A SUSPENDED
BOTTOMSET Submerged I} ' sm:r‘t'm -«
DEPOSITS | | | Sediment properties Parametric DYNAMIC
hilislope models
Trop efficiency
Topographic
DELTAIC surveys Bedlood BEDLOAD AND
P FORESET tronsport FLUVIAL -«
DEPOSITS modeling CONTRIBUTIONS

Borehole
campaoigns

Figure 2.6: Methods for assessing siltation and sedimentation processes
within reservoirs and the upstream erosion dynamics (source: Millares &
Moiiino, 2018).
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2.9.1. Suspended Sediment Dynamics

2.9.1.1. Stream Sediment Sampling

Sediment yield, by definition, includes both bed and suspended loads, (Swarnkar
et al., 2018). Sediment sampling in streams, on the other hand, is mainly limited
to suspended sediment loads, (Swarnkar et al., 2018). Therefore, determining the
amount of suspended sediment in watercourses and the fluxes associated with it is
a critical stage in the development and management of water resources, (Sadeghi
& Mizuyama, 2007; Tswafa & Wang, 2016; Boakye et al., 2018). Suspended
sediment load data is commonly utilized to assess the influence of a variety of
naturalistic and anthropogenic variables on the intensity of soil erosion processes,

(Dedkov, 2004).

Field measurements (direct methods) and modeling approaches (especially
physical and empirical models) are commonly used to calculate sediment loads in
streams and rivers, (Wu et al., 2012; Boakye et al., 2018). Direct sampling
techniques and sediment transport equations are the most common methods for
evaluating sediment loads and transport phenomena, (Tswafa & Wang, 2016).
Although direct approaches are the most popular and extensively used, they are
problematic during high rainstorm events due to safety considerations, making the
task challenging, (Gilja et al., 2009). Furthermore, these sediment monitoring
programs are highly costly, (Tswafa & Wang, 2016). Rather, sediment monitoring
projects are performed on a limited number of streams based on their significance,

(Tswafa & Wang, 2016).
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Sediment vyield estimations for direct (field) measurements are based on the
interconnection between the amount of suspended sediments and stream discharge
(rating curve) developed at gauging stations, (Akrasi, 2005). Furthermore, direct
observations include total eroded sediments, sediment deposits in local
watersheds, and sediment deposition in reservoirs, (Millares & Moino, 2018).
Sampling procedures and laboratory analysis are used to determine the
concentration of suspended sediment, (Gilja et al., 2009; Boakye et al., 2018). For
suspended sediment, Boakye et al. (2018) recognized four types of samplers:
integrated, immediate, and sedimentation traps. The most popular samplers are
those that integrate, (Lee et al., 2014). In the unlikely event that integrating
samplers are not available, the dipping approach with the Rooseboom and
Annandale (1981) correction procedure may be employed, (Boakye et al., 2018).
The concentration of suspended sediments in the measured water is determined in
a laboratory using evaporation or filtering procedures, (Boakye et al., 2018). The
obtained concentration of suspended sediments can be used to calculate sediment

load and specific sediment yield.

2.9.1.2. Sediment Yield Modelling

Because of the economic implications, the remoteness of the site, the number of
samples, and technological limitations, direct approaches do not provide
continuous trends in concentration, (Edwards & Glyssen, 1999). As a result,
researchers have come up with the idea of using empirical models to estimate

suspended sediment load in rivers where direct observations are not possible,
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(Akrasi, 2011; Kusimi et al., 2015). The rating curve, erosion rate, catchment-

based, and regression approaches are among these models, (Boakye et al., 2018).

Sediment yield models, according to Akrasi (2011), would be a better way to
assess the contribution of drainage basins to river sedimentation. These models
are thought to have the capacity to forecast the impacts associated with land use
and some cultural activities on both soil erosion and sediment yield in relation to
catchment areas, (Akrasi, 2011). Simple climatological parameters, such as
rainfall and runoff, are used in these models to link sediment yield to the
catchment region, (Boakye et al., 2018). These models have been developed for
application in site-specific areas, by taking into account the statistical findings
that result from certain field parameters, (Hajigholizadeh et al., 2018). Therefore,
if such models were to be implemented in certain locations that have similar
conditions as to those used at the time of the model's development, then accurate
results would probably be produced, (De Vente et al., 2011; Aga et al., 2020).
However, detailed observable sediment information is required for the simulation
and validation of predicted sediment yield from a catchment level, (Aga et al.,
2020). However, in underdeveloped nations, the use of models is hindered by a

paucity of measured sediment data, (Aga et al., 2020).

For example, the RUSLE model cannot be used to predict soil loss or even
sediment yield on the basis of individual storm events because the R factor has

been averaged during corresponding storm events for a period of not less than 22
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years, (Wischmeier & Smith, 1978; Renard et al., 1997). As a result, the RUSLE
model cannot be used to predict both soil loss and sediment yield based on a
storm event, (Lim et al., 2005). The MUSLE is a frequently used model in the
calculation of sediment yield on a single storm event basis, according to Williams
& Berndt (1977). When it comes to estimating sediment yield, the MUSLE model
methodology optimizes hydrological parameters, (Sadeghi & Mizuyama, 2007).
Williams and Berndt (1977) investigated 778 single storm events from 18
catchments whose areas ranged from 15 to 1500 ha in order to construct a
hydrological mechanism for estimating sediment yield. With a 92 % coefficient of
variance in sediment yield estimation for single storm events, MUSLE's
development was a success on this premise, (Sadeghi & Mizuyama, 2007). The

following equation represents the MUSLE:

Y=11.8(Q*qp)>*¢*K*C*P*LS [2.27]
Where,

Y = Single storm event sediment yield (t)
Q = Runoff volume of the storm (m?)

qp = Peak runoff rate (m%s)

K = Soil erodibility factor

LS = slope length and steepness factor

C = Cover management factor

P = Support practice factor

As field scale models, USLE and RUSLE are unable to provide direct estimates of

sediment yield, (Boakye et al., 2018). To address this issue, the sediment delivery
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ratio (SDR) for a given catchment area should be considered to calculate the total
amount of sediment material transferred to the catchment's outlet, (Lim et al.,
2005; Pelletier, 2012; Lee & Kang, 2013; Swarnkar et al., 2018). Because of their
simplicity and efficiency, the RUSLE and SDR models have been extensively
used to predict soil erosion as well as sediment yield in various areas, (Gelagay,

2016: Yan et al., 2018).

2.9.1.3. Sediment Delivery Ratio (SDR)

Transport of sediments to river channels within basins is important for a variety of
reasons, including soil conservation and reservoir siltation avoidance, (Chen &
Thomas, 2020). Overland flow brings degraded soil materials into streams,
affecting their functionality greatly, (Ouyang et al., 2005; Chen & Thomas, 2020).
The situation deteriorates, particularly in streams leading to reservoirs, (Chen &
Thomas, 2020). Sediment buildup can be considered a non-point pollution source
that has an impact on both the supply and demand for water in a given area. As a
result, examining the manner in which sediments are carried at the catchment

scale is an important component.

The SDR for a particular catchment area is a function of the time scale used to
determine erosion rates and even sediment yields, (Lu et al., 2005). It is therefore
the proportion of total amount of soil that is moved from a specific catchment

over a given length of time, (Gelagay, 2016; Panditharathne et al., 2019).

~86 ~



Equation (2.28) represents the SDR mathematically, (Lim et al., 2005; Lu et al.,

2005; Nyssen et al., 2009; Lee & Kang, 2014; Gelagay, 2016):

SDR = = [2.28]

Where

SDR = Sediment Delivery Ratio (dimensionless)
SY = Sediment Yield (t ha™ yr)

E = Watershed gross erosion (t ha™* yr)

The SDR calculates the transport efficiency of sediments, which compares the
quantity of sediment moved out from various eroding locations to the catchment
outlet to the gross quantity of detached soil from the same area but above the
outlet, (Mutua et al., 2006; Gelagay, 2016; Wu et al., 2018; Kidane et al., 2019).
SDR values, in simple terms, are a criterion for determining the quantity of
sediment material stored in valleys within a catchment area, (Pelletier, 2012).
SDR is a measure of a catchment's integrated ability to store and move eroded soil
for a specific watershed, (Gelagey, 2016). Hence, SDR is critical in developing a
thorough understanding of the phenomenon of soil loss as well as assessing the

benefits of soil and water management methods, (Wu et al., 2018).

Despite the usage of the inverse power law, the area of the catchment is not the
only element that determines the SDR, (Pelletier, 2012). Because highly sloping
catchments affect sediment storage more than less sloping catchments within the

same region, the relief of the basin has an impact on SDR, (Pelletier, 2012).
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Slope, sediment size, land use, vegetation cover, and runoff-rainfall
characteristics are among the other influences, (Mutua et al., 2006; Tamene et al.,
2006; Gelagay, 2016; Nguyen & Chen, 2018). SDR values for catchments have

been calculated using these criteria as a starting point, (Kidane et al., 2019).

A variety of SDR correlations have been developed using the combinations of
different changeable physical properties of a catchment, (Ouyang & Bartholic,
1997). SDR relationss for catchments have been developed in this regard, taking
into account topography effects, climatic, biological, and hydrological factors,
(Kidane et al., 2019). Most SDR interactions, on the other hand, are limited to
smaller catchment areas where data is available, (Mutua et al., 2006). The
determination of SDR values in Ethiopia was based on the forms of land use in
the presence or absence of conservation methods, according to Nyssen et al.
(2009). This type of estimation assumed that the major determinants were the

stream's slope and hydrology, (Kidane et al., 2019).

Williams and Berndt (1972) discovered that the mean gradient of a stream
channel was more important in estimating SDR than the other parameters, leading
to the development of equation (2.29). In different river basins, different authors
have utilized equation (2.29) to estimate SDR, (Gelagay, 2016; Kidane et al.,
2019; Panditharathne et al., 2019). In the event that data is insufficient, Onyando

et al. (2005) confirmed that equation (2.29) yields good estimations for SDR.

SDR = 0.627 * (SCS)%403 [2.29]
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Where

SDR = Sediment delivery ratio (dimensionless)

SCS = Main stream channel gradient (%)
Furthermore, extensive study has been conducted to estimate the sediment
delivery ratio, with the majority of findings relating it to the size of the catchment,
(Lim et al., 2005). The SDR curve has been found as a key element in the
relationship between SDR and catchment size, (USDA, 1975). The SDR curve
has been widely utilized because of its simplicity, (Lim et al., 2005). Vanoni
(1975) used data from 300 watersheds to derive a power function, from which a
general SDR curve was developed (equation 2.30). USDA (1975), Boyce (1975),
and USSCS (1971) table 2.19 produced more SDR curves, which are represented

by equations (2.31-2.33).

SDR = 0.4724A70125 [2.30]
SDR = 0.3750A0-2382 [2.31]
SDR = 0.5656A7011 [2.32]
SDR = A02 [2.33]
Where

A = Area of the catchment (km?)
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Table 2.9: Generalized sediment delivery ratios by USSCS (1971)

Catchment area Sediment Delivery Ratio (SDR)

(km? (dimensionless)
0.05 0.58
0.10 0.52
0.50 0.39
1 0.35
5 0.25
10 0.22
50 0.15
100 0.13
500 0.08
1000 0.06

SDR curves for a single catchment are necessary if an accurate estimate of
sediment yield is to be obtained, according to Lim et al. (2005), yet SDR values

for specific catchments are nearly difficult to get.

2.9.2. Bathymetric Survey

Suspended sediments and transported materials become trapped in reservoirs and
settle, (Odhiambo & Boss, 2004). The quality and quantity of sediments, as well
as the quality of water, have direct effects on reservoir management, (Hilgert et
al., 2016). Characterization and control of accumulated sediment quantities are
critical in this regard, (Hilgert et al., 2016). Therefore, the accumulation of
sediments in water bodies requires periodic monitoring using appropriate

techniques, (llci et al., 2017).

Reservoir surveys are useful for determining sedimentation rates as well as

determining reservoir capacity, (Elci et al., 2009). If the current bathymetric

~90~



properties and fluctuations in storage capacity were fully understood, water
resources in reservoirs and lakes might be efficiently managed, (Dunbar et al.,
1999). Bathymetric surveys are vital when detailed information for reservoirs,
lakes, and other bodies of water is required, according to Odhiambo and Boss

(2004).

Bathymetric surveys offer precise information on the reservoir's depth of water,
surface area, and volume connections, (Maina et al., 2018; Moges et al., 2018;
Yan et al., 2018; Maina et al., 2019). Environmental changes such as reservoir
sedimentation, as well as anthropogenic and biological activities, can all be
evaluated, (Cross & Moore, 2014; Hassan et al., 2017; llci et al., 2017; Maina et
al., 2018). Multiple surveys for the same reservoir may yield valid estimates of
reservoir capacity loss over time owing to sedimentation, based on variations in
surface area and volume, (Rakhmatullaev et al., 2011). Bathymetric studies
conducted on a regular basis over a period of years can provide valuable
information, notably on the overall distribution and thickness of sediment within
the reservoir, allowing for a better understanding of reservoir sedimentation,

(Maina et al., 2019).

Pre-dam topography is compared to geophysical imaging (sonar, laser scanning,
ground-penetrating radar), which gives the real topography of the bottom end, in
order to analyze deposition in reservoirs, (Schleiss et al., 2016). Although echo-

sounding techniques have led to remarkable data gains in terms of quality as well
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as quantity, the state of the art in surveying has not altered, (El¢i et al., 2009).
Surveying transects have become much faster and more accurate because of
recent advances in multi-beam technology and satellite navigation employing
global positioning systems, (Pratson et al., 2008). As a result of the combination
of GIS and geophysical imaging, reservoir monitoring has improved on a
spatiotemporal scale, (Pacina et al., 2020). A digital elevation model (DEM) is a
crucial tool for pre-dam topography, especially when using GIS techniques to
analyze sedimentary processes within reservoirs, (James et al., 2012; Ibrahim et

al., 2022).

A variety of data gathering approaches can be used to investigate the reservoir's
bottom surface, (Pacina et al., 2020). The most frequent type of sonar sensor is
one that is mounted on a ship, (Iradukunda & Bwambale, 2021). The survey's size
is determined by the survey's established plan and, more crucially, the type of
sensor utilized (single-beam, multi-beam, or side-scan), (Yan et al., 2018; Pacina
et al., 2020). Under certain situations, remote sensing techniques including as
satellite photography, airborne light detection and ranging (LiDAR), and
photogrammetry can be used to map reservoir topography, (Yan et al., 2018).
Hence, geophysical surveying is another method of seeing the subsurface

topography, (Rakhmatullaev et al., 2011; Pacina et al., 2020).

The thickness of sediments and the depth of water can both be estimated using

detailed and reliable bathymetric data obtained using multi-frequency echo
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sounders, (Dunbar et al., 1999; Odhiambo & Boss, 2004; Moges et al., 2018; Yan
et al., 2018; Maina et al., 2019). Acoustic measurement techniques have been
used to map underwater topography and monitor siltation in reservoirs in this
regard, (Odhiambo & Boss, 2004; Elci et al., 2009; Gopinath, 2010; Cross &
Moore, 2014; Hassan et al., 2017; Maina et al., 2018; Yan et al., 2018; Maina et

al., 2019; Iradukunda et al., 2020; Iradukunda & Bwambale, 2021).

The multi-frequency acoustic profiling system (APS) works on the basis of two
important frequencies: the higher one, which defines water depth, and the lower
one, which has a considerably larger energy and may penetrate recently formed
sediments, (Maina et al., 2019). Because it does not rely on past surveys to predict
loss of storage capacity or even sediment thickness, the APS technique is

considerably superior to standard bathymetry techniques, (Dunbar et al., 1999).

Collection of sediment cores with the help of the vibe-coring method or spud bar
techniques is used to validate this procedure, (Odhiambo & Boss, 2004). Long-
term rates of sedimentation and reservoir capacity loss can thus be determined
with only one survey event, despite the fact that shallow locations with depths
equal to or less than 50 cm are difficult to survey using acoustic techniques,
(Dunbar et al., 2002). The use of acoustics to examine the distribution of
sediments and their thickness in a reservoir, according to Jakubauskas and de
Noyelles (2008), should be double-checked using other techniques, notably

sediment coring. Bathymetric approaches for determining sediment yield within a
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reservoir entail subtracting pre-topographic heights from contemporary ones,

(Oguz et al., 2019). This technique allows for a comparison of simulated sediment

estimations to actual sediments in the reservoir, (Moges et al., 2018; Oguz et al.,

2019).

2.10. Conclusion of Literature Review

1)

2)

Soil erosion is a sluggish process whose effects can go unnoticed or be
severe at times, resulting in a significant loss of top soil at a faster rate.
Mathematical formulations are required to characterize the relationships
between the many processes involved in the detachment, transport, and
deposition of soil particles elsewhere within a catchment.

Soil erosion dynamics are influenced by spatial heterogeneity elements
such as elevation, soil characteristics, vegetation cover, land use, and
above all, land cover. Modeling of soil erosion in catchments is thus a
vital technique for anticipating unrestricted soil loss and deposition in this
regard. It also aids in the development and even in implementation of soil
erosion management plans. Even in ungauged catchments, the RUSLE
model is an excellent mathematical model that takes an empirical method
and has been extensively refined for calculation of average annual soil
loss. The model does not require a lot of data because it may employ
satellite imagery with a low to medium spatial resolution, as well as

rainfall data, which is limited.
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3)

4)

5)

Geographic information systems (GIS) are becoming more significant in
soil erosion models because they allow for quick data pretreatment, data
entry, analysis, and display of results. Because it can characterize the
morphology of the catchmeent using DEM, GIS makes soil erosion
modeling successful. Most notably, it allows for more accurate and cost-
effective estimation of soil erosion from huge catchments.

River basins transport water, heat, sediments, chemicals, and biological
species from upstream to downstream water bodies. Any construction built
to impound water disrupts the above-mentioned fluxes and creates
sedimentation, reducing the reservoir's capacity to store water. Dam
construction, for example, generates an effective sediment sink within a
valley. As a result of their ability to store and control water supply,
reservoirs are key hydraulic structures that help to alleviate climate
change-related difficulties. In this regard, new reservoirs must be built,
while current ones must be managed well to avoid potential storage losses.
There are two basic approaches to determining sediment yield within a
catchment: estimating sediment yield within the upland parts of the
catchment and predicting sediment inside the stream channel. However,
the lack of gauging stations makes it difficult to anticipate sediment yield
in small catchments. In this regard, periodic estimations of sedimentation

rates would be necessary for the management of reservoirs in such
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catchments. Such information would enable comparisons with predictions

from soil erosion models.
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CHAPTER THREE: METHODOLOGY

3.1. Description of the Research Area

The research was conducted in Kenya's Machakos County, within the Maruba
dam catchment (figure 3.1). The dam reservoir, which is built across the Maruba
stream, is managed by the Machakos Water Supply and Sewerage Company
Limited. The reservoir serves practically the entire town of Machakos, as well as
its own neighborhood, with water, (Ngari et al., 2020). The Machakos town's total
population is estimated at 210,000 people, with an estimated daily water demand
of about 8000 m®day, (https://waterauthority.go.ke). The dam, which has a
structural height of roughly 17 meters and a design yield of 4000 m*/day, was
built in the 1950s, (https://waterauthority.go.ke). The dam reservoir's storage
capacity has been lowered to almost 2000 m*/day due to the amount of silt

deposited in it, (https://waterauthority.go.ke).

The Maruba dam reservoir catchment area is 49 km? and is located at 37 °12’ 0"
and 37 °20' 0" E and 1 °24' 0" to 1 °34’ 0" S in Machakos County (figure 3.1). The
Maruba stream flows into the Maruba dam reservoir from the Iveti hills, whose
elevation is 2119 meters above the sea level. The elevation of the catchment area
fluctuates between 2119 and 1576 meters above sea level (figure 3.1). The upper
part of the catchment, which has rugged topography, is defined by valleys,
vegetation, and human settlement, (Ngari et al., 2020). The catchment area
experiences a tropical type of climate with a bimodal rainfall, with short rains

occurring between the months of October, November and December and longer
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rains fro March, April and May, (Kwena et al., 2020). The annual rainfall in
Machakos town is around 700 mm, and it is mostly ill distributed and, most
importantly, very unreliable, according to Kwena et al. (2020). On average the
annual temperature of the research area ranges from 17 to about 24 °C, with the
hottest months being January and March, as well as August, Sepetember and
October, (Agesa et al., 2019). Chromic luvisols are the most common soils in the
catchment area, and they are fundamentally low in fertility, resulting in low
agricultural yield, (WRB, 2006). There are a variety of different land-use types
that characterize the catchment area, including barren ground, villages, farming,
and forest, (Ngari et al., 2020). The bulk of the population in the catchment region
engages in agricultural production as their primary source of income, (Agesa et
al., 2019). Although some areas have natural forests, the majority of the land has
been and continues to be opened for agricultural activity and development, (Ngari

et al., 2020).
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Figure 3.1: Research area map

3.2. Spatial Modelling of Soil Erosion

The RUSLE model and the spatial analytic environment of a geographic
information system (GIS) were used to achieve this goal, (Beyene, 2019). The
RUSLE model was selected and used for this objective because it involves land
use/land cover maps generated using remotely sensed imagery, land management
practices and types, and attributes, (Ganasri & Ramesh, 2015). Furthermore, the
RUSLE model was chosen because of the ease with which the model's parameters
integrate with GIS, allowing for improved analysis, (Kidane et al., 2019;
Bansekhria & Bouhata 2022; Patyal, 2022). The RUSLE model encompasses all
of the major elements that cause erosion, (Rahaman et al., 2015). As a result, the
model's empirical principles were used to quantify the average annual loss of soil

in the Maruba dam catchment, (Alewell et al., 2019). The technique entailed
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applying a raster-based spatial analysis to implement the empirical formula,
(Beyene, 2019; Kidane et al., 2019; Fenta et al., 2020). Before running the
RUSLE model within a GIS framework, rainfall, soil, slope, DEM, and land cover

raster layers were produced, (Nouri et al., 2018; Beyene, 2019).

3.2.1. Data Sources

The research was based on four separate geospatial data sets gathered from
various sources, (Woldemariam et al., 2018; Beyene, 2019; Woldemariam &
Harka, 2020). These datasets were then converted to a raster format that was more
compatible with the RUSLE model for estimating soil loss, (Amellah & Moribiti,
2021; Hateffard et al., 2021). As listed below, they included soil data,

meteorological data, remotely captured data, and digital elevation models:

1. Average annual rainfall data for the past 30 years (1990-2019) was
provided by the Kenya Meteorological Department (KARLO Katumani,
Machakos, and Jomo Kenyatta International Airport, JKIA stations) and a
private station in Mua Hills.

2. A DEM with a 30 meter resolution for the research area was obtained
from the Regional Centre for Mapping of Resources for Development
(RCMRD), Nairobi.

3. The USGS Earth Explorer website (https://earthexplorer.usgs.gov) was
used to retrieve Landsat 8 OLI/TIR satellite images with a resolution of 30

meters from November 2000, 2010, and 2020, respectively.
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4. Soil data from the catchment area was collected during fieldwork and

determined in a laboratory for critical soil parameters.

3.2.2. Methods

3.2.2.1. Digital Elevation Models (DEM) Acquisition and Processing

The DEMs were then masked in a GIS context before being registered and
recalibrated to a resolution of about 30 m by 30 m. Finally, the DEMs that had
been constructed were projected. The results were obtained after a maximum
probability cluster was created. The freshly produced DEMs were checked for
accuracy using Google Earth software. The DEMs were constructed in ArcGIS
and overlaid with the Maruba dam catchment borders, after which they were
truncated and the DEMs for the study were obtained. The DEMs were revised for
any usage, and dummy nodes, loops, and even junctions were cleaned up across

the catchment geometry.

3.2.2.2. Soil Sampling Process and Analysis

A number of reconnaissance inspections were done to find the best locations for
carrying out soil sampling. The catchment area was subdivided into square grids,
from which case fifteen (15) samples of topsoil were collected for laboratory
investigation. Each sampling site's geographical coordinates were determined
within the field using a Garmin Explorer GPS with a 3 m precision. According to
equation (2.12), the parameter M denotes a soil particle variable that describes the

top 15 cm of a given soil surface, therefore the study’s soil samples were
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collected from a depth that ranged between 0 and 15 cm, (Olaniya et al., 2020).
The specific sampling sites yielded both undisturbed as well as disturbed soil
samples, (Oguz et al., 2019). Undisturbed samples were collected using core
rings, while disturbed one were collected using the composite technique, (Oguz et
al., 2019). Around 2 kg of topsoil were collected from each site using a soil auger.
The samples were evaluated for organic carbon, soil texture, and permeability,
using standard laboratory methods, while the structural class was determined in
the field, (Didoné et al., 2015; Girmay et al., 2020). The soil’s saturated hydraulic
conductivity was assessed using the constant-head hydraulic approach, (Lin et al.,
2019), the grain size distribution using the hydrometer method (Gee et al., 1986),
and the organic carbon using the rapid wet oxidation methodology, (Walkley &
Black, 1934); Nelson & Sommers (1996). The soil’s organic matter content was
quantified by multiplying organic carbon with a factor of 1.724, (Boyd, 1995;
Abraham, 2013). The soil’s structural code was 3, and this was reflection of

granular state of the catchment’s sandy soils.

3.2.2.3. Land Use and Land Cover Change Detection

In order to evaluate land use and land cover forms, two different types of data sets
were used. The first was satellite image data for the month of November, which
consisted of three-year multi-temporal Landsat satellite images (LANDSAT 8
OLI/TIR of 2000, 2010, and 2020). The second type of data was auxiliary data,
which provided ground truth data for specific land use and cover classifications.

Figure (3.2) depicts the detailed procedure, and the subsections that follow detail
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the stages used in the methodology. The data was particularly important in image
processing, picture classification, and assessment of the overall accuracy of
classification results, therefore reference locations for ground truth information
were mapped using a global positioning system, (Syombua, 2013; Cheruto et al.,

2016).

The assessment was based on the combination of ground truth data and satellite
imagery, in line with the proposal by Chakraborty (2001). A GPS was used to
record coordinates that represented different LULC types, including forest land,
urban areas, water bodies, rainfed agricultural, and irrigated agriculture,
(Syombua, 2013). Accurate detection of land use and land cover change requires
at least two types of time-period data sets, (Jenson, 1986). In this study, Landsat
images from the years 2000, 2010, and 2020 were used. As illustrated in figure
3.2 below, raw satellite images were subjected to preprocessing, augmentation,

and classification processes, (Beyene, 2019).

‘ Satellite imagery ‘
-

| Geometric correction |
-4 -

| Clip with study area |

= _=
Select classification
(Supervised classification)

2=

‘ Select training sites ‘

Maximum likelihood
classification

| Ground truthing ‘

= .
| Image classification ‘

Figure 3.2: Methodology for land use and land cover change detection

~103 ~



Image Preprocessing

Image preprocessing is a crucial step before change detection because it creates a
clear connection between biophysical elements on the land surface and recorded
data, (Beyene, 2019). Due to spatial, spectral, and radiometric resolution
restrictions, standard remote sensing devices are unable to adequately record the
complex nature of the physical world. Therefore, any poor image attributes that
emerged throughout the acquisition process should be removed, (Woldermariam
et al., 2018). In this regard, remotely sensed data must be preprocessed before
being analyzed. Every raw Landsat imaging data point onboard the OLI and TIR
sensors was preprocessed in this investigation. The Landsat images were geo-
referenced, mosaicked, and sub-set based on the area of interest using the Idrisi
Selva processing software, (Cheruto et al., 2016; Woldermariam et al., 2018).
Image Classification

Image categorization divides an image's pixels into various land use and land
cover classes, from which thematic information is retrieved, (Boakye et al., 2008;
Boakye et al., 2018; Beyene, 2019). A supervised classification technique was
employed to provide different LULC classifications for the research region,
(Kayet et al., 2016). In this study, various spectral signatures from Landsat
imagery were assigned to several types of LULC using image classification
techniques, (Cheruto et al., 2016). This was achieved using the reflectance
characteristics of several LULC types, (Cheruto et al., 2016). The visualization of

image details is improved by the use of many color blends.
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This form of classification made use of both local knowledge and actual
geographical data, (Cheruto et al., 2016; Keyet et al., 2016; Woldemariam et al.,
2018). Preprocessed images were classified into maps of land use as well as land
cover classes using a maximum likelihood classifier (MLC) technique, (Cheruto
et al., 2016; Sahana et al., 2016; Woldermariam & Harka, 2020). The seven land
use/land cover classifications were identified as being bare land, farmland,

forestland, settlement, shrubland, and waterbody, (Anderson, 1976).

Accuracy Assessment

It is critical to subject image classification data to an accuracy assessment if it is
to be used for identifying change, (Beyene, 2019). With the use of accuracy
assessment, changes that describe diverse land uses and land cover are better
understood and evaluated properly, (Cheruto et al., 2016). As a result, accuracy
evaluation involves a comparison of reference samples to classified images,
(Cheruto et al., 2016; Woldemariam & Harka, 2020). The accuracy of the Landsat
8 OLI/TIR of November 2020 was evaluated in this investigation, for which
ground truth information is presumably equated. The overall accuracy was
obtained as a ratio of the total number of correctly identified samples to the total
number of sampled units, (Cheruto et al., 2016).

3.2.2.4. Estimation of the RUSLE Model Parameters

The RUSLE model is a practical-based tool that can predict average annual soil
loss over the long term, using raindrop impact and runoff as the primary causes,
(Renard et al., 1997). The five input parameters for the model are the following:
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rainfall erosivity (R) factor, soil erodibility (K) factor, slope length and steepness
(LS) factor, cover management (C) factor, and conservation practice (P) factor,
(Fenta et al., 2020). Each RUSLE parameter was estimated systematically using a
grid-based approach, (Renard et al., 1997). The parameters were estimated using
precipitation data, soil data, digital elevation models, and most importantly, land
cover, (Kidane et al., 2019; Bekele & Gemi, 2020). Both primary as well as

secondary data sources were used in this case.

Rainfall Erosivity (R) Factor

The R factor was estimated based mean annual precipitation data spanning the
years 1990 to 2019. The rainfall factor was estimated in ArcGis 10.6 raster
calculator using the regression equation (3.1) derived by Kassam et al. (1992)
using annual rainfall data from 1990 to 2019. Using geostatistical interpolation
techniques, long-term annual rainfall data was turned into continuous raster grids,
(Kidane et al., 2019; Hategekimana et al., 2020). The interpolation approach used

rainfall data from three rain gauge sites in the research area over a 30-year period.

R = 117.6 (1.00105™4%) for MAR < 2000 mm [3.1]
Where,
MAR = mean annual rainfall in mm
Soil Erodibility (K) Factor
The soil erodibility (K) factor was estimated in this investigation with the help of

equation (3.2) devised by Wischmeier and Smith (1978). The K factor value is
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calculated using the equation as a total contribution of the soil’s textural class,
percentage of the soil’s organic material, permeability, and above all, the soil
structural code, (Kidane et al., 2019). As a result, soil erodibility was determined
by measuring both physical as well as the chemical parameters for the various soil
types found within the catchment, (Didoné et al., 2015). The K factor map for the
catchment was created using interpolation techniques in a GIS environment based

on soil parameters (figure 3.3), (Olaniya et al., 2020).
K =27.66m* % 1078 x (12 — a) + 0.0043(b — 2) + 0.0033(c — 3) [3.2]

Where,
K = Soil erodability factor (ton-hr'-ha™'-MJ-mm),

m = (Silt % + Sand %) x (100 — clay %),

a = %t organic matter,

b = soil structure code: 1) very structured/ particulate, 2) fairly structured,
3) slightly structured, and 4) solid,

¢ = permeability code of the soil profile: 1) rapid, 2) moderate to rapid, 3)

moderate, 4) moderate to slow, 5) slow, 6) very slow.
Soil organic matter was derived by the following equation:

SOM =1.724 * OC [3.3]
Where,

SOM = soil organic matter

OC = soil percentage organic carbon content
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Figure 3.3: Derivation of the soil erodibility factor

The Topographic (LS) Factor

The topographic component is a combined effect of both slope length as well as
slope steepness that, above all, has a significant impact on the rate of soil erosion,
(Kogo et al., 2020). The LS factor in this research was calculated using DEM
having a resolution of about 30 m. The technique included using digital elevation
models (DEMs) to derive the surface percent slope, identifying and filling of the
sinks in DEMSs, generating direction of flow, and, most importantly, the
accumulation of flow, (Karamage et al., 2016; Kogo et al., 2020). LS factor was

determined within a GIS framework with the help of equation (3.4), (Ganasri &
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Ramesh, 2015; Tessema et al., 2020).

y
LS = (M) x (0.065 + 0.045 x S, + 0.0065 x S2
g g

22.13
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Where,

LS = slope length and slope steepness factor
Q. = flow accumulation grid
Sg = grid slope (%)
M = grid size (vertical length x horizontal length)
y = a constant which depends on the slope gradient
0.5 is for slopes greater than 4.5 %,
0.4 is for slopes between of 3% to 4.5%
0.3 is for slopes between 1% to 3%

0.2 is for slopes less than 1%

Land Cover Management (C) Factor

The C factor is used to track crop effects and land management techniques that
influence soil erosion process, (Ganasri & Ramesh, 2016; Kidane et al., 2019).
The component as utilized within the RUSLE model, according to Renard et al.
(1997), is obtained through the use of numerous sub-factors, specifically land use
as well land cover. These two sub-factors are subject to spatial and temporal
change, (Ganasri & Ramesh, 2015). The NDVI is a crucial input in calculating the
land cover management factor, which is highly dynamic, (Kogo et al., 2020).
Therefore, when it comes to assessing the crop management aspect, remote

sensing is an important instrument.

The land use and land cover map was produced using satellite images from
Landsat OLI/TIR of November 2020 which had resolution of about 30 m,
(Tessema et al., 2020). The NDVI map was also generated using the remotely
sensed data that had been interpreted, (Kogo et al., 2020). Further, the spectral
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indices that described the catchment area were calculated by using equation (3.5).

Finally, equation (3.6) was used to compute the spatial scattering of the C factor.

Band 5—Band 4
NDVI = Band 5+Band 4 [3'5]

Where,
Band 4 is the red band

Band 5 is the infra-red band

C=01 (—NDVI + 1)

2

[3.6]
Where,

C = land cover management factor
Support Practice (P) Factor

The support practice (P) factor is basically a ratio that relates the quantity of soil
lost from an agricultural field that has certain soil and water conservation methods
to one that does not, (Kidane et al., 2019). Traditionally, the P factor was
calculated from the consideration of the different soil conservation measures
implemented in a given location, (Woldemariam, 2018). Different scholars have
calculated different P factor values based on percent slope and soil conservation
techniques, (Karamage et al., 2016). The P factor values for the catchment area
were calculated in this study using the criteria established by Wischmeier and
Smith (1978). The criteria entailed giving values to various land use/land cover

classifications based on percent slope values (table 3.1). The slope percentages
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were collected from the slope maps derived from DEM, while the LULC maps
were generated from satellite images. Finally, using GIS techniques, the spatial

variation of the P factors was derived, (Tessema et al., 2020).

Table 3.1: Support Practice (P) Factors (Source: Wischmeier & Smith, 1978)

Land use type Percent slope P-factor
Cultivated land 0-5 0.10
5-10 0.12
10-20 0.14
20— 30 0.19
30-50 0.25
50 - 100 0.33
Other lands All 1.00

3.2.2.5. Average Annual Soil Erosion

The potential for the dam reservoir catchment soil loss was assessed and
quantified through the creation of a soil erosion risk map, (Sahu et al., 2017).
With the help of a raster calculator built in ArcGIS (figure 3.4), the RUSLE
model parameter maps were multiplied, (Simms et al., 2003; Kogo et al., 2020).
The outcome was a composite map that calculated the rate of soil loss in tonnes
per hectare per year (t ha™ yr') within the catchment, (Depountis et al., 2018;
Kebede et al., 2021). The layers were organized in a grid style, with each cell
measuring 30 meters by 30 meters of the digital elevation model, (Gelagay &
Minale, 2016; Tessema et al., 2020). The geostatistical technique was utilized to
predict the average annual soil loss potential, which was then classified to
determine the risk associated with soil loss within the entire catchment, (Gelagay

& Minale, 2016). Priority areas for conservation planning were identified by
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categorizing the catchment's potential for soil loss into multiple severity levels,
(Bekele & Gemi, 2020). The soil loss tolerance rating, (Tessema et al., 2020),

which varies from 5 and 11 t ha™ yr™, was used to categorize the catchment, (Mati

et al., 2000).
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Figure 3.4: Overall methodology for estimating average annual soil loss

3.2.2.6. RUSLE-based Sediment Yield

As a field-based model, the RUSLE model basically does not provide direct
estimates of sediment yield, (Boakye et al., 2018). The SDR for the catchment of
interest, however, should be utilized to estimate the quantity of sediment material
passing through a catchment outlet, (Lim et al., 2005). The SDR curve was
established by the USSCS (1971), in which the SDR varied inversely to the power
of 0.2 of the catchment area (equation 3.7), after which sediment yield was
calculated using equation (3.8). This strategy was used for planning catchment

conservation in the Ethiopian highlands, (Ayalew, 2015; Bekele and Gemi, 2020).
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SDR = A™02 [3.7]
Where

A = Area of the catchment (km?)

SDR = = [3.8]

Where

SDR = Sediment Delivery Ratio (dimensionless)
SY = Sediment Yield (t ha™ yr?)

E = Catchment gross erosion (t ha™ yr™)

3.3. Sedimentation Status of the Maruba Dam Reservoir

A surveying exercise should be executed out carefully right from the planning
phase through the presentation of the final survey data in order to get the most
accurate findings, (Samaila-lja et al. 2014; Siljeg et al., 2022). If data is not
adequately examined, organized, and presented in an understandable way, even
the most precise and properly collected data would be meaningless, (Odhiambo &
Boss, 2004). The data should be gathered, validated, checked, and most
importantly, presented using clear, simple terminology in order to guarantee its
recovery and understanding both immediately after the survey exercise and also in
the future, (Samaila-lja et al., 2014). Consequently, hydrographic survey is the
procedure of gathering, examining, displaying, and most importantly, managing
spatially obtained data regarding marine structures, processes, and qualities in

four basic dimensions, i.e. both space and time, (Maina et al., 2019).

~113 ~



Bathymetric surveys are therefore defined as the measurement of water depths in
water bodies, and they are required each time a complete study of the bed level is
to be carried out. The procedure for estimating the depth relative to a particular
water surface is known as bathymetry, (Ibrahim & Sternberg, 2021). Therefore,
the sedimentation status of the Maruba dam reservoir was determined using three
basic survey procedures: pre-bathymetry, the bathymetry, and post-bathymetry,

(Sang et al., 2017; Maina et al., 2019).

3.3.1. Pre-bathymetric Survey

The dam reservoir boundary was created after the digitization process from digital
globe pictures on Google Earth, (Sang et al., 2017). Using ArcGIS version 10.6,
the digitized reservoir border was converted to a shapefile. In a geospatial setting,
survey lines (series of transects and tie lines) for directing the survey boat
arrangement during the actual bathymetric survey exercise were also constructed
as shapefiles (figure 3.5). Basically, the tie lines intersected with transect lines
perpendicularly in order to enhance the accuracy during data collection where the
water depth values at crossing places was to be cross-checked, (Hassan et al.,
2017; Maina et al., 2018). The transect survey lines were used to guide the boat
during the bathymetry survey and, more importantly, they provided sampling
places where all depth measurements could be taken equitably, (Kilonzo et al.,
2019). Since the reservoir's area was about 40 hectares, the transect and tie lines
were 50 m and 100 m apart (table 3.2) and extended from shoreline to shoreline,

respectively, according to Levec and Skinner (2004). The details of the reservoir
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pheriphery and the survey lines were loaded into the sonar device upon projection
into the universal transverse Mercator (UTM) zone 37S. It would be impossible to

carry out the survey exercise efficiently without the pre-bathymetry survey.

Table 3.2: Guidelines for open-water transect spacing for bathymetric
surveys (source: Levec & Skinner, 2004)

Open-water surface area (ha) | Transect spacing (m)
<200 50
200 to 1000 75
> 1000 100

Figure 3.5: Bathymetric survey transects and ties lines orientation

3.3.2. Bathymetric Survey

A detailed bathymetric survey exercise of the Maruba dam reservoir was planned
and executed on 14 October 2021. According to Levec and Skinner (2004), 300 to
500 hectares of open-water area should be surveyed on a normal day. The
bathymetric survey system (BSS) was used to conduct the study, which is a
cutting-edge technology, (Irandukunda et al., 2020). A motor-driven Dual-Jon-
boats, an echo sounder with an in-built global positioning system (GPS), the

bathymetric survey system data recorder, and a vibro-coring (submersible) set of
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apparatus were all part of the BSS (figure 3.6), (Levec & Skinner, 2004; Maina et
al., 2019). The sonar device normally obtains bathymetric data for a water body
by pinging sound beams towards its bottom part, (Elci et al., 2009). The time
duration taken by the sound to get reflected becomes an important factor in the
measurement of the depth to the reservoir’s bed and above all, determining the
geographic location, (Iradukunda & Bwambale, 2021). The Specialty Devices Inc.
(SDI) in Plano, Texas, has customized the boat configuration for bathymetric
surveys and sediment collection using the vibro-coring system, (Sang et al.,
2017). During the survey, the sonar device was fastened to the boat configuration
some 30 cm beneath the reservoir’s water surface. Before any measurements were
conducted, the sonar device was calibrated using the barcheck method because it
keeps the correct depth in depth sounding, (Wilson & Richards, 2006). The
procedure described by Wilson and Richards (2006) was followed during
calibration. The survey boats were driven along pre-determined paths and in
sections where the depth of the reservoir was quite sufficient for easier navigation
(figure 3.7). The boat's cruising velocity was restricted to about 6 km/h due to
safety and data quality concerns, (Levec & Skinner, 2004; Hassan et al., 2017;
Sang et al., 2017). When the crusing speed exceeds 6 km/h, turbulence would
build around the transducing element, thereby affecting the bathymetric data’s
quality, (Levec & Skinner, 2004; Maina et al., 2018). In order to eliminate
inaccuracies in depth measurement caused by wave propagation, the survey

should be undertaken in some calm open-water environment, (Ortt et al., 2000;
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Levec & Skinner, 2004). During the survey, the inbuilt GPS device allowed us to
record geographic positions that corresponded to the depths that were recorded,
(Ortt et al., 2000; Yesuf et al., 2013; Irandukunda et al., 2020). The APS was
made up of three important frequencies (highest - 200 kHz, medium - 50 kHz, and
smallest - 12 kHz) that were used to detect water depth and sediment thickness,
(Hassan et al., 2017; Maina et al., 2019). The highest frequency is quite efficient
in determining reservoir capacity from water depth data, (Dunbar et al., 1999;
Moriasi et al., 2018). This frequency has enough energy to penetrate water
columns and, most importantly, it has a higher resolution, (lradukunda &
Bwambale, 2021). On the other hand, the medium frequency determines a portion
of the accumulated sediment horizons (sub-surface), whereas the smallest
frequency is able to penetrate accumulated sediment deposits upto the pre-
impoundment zone, (Sang et al., 2017; Moriasi et al., 2018). With the use of
supplementary data acquired from the collected sediment core samples, the
buildup of sediment in the post-impoundment zone was further validated, (Hassan
et al., 2017; Moriasi et al., 2018). The customized vibro-coring system by SDI
that included the vibrating core head that had a weighted rig, a check valve, as
well as a core tube, was used to collect all core samples, (Dunbar et al., 1999).
The sediment samples were obtained at predetermined locations where sonar-

based data had previously been recorded.
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Figure 3.7: Waypoints recorded during bathymetry survey exercise

3.3.3. Post-bathymetric Survey

The geo-referenced sonar based data was downloaded from the bathymetric
survey system data recorder to a computer, (Ortt et al., 2000). The acoustic data
was displayed, analyzed, digitized, and above all, edited using the DepthPic 5.0.2
program from the Specialty Devices, Inc. (SDI), Wyles, Texas, USA, (Moriasi et

al., 2018; Maina et al., 2019). At every surveyed point, the X, Y, and Z variables
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pertaining to latitude, longitude, and water depth, respectively, were clearly
extracted, (Maina et al., 2018; Iradukunda & Bwambale, 2021). The DepthPic
5.0.2 program shows bathymetry data in extremely better resolution and, and
above all, in greater details, (Maina et al., 2018). The program helped in removing
any form of data irregularities that was captured during depth measurements as a
result of inadequate GPS responses, (Hassan et al., 2017). This is quite an
important stage during post-bathymetry survey because the accuracy of depth
measurements is improved, (Yesuf et al., 2013). The acoustic data were verified
with DepthPic 5.0.2 software using sediment core data. In the laboratory, the
sediment cores tubes were lengthwise using a special in order to enable visual
inspection. The core was then marked in accordance with the apparent
stratigraphic changes in the sediment. The accumulated thickness of sediment and
the depth to which the core penetrated the pre-impoundment layer were also
measured. This combination of information, coupled with the geographical
location of the particular core sample, helped in adequately describing the

sediment core in DepthPic 5.0.2 program.

The X, Y, and Z geo-referenced data was finally imported into the Surfer 22
spreadsheet (Golden Software, Inc., Golden, CO, USA), where it was saved as a
file in surfer format after validation, (Iradukunda & Bwambale, 2021). The data
points were interpolated after which a grid file was created in a geospatial
environment, (Adongo et al., 2020). In this analysis, the Kriging interpolation
method was utilized because it is quite accurate than other approaches,
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(Iradukunda & Bwambale, 2021). This method of interpolation was utilized by,
(Iradukunda et al., 2020; Kilonzo et al., 2019). The outcome of the interpolation
process was grid that was used as a basis for generating contours and most
importantly, the bathymetric surface. The mathematical algorithms in the Golden
Surfer 22 software were used to calculate volume and surface area from the grid.
The depths of water that were measured below the normal water surface described
the dam reservoir's lowest surface, which basically depicted the dam reservoir like
a basin, (Yesuf et al., 2013). Similarly, the upper surface displayed a typical flat
plane where the reservoir's normal water surface was used as the reference point,
(Yesuf et al., 2013). With the reservoir water surface as the reference,
measurements of the reservoir's capacity and area at corresponding contours were

made at intervals of 0.5 m.

3.3.4. Determination of Sediment Accumulation Rate, Overall Storage
Capacity Loss, Projected Reservoir Life, and Sediment Yield

According Dunbar and Allen (2004), acoustic profiling systems provide relatively
accurate bathymetric measurements with an error of +4.2 %. Therefore, the
volumetric rate of reservoir sedimentation was calculated based on sediment
volume over an 11-year period according to equation (3.9) proposed by Tamene
et al. (2006) and Moriasi et al. (2018). Further, the overall storage capacity loss
was calculated using equation (3.10) as proposed by Allen and Naney (1991). In
addition, the volumetric rate of sediment accumulation was utilized to calculate

the dam reservoir's projected life, as shown in equation (3.11), (Moraisi et al.,
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2018). According to the theories put forward by Tamene et al. (2006) and Moriasi

et al. (2018), equation (3.12) was used to calculate the sediment yield (normalized

reservoir sedimentation rate).

ReSR = ¥
Yrs

Where,
ReSR = volumetric reservoir sedimentation rate (m*/yr),
SV = sediment volume (m°),

Yrs = period under consideration.

. sediment volume
Overall storage capacity loss = —— - — % 100 %
Original reservoir capacity

Original reservoir capacity

PLS = ReSR
Where,
PLS = projected life span (years)
ReSRa = ~=R
A
Where,

ReSRa =normalized reservoir sedimentation rate (t ha™ yr™)

A = catchment area (ha)

~121 ~

[3.9]

[3.10]

[3.11]

[3.12]



3.4. Physicochemical Analyis of Sediments
Sediments at the reservoir inlet and the reservoir bottom were used to assess the
physicochemical characteristics of sediments. The sediment samples were

collected and examined for physicochemical characteristics in October 2021.

3.4.1. Reservoir Bottom Sediments

3.4.1.1. Sediment Sampling

The reservoir's predetermined locations were used for sampling for sediment
cores, (Maina et al., 2019). The distribution of sediment depth as given by the
sonar-based approach served as the basis for choosing appropriate sampling spots,
(Hilgert et al., 2016). These spots were chosen along transect lines, and the
sediment coring method was followed as described by Maina et al. (2019). The
twin boat was safely secured for the coring activity, following which a Vibro-
coring apparatus was employed to collect sediment core samples, (Hilgert et al.,
2016). The penetration depth of the core tube was guided by sonar-based data
when collecting sediment cores, (Maina et al., 2019). In this exercise, a coring
device was employed, which included a vibrating head, a weighted rig, a check
valve, as well as a core tube, (Dunbar et al., 1999). The Vibro-coring equipment
(figure 3.8) was gently lowered vertically into the accumulated sediments with the
aid of a winch until the core tube could no longer move, indicating the presence of
a compacted layer of sediments, (Maina et al., 2019). The sediment thickness in
the core was estimated by inserting a stadia rod into the core until the sediment

surface was reached after the core sample was recovered. The sediment core was

~122 ~



carefully capped and positioned upright during storage after the vibe-coring

technique, and then taken to the laboratory for a comprehensive investigation.

Figure 3.8: Sediment coring process
3.4.1.2. Sediment Retrieval

The sediment core tubes were split lengthwise in the laboratory using a special
aluminum metal cutting saw, and then meticulously sliced depending on
observable stratigraphic changes (figure 3.9). The samples were properly packed

in plastic containers and stored for extensive physical and chemical investigation.

Figure 3.9: Sediment core retrieval
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3.4.2. Sediments at the Reservoir Inlet

3.4.2.1. Sediment Sample Collection

The sedimentation process was clearly noticeable near the Maruba dam reservoir's
inlet. This area offered excellent opportunities for sampling and above all,
investigating the characteristics of deposited sediments at reservoir inlet, (Turgut
et al., 2015). The study region was identified as the dried-up part of the reservoir,
from which case, sediment samples were collected from 10 different locations as
shown in figure (3.10). The sampling locations were chosen at random and
georeferenced with the handheld GPS device Garmin Explorer, which had a
precision of 3 m, (Olaniya et al., 2020). Undisturbed sediment samples were
obtained with the help of core rings, whilw about 2 kg of disturbed sediments was
collected using some appropriate bags. The sediment samples were obtained from
both the surface (0 to 10 cm) and subsurface (10 to 20 cm) horizons, respectively.
In this investigation, the Turgut et al. (2015) criterion for determining the surface
as well as the sub-surface depths was applied. This criterion utilized the sediment
penetration resistance, which exhibited minimal fluctuation between the 0 and 10
cm depth, after which it started to decline. The physicochemical characteristics of
the sediment samples, including penetration resistance, particle size distribution,
electrical conductivity, porosity, pH, organic matter percentage, bulk density, and
nutrient content, were analyzed using standard laboratory procedures, (Girmay et

al., 2020).
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Figure 3.10: Sampling points at the reservoir inlet

3.4.3. Sediment Sample Preparations for Laboratory Analysis

The collected samples were subjected to air-drying which took place at normal
room temperature for some days before being subjected to any laboratory
procedures, (Junakova & Balintova, 2012). All trapped material in the sediments
was carefully removed, followed by thorough mixing, (Urgesa & Yilma, 2015).
Finally, the sediments were manually ground and then put through a 2 mm sieve,
(Wojcikowska-Kapusta et al., 2018). The Maruba dam reservoir lies within a
catchment where agricultural activities are quite dominant, and therefore it was
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likely that the quality of sediments could have been influenced by the non-point
pollution from the crop fields. As a result, the sediment samples were tested for
macronutrients, mainly, nitrogen (N), phosphorus (P), and potassium (K),
(Junakova et al., 2021). Other analyzed parameters included the grain size, bulk
density, pH, electrical conductivity, and above all, organic matter percentage.
Additionally, the sediments deposited the inlet of the reservoir were further

analyzed for porosity, hydraulic conductivity, and penetration resistance.

3.4.4. Laboratory Analysis of Sediments

Gee et al. (1986) described the hydrometer method for determining particle size
distribution. The distribution of particles was determined using this method,
which is based on the rates at which particles settle in an aqueous solution, (Lin et
al., 2019; Hoque et al., 2021). Both the sediment pH and the level of minerization
of the sediment were measured using the Hach HQ40D portable multimeter. The
procedure for sediment sample preparation for the two procedures is clearly
outlined in Urgesa & Yilma (2015). The pH/EC meter was calibrated prior to any

measurements being taken using the method described by Sha'Ato et al. (2020).

The organic matter content of sediments was estimated using Boyd's (1995)
method. This approach determines the amount of organic carbon found in
sediments, and then converts the result to organic matter content using a factor
(2.724), (Abraham, 2013). The rapid wet oxidation technique has been used by

researchers to estimate the level organic carbon (OC) in sediments. The Walkley
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and Black (1934) procedure was used, which was later updated by Nelson and
Sommers (1996). The ICP-OES procedure was used to determine phosphorus and
potassium content, while the Kjeldahl method was used to determine nitrogen

content, (Fonseca et al., 1998; Baran et al., 2019).

The bulk density and porosity of the sediment were calculated using Rowell's
(1994) method. A hand penetrometer (type 1B, 6000 kN.m — Eijkelkamp) was
used to measure the resistance of sediment to penetration insitu. The constant or
variable head tests can be used to calculate the hydraulic conductivity at
saturation, (Lin et al., 2019). The variable-head method is ideal for fine-grained
soils, whereas the constant-head method suited for coarse-grained soils,
(Iradukunda & Nyadawa, 2021). The constant head approach was used to conduct
the permeability test due to the coarseness of the sediments near the reservoir

inlet, (Iradukunda & Nyadawa, 2021).

3.4.5. Statistical Analysis

The minimum value, maximum value, mean value, standard deviation (SD), and
coefficient of variation (CV) were used to create a descriptive evaluation of the
analytical data, (Turgut et al., 2015). The coefficient of variation (CV), which is
basically the most relevant metric in descriptive analysis, was used to define
variance in sediment properties, (Wei et al., 2008). According to Wilding (1985),
CV<0.15, 0.15<CV<0.35, and >CV 0.35 suggest low, moderate, and higher

variability, respectively.
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CHAPTER FOUR: RESULTS AND DISCUSSIONS

4.1. RUSLE Model Parameterization

4.1.1. Rainfall Erosivity (R) Factor

Rainfall has a big influence on erosion rates, especially in catchments. The R
factor, which is determined using accurate and continuous precipitation data,
caters for the impact of rainfall intensity, (Wischmeier & Smith, 1978). The
amount and intensity of precipitation are stronger indicators of its severity, (Foster
et al., 2003). Soil erosion in cropped fields has a direct relationship with the
energy and intensity of each storm, according to research, (Ganasri & Ramesh,
2015). As a result, using daily rainfall as the best indicator of soil loss variation,
the seasonal fluctuation of sediment yield is better defined, (Ganasri & Ramesh,
2015). The use of annual precipitation data in determining the R factor, on the
other hand, has the advantage of making the computation process easier and more
consistent. The R factor was estimated using annual rainfall data that was

averaged from 1990 to 20109.

The mean annual precipitation data for the period 1999 to 2019 ranged from 718
to 734 mm for the three rainfall stations, resulting in long-estimated erosivity
values ranging from 251 to about 254 MJ mm t ha™ yr?, (figure 4.1). The lower
the R factor, the lower the rainfall intensity, and vice versa (Jain et al., 2001)
because soil loss is heavily dependent on rainfall, (Devatha et al., 2015). This
suggests that the low R factor for the catchment indicated that rainfall was less

erosive to erode and that rainfall intensity was low, (Devatha et al., 2015).
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The upper half of the catchment experienced the highest levels of rainfall
erosivity due to the somewhat higher rainfall amount. The R factor slightly
decreases as the land moves from steep to milder terrain as it gets closer to the
dam reservoir. The R factor, on the other hand, exhibited only minor change,
indicating that rainfall variance was not substantial considering the size of the
catchment. As a result, the effect of rainfall on soil loss varied slightly across the

entire catchment.
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Figure 4.1: Rainfall erosivity factor
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4.1.2. Soil Erodibility (K) Factor

Over the whole catchment, the soils were more or less homogenous and possessed
nearly identical properties (table 4.1). This was due to the catchment's modest size
(49 km?). According to field surveys, the soil's depth was around 2 meters, and
particle size analysis revealed that the soil's sandy texture contained more than 59
% sand and very little silt (less than 7 %). Sandy soils have a low cohesiveness,
making them susceptible to detachment and erosive movement, (lda et al., 2008).
Furthermore, soils containing a lot of sand have a lot of permeability, which can

lead to erosion and even landslides.

The soil erodibility (K) factor determines the soil's inherent vulnerability to
erosion, (Hategekimana et al., 2020). The inherent resistance to detachability and
transportability of soil particles expresses their susceptibility to erosion,
(Gizachew & Ayalew, 2015). Erodibility is determined by soil cohesiveness,
which varies depending on vegetation cover, moisture content, and soil structure,
(Gizachew & Ayalew, 2015). As a result, organic matter content, soil texture, and
more importantly the soil structure all have some great influence on soil

erodibility, (Pushpalatha et al., 2017).

The soil erodibility factor for the Maruba dam reservoir catchment was estimated
using equation 2.13 and data on soil parameters. The K-factor for the research
area was calculated spatially using the Kriging interpolation techniques, (Kilonzo

et al., 2019), and a K-factor map was created (figure 4.2). The K factor values in
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the research area ranged from about 0.0076 to 0.0125 t h MJ™ mm™. For a Kenya
context, the results are equivalent to those found by Angima et al. (2003), Njiru et
al. (2018), and Hategekimana et al. (2020). Angima et al. (2003) claimed that
changes in K factor values are caused by factors such as time, geography, and

even management techniques.

The soil particles in the research area have a low K factor, indicating that the soil
was moderately susceptible to detachment, (Devatha et al., 2015). The Low K
factor values were related to low permeability, relatively low antecedent soil
water content, and other factors in the study area soils, (Ganasri & Ramesh, 2016;
Pushpalatha et al., 2017). Furthermore, low K factor figures may be linked to
moderate organic matter concentration as well as surface particulates, (Girmay et

al., 2020).

Table 4.1: Catchment’s area soil properties

Sand Silt Cla Permeabilit OM

S.No. Name (%) (%) (%)y Textural class (cm/hr) y (%)
1 KYASILA 64 4 32 Sandy clay loam 11.9 4.4
2 MAGNETIC HILL 65 7 28  Sandy clay loam 14.4 1.91
3 NGELANI MARKET 63 3 34 Sandy clay loam 6.7 1.24
4 KIVUTINI SCH 66 3 31  Sandy clay loam 20.4 0.95
5 MARUBA DAM SITE 63 1 36 Sandy clay 704 1.84
6 KATUNGA FOREST 65 7 28  Sandy clay loam 3.6 5.76
7 KITITEINI SCHOOL 77 3 20  Sandy clay loam 35 1.27
8 KMTC - MANZA 59 5 36 Sandy clay 0.1 1.22
9 MUKUNI AIC CHURCH 75 5 20  Sandy clay loam 5.7 2.48
10  IVUMBUNI PRI. SCH. 71 3 26  Sandy clay loam 0.9 1.34
11  KYANGULIHIGHSCH. 63 1 36 Sandy clay 4.1 1.17
12 MUNG'ALA SEC. SCH. 75 5 20  Sandy clay loam 94 1.03
13 MUTITUNI 65 5 30  Sandy clay loam 18.9 3.74
14  MUAGIRLS SCH. 59 5 36 Sandy clay 10.1 1.2
15 MANZAPRI. SCH. 73 1 26 Sandy clay loam 0.3 241
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Figure 4.2: Soil erodibility factor map

4.1.3. Topographic (LS) Factor

The topographic factor takes into account the impacts of topography on soil
erosion, (Ganasri & Ramesh, 2016; Balabathina et al., 2019). It is the result of the
interaction of two key sub-factors: slope length in addition to slope gradient. The
overall amount of sediment yield generated from a specific site is influenced by
the two sub-factors, (Prasannakumar et al., 2012). The topographic component is
an important input in the RUSLE model since it measures the rate of surface
runoff and serves as a reliable indicator of soil loss in a catchment area, (Devatha

et al., 2015; Roslee & Sharir, 2019).

The topographic component was developed using data from digital elevation
models to account for flow buildup and percent slope, (Simms et al., 2003). The

factor map was created using the GIS framework and equation (2.19),
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(Prasannakumar et al., 2012). The topographic factor's spatial distribution is
depicted in the diagram below (figure 4.3). The topographic value was observed
to increase from 0 to 384 with increases in flow accumulation and slope,
according to this investigation, (Ganasri & Ramesh, 2016). Higher topographic
factor values are indicative of areas having steep slopes and longer slope lengths.
In such regions, detachment of soil particles is more pronounced since the

velocity of surface runoff is higher.
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Figure 4.3: Topographic factor map

4.1.4. Land Cover (C) Factor
The C factor is a crucial input in the RUSLE model because it captures the effects
brought about by crops and management strategies on soil erosion, (Jiang et al.,

2014). Consequently, it contrasts the relative effects of various management
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alternatives with relation to conservation plans, (Roslee & Sharir, 2019). The C
factor gives an account of the cumulative effect of connected soil cover and
management characteristics, according to Wischmeier and Smith (1978). Land
use data helps to understand how land features like cropping patterns, forests,
surface water bodies, fallow land, wasteland, and so on have been used, (Ganasri
& Ramesh, 2016). Such considerations are crucial in land use planning as well as
soil erosion investigations. A land use and land cover map that was generated
using satellite imagery was used to create data on vegetation cover and

management elements, (Ganasri & Ramesh, 2016; Roslee & Sharir, 2019).

The land cover factor in this study was calculated using equation 2.24 and the
NDVI, which is a reliable indication of vegetative vigor and health. The C factor
would behave similarly since both land use and even land cover are subject to
spatiotemporal change. The C factor for the research area varied from as low as
0.02 to 0.06 (figure 4.4). Figure 4.4 shows that the places with the lowest NDVI
also had the highest C factor values. The variation in NDVI values was
considered to be the cause of the C factor's variability. According to the C factor
map (figure 4.4), there is a moderate amount of vegetation cover, which translates

to a considerable amount of soil loss from the watershed.
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Figure 4.4: Land cover factor map

4.1.5. Support Practices (P) Factor

The conservation practice factor is also known as the support practice factor,
(Jiang et al., 2014). The factor compares the quantity of soil lost by specific
support practices to the corresponding loss caused by up and down the slope
tillage in a similar location, (Devatha et al., 2015). In addition to reducing surface
runoff in terms of volume and rate, the support practice component changes the
flow characteristics specifically pattern, grade, and above all, direction of the
runoff, (Tesfaye & Tibebe, 2018). As a result, the P factor quantifies the impact of
some conservation interventions on soil loss, (Roslee & Sharir, 2019). The sorts
of conservation strategies used in a given catchment region serve as the

foundation for calculating P factors, (Bekele & Gemi, 2020).
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Figure 4.5 depicts the factor map for support practice. The map was created using
land use and land cover classes, as well as percent slope, (Tessema et al., 2020). P
factors ranged from 0.1 to 1, as shown in figure 4.5. The lower the value of P
(0.1), the more efficient a conservation measure is, while the highest (1) indicates
that there were no structures in place to stop soil erosion, (Hurni, 1985; Bekele &
Gemi, 2020). According to figure 4.5, some low P factor values were noted in
steep sloping areas, which indicated that agricultural activities were accompanied

by some soil conservation structures.
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Figure 4.5: Support practices factor map

4.1.6. The Average Annual Soil Loss Potential
Using the RUSLE model to estimate potential soil loss from a catchment region

necessitates the integration of a geographic information systems framework in
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which the model factors are efficiently multiplied, (Hategekimana et al., 2020).
The anticipated soil loss on an annual basis was calculated in this way by
multiplying the generated raster data for the five RUSLE model factor, (Devatha
et al., 2015; Depountis et al., 2018; Roslee & Sharir, 2019). In a GIS system, the
multiplication procedure produced a composite layout that expressed the average
annual loss of soil within the catchment in tonnes per hectare per year (t ha™ yr?),
(Fenta et al., 2020). The map depicts the Maruba dam catchment's average annual
soil loss potential. According to the map, the catchment's average annual rate of
soil erosion varied from 0 to 29 t ha’ yr', with 0.9708 t ha™ yr* being the
average. The lower value of the average soil loss rate was attributed to the low

levels of R and C in the research area.

The research results were compared with similar ones from a similar research
carried out within Machakos district (Moore, 1979) in order to validate the
findings and show the efficacy of the RUSLE model methodology within the
research area, according to Prasannakumar et al. (2012). Moore (1979) conducted
a study outside the dam catchment’s area using runoff plots and established that
the soil was being depleted at rates that ranged from 0.22 t ha™ to about 12.34 t
ha. Furthermore, Moore's (1977) prediction of soil erosion (0-109 t ha™ yr?) in
Machakos district was quite comparable and corresponded well with the estimated
study results. Likewise, a research by Wanjiku (2015) predicted that soil loss
within Katheka Kai area, which is next to Machakos town, was between 0 to 60 t

ha™ yr. The results of the study were compared to those of other Kenyan studies
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that had similar rainfall and geo-environmental features, (Mati et al., 2000;
Angima et al., 2003; Fenta et al., 2020; Hategekimana et al., 2020). According to
sources, the rates of soil loss from Kenyan croplands due to sheet as well as rill
erosion varies between less than 1 to greater than 100 t ha™ yr™, (Wakindiki &
Ben-Hur, 2002). These studies' findings were determined to be comparable to
those acquired in this investigation, and hence might be utilized to validate the
findings, (Hategekimana et al., 2020). Most importantly, sediment yield data
estimated for the Maruba dam catchment were used to assess the veracity of the

RUSLE-based estimations for soil erosion, (Fenta et al., 2020).

Based on the lowest and highest values and most importantly, the spatial variance
of each class, the predicted soil loss for the whole catchment was subdivided into
five potential soil erosion risk classes (table 4.2). Table 4.2 demonstrates that
modest soil loss (10 t ha™ yr?) occured in around 89 % of the catchment, with the
remaining areas being classed as moderate to high risk. The largest rates of soil
loss are found in hilly terrain, which could be attributable to the study’s high

topographic factor value.

The highest risk locations are found in both the highlands and lowlands,
according to the spatial variation of the erosion risk. Figure 4.6 illustrates that soil
erosion within the catchment was not uniform, which was ascribed to the various
terrain variations seen during the supervised categorization. The topography map

and the spatial variation of the soil loss revealed a strong relationship. This
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indicates that topography has an important role in regulating soil flow within
catchments, (Prasannakumar et al., 2012; Njiru et al., 2018). Hence, sites with a
high LS-factor and damaged vegetation require prompt soil conservation

treatment.

The term "soil loss tolerance” is often used to refer to research on soil erosion,
(Hammad, 2009). It refers to the maximum amount of permissible soil loss that
supports both economic sustainability and high levels of output, (Wieschmeier &
Smith 1978; Morgan, 2005). Soil loss tolerance levels typically range from 5 to
11 t ha’ yr!, (McCormack & Young, 1981). The analysis concluded that
increased soil erosion was incredibly apparent, although the soil loss within the
catchment was way below the acceptable limit. The study also discovered that
land cover as well as land use was the primary causes of soil loss in the
catchment. Environmental and managerial input components are divided into two
categories in the RUSLE model. Environmental elements tend to stay the same
throughout time, whereas management components change dramatically,
(Rahaman et al., 2015). The implication is that land cover as well as land use
management can be significantly modified as a means of slowing the rate of soil

loss, (Njiru et al., 2018).
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Table 4.2: Soil loss classes

Erosion Categories Numeric Range (t ha! yr1) Soil Loss Proportions (%)
Very Low 0-2 78.52
Low 2-5 11.04
Moderate 5-10 8.28
High 10-15 2.14
Very High 15-20 0.02
Extremely High 20-30 0.01
100
Soil Loss Proportions
A

W Very low

W Low

W Moderate

W High

mVery High

m Extremely High

Figure 4.7: Soil loss proportions
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4.1.7. Sediment Yield

The quantity of sediment discharged from a catchment's outlet is known as
sediment yield, (Razad et al., 2020; Kolli et al., 2021). When a reservoir serves as
a catchment's outlet, sediment yield is used to forecast sediment flow into the
reservoir, (Razad et al., 2020). Sediment yield is a crucial metric that indicates
how much topsoil is lost due to overland flow, (Ayalew, 2015). It is an important
consideration when identifying non-point pollution sources and designing

hydraulic infrastructure, particularly dams and reservoirs, (Mutua & Klik, 2006).

Sediment yields at the catchment outlet have been found to be relatively
considerable, (Ayalew, 2015). At this stage, the ability of overland flow to move
sediments decreases and deposition occurs. As a result, erosion within the
catchment region is often larger than the sediment yield. Therefore, estimating
sediment output cannot be done using estimates of soil erosion within the
watershed until more data is available, (Ayalew, 2015). Sediment yield estimates
are computed using empirical relationships, just as estimates of soil erosion. The
most frequent approach for predicting sediment yield is using the sediment

delivery ratio, (Razad et al., 2020).

The predicted average annual soil loss from the reservoir's catchment was 0.9708
t ha™ yr, according to the findings. This is represents the quantity of soil that has
been removed from the catchment area by eroding agents. In this research, the

SDR was 0.1828, and the RUSLE estimated sediment yield was 0.1775 t ha™ yr™.
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The SDR for this investigation is comparable to the ones obtained by Mutua et al.
(2006) and Kidane et al. (2019), respectively. Furthermore, the SDR figures
match those given in USSCS (1971) table 2.9. The SDR values represent the
catchment's overall ability to store and move erosion-related material, (Mutua et
al., 2006). Although empirical approaches for predicting SDR do not take into
consideration the spatial range of watershed characteristics, when used in small

catchments, they produce reliable findings, (Mutua et al., 2006).

The catchment size, drainage network, and slope length-relief ratio are all
elements that influence SDR, (Razad et al., 2020). The SDR is impacted by the
physical parameters of the catchment, which are highly variable in most cases.
The size of the drainage area, runoff-rainfall parameters, slope, land use and/or
land cover, slope, and soil qualities are all elements to consider. The
transportability of sediments in catchments is heavily influenced by human
activities. Soil as well as water management activities, for example, have an
impact on sediment delivery in catchments, (Wu et al., 2018). Catchment
processes such as detachability, transport, deposition, and, most significantly,
catchment sediment budgets are all affected by soil and even some water
management activities. The behavior of the river channel to trap sediments causes
dynamic changes in sediment delivery ratios in catchments. There are numerous
factors that influence soil erosion and sediment yield, including urbanization,
careless tree cutting, construction work, wetland restoration, terracing,

afforestation, and grass establishment. Changes in land use mostly influence flood
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frequency, peak flood volumes, runoff coefficient, and, most importantly, the

dynamics associated with soil erosion as well as sediment yield relationships.

4.1.8. Land Use/ Land Cover Assessment

Table 4.3 and figure 4.8 classify and display the changes that resulted from land
use in addition to land cover from 2000 to 2020. In the Maruba dam catchment,
LULC classes included bodies of water, populated regions, barren ground,

croplands, dense forest, sparse forest, rocks, and sand.

Table 4.3: LULC Changes between 2000 and 2020

Category 2000 2010 2020 Change

(% Cover) | (% Cover) | (% Cover) | (2020 -2000)
Bare land 21.04 21.56 17.84 Negative
Built-up 0.62 2.69 3.26 Positive
Mixed 22.81 29.69 38.18 Positive
Dense Forest 9.56 6.09 411 Negative
Grassland 25.55 20.11 23.08 Negative
Irrigated land 0.89 2.45 1.02 Positive
Rocks and Sand 1.21 1.43 1.82 Positive
Sparse Forest 18.06 15.66 10.40 Negative
Water body 0.25 0.42 0.29 Positive
Total 100.00 100.00 100.00
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Figure 4.8: LULC maps for 2000, 2010 and 2020




Negative trends in LULC changes were recorded in bare areas, grasslands, dense,
and sparse forests (table 4.3), equal to 21-18%, 26-23%, 10-43%, and 18-10%,
respectively, between 2000 and 2020. On the other hand, favorable trends in
LULC changes were seen in built-up areas, rainfed croplands, irrigated croplands,
rocks and sands, and aquatic bodies. The percentage changes ranged from 0.6 to
3.3 percent, 23 to 38 %, 0.9 to 1 %, 1.2 to 1.8 %, and 0.25 to 0.29 %. These
LULC variations are due to the human population's socioeconomic impact on the

catchment surface.

Negative LULC changes suggested that the catchment was undergoing rapid
change. The highest reaches of the dam catchment are made largely of bare
terrain. Soil erosion is most likely to account for the bareness in these areas
because of the steep slopes. Furthermore, the negative change in bare areas
suggests that soil and water management systems were not successfully applied.
The rate of replacement by agricultural activities and settlements is indicated by
the negative trends in LULC changes in forest areas and grasslands. Syombua
(2013) reported similar LULC change trends. Such changes suggest a reduction in

canopy and vegetation cover, making the soil more vulnerable to erosion.

Water bodies, agriculture areas, rocks and sands, and built-up regions, all showed
positive LULC alterations. The expanding human population in the catchment
region is reflected in the development in built-up areas. As the human population

grows, so does the demand on natural resources (soil, forests, water, and
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grasslands). This explains why forests and grasslands are disappearing to satisfy
socioeconomic pressures. The rise of rainfed and irrigated areas demonstrates this,
(Syombua, 2013). The shallow soils were indicated by rock outcrops within the
catchment region. The soil survey procedure and ground truth information both
corroborated this. Soil erosion is particularly sensitive in shallow soils, which is

exacerbated by a lack of plant canopy and vegetation cover.

The patterns involving the water body category revealed some fascinating
dynamics. The Maruba dam reservoir was identified as the catchment area's
primary water source. In the year 2000, the dam covered 0.25 % of the entire
catchment area, according to the LULC classification. As a result, the percent area
increased from 0.25 % to 0.42 % in 2010. However, the dam reservoir area
declined from 0.42 % to 0.29 % between 2010 and 2020. This indicated that the
dam's storage capacity had been reduced owing to sedimentation. The dam
catchment underwent rapid terrain transformation as a result of socio-economic

influences, according to the study.

4.2. Bathymetric Survey Data

4.2.1. Acoustic Layers and Sediment Thickness

In the Maruba dam reservoir, multi-frequency acoustics was used to map both soft
and hard bathymetric surfaces, (Moriasi et al. 2018). The lowest frequency (12
kHz) has the ability to penetrate the reservoir bottom to depths of 50 meters or

more, (TWDB, 2009). It does, however, produce visuals that are hazy. This
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problem is solved by combining this frequency with one of 50 kHz. This phase
improves the methodology for mapping sediment depth to depths of 50 meters or
even more, (Maina et al., 2019). As a result, the sediment thickness is quantified

by using the two frequencies to estimate depth, (Odhiambo & Boss, 2004).

4.2.2. Isopach Profiles

A cross-section depicting the analyzed sediment core is shown in figure 4.9(a).
There are 1.10 meters of sediment at this location, with the higher sediment layers
characterized by high moisture content, minimal vegetation, and primarily clay.
As illustrated in figure 4.9(b), the red box indicates significant moisture content
region (0.5 m) in the sediment. The yellow box shows a 0.2 m region where
notable changes in the soil structure and moisture content took place between the
high moisture content section and the sediment pre-impoundment boundary. The
green section on the other hand, depicts about 0.3 m section sediment pre-
impoundment. The changes within sediment structure are depicted by the
sediment pre-impoundment boundary. Within the sediment core, the pre-
impoundment boundary was identified visually by looking for traces of terrestrial

matter such as twigs, tree bark, intact roots, or leaf litter, (Hassan et al., 2017).

Figure 4.9(a): Pre-impoundment boundary
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The current bathymetric surface in DepthPic software is determined by the 200
kHz (the highest frequency) based on acoustic signal returns. The pre-
impoundment surface, on the other hand, was visually identified using the color of
the displayed pixels as well as any other core data that was available, (Hassan et
al., 2017). The pre-impoundment surface is shown by both the red as well as the
yellow pixels in figure 5(b), whereas the current one is represented by black

pixels.

4.2.3. Water Storage in the Dam Reservoir

In addition to sediment deposition, a bathymetric assessment showed the
reservoir's current bathymetry. On a contour map, lines are shown that link
locations of equal elevations and above all they have a unique relation to volume
and even area, (Odhiambo & Boss, 2004). Basically, contour maps are useful for
a number of reasons, such as supply of water, irrigation activities, recreational
uses, and above all, monitoring of either long-term or even temporal variations
that would affect the reservoir characteristics in the context of better decision-

making as well as management, (lrandukunda et al., 2020; Iradukunda &
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Bwambale, 2021). The reservoir's details were depicted by a succession of spatial
contour lines whose interval varied from 0.5 m to 13.5 m depth (figure 4.10). The

reservoir's deepest region is depicted by dark blue colour.
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Figure 4.10: Contour map for Maruba dam reservoir
4.2.3.1. Depth Profile of Maruba Dam Reservoir

Figure 4.11 depicts the longitudinal as well as the transversal representation of the
reservoir. The difference in reservoir depths from the reservoir inlet towards the
dam wall is clearly depicted by the Profile A-A'. From the point A' (with a
minimum reservoir depth of roughly 0.5 m) to point A, the depth increased
(maximum reservoir depth of 10 m). Likewise, the transverse reservoir cross-

sections are shown by the profiles B-B' and C-C', respectively. The depth of the
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reservoir increased from the reservoir periphery towards its mid section,
according to profile B-B' (8 m deep). Meanwhile, sediment transport dynamics
were well-represented in profile C-C', which was quite close to the reservoir inlet.
The variation in the eservoir depth at this particular section, where the depth was
noted to increase from point C' to point C, demonstrated this. The fluctuation in

water depth was a good illustration of the reservoir's topographic variability.
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Fig. 4.11(a): Longitudinal and transversal profiling of Maruba dam reservoir
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Figure 4.11(b): Profiled cross-sections depicting reservoir depth variation
4.2.3.2. Water Storage Characteristics of Maruba Dam Reservoir

The reservoir water storage properties were represented using hypsographic
curves as well as related depth distributions. Basically, hypsographic curves serve
as useful tool for the presentation of bathymetry survey results in a clear and
understandable manner. Typically, the curves depict the some data correlations
that exist between the reservoir depth, the contour surface area, and the reservoir
volume, according to Sang et al. (2017). These correlations aid in identifying and
evaluating temporal variations in the reservoir's area and volume at various
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depths, and vice versa, (Yesuf et al., 2013). Such data correlations result to three
essential curves namely; the depth-volume, the volume-area, and most
importantly, the depth-area. Moreover, the depth-volume-area curve is the result

of combining these three curves (figure 8a).

The availability of these curves would serve as an important tool through which
the dam reservoir would be adequately managed. The water volume and reservoir
area may be assessed at specific water depths. The inverse is also possible, where
the water level may be calculated from a known area of the reservoir established
using remote sensing techniques. Hypsographic curves may serve as independent
systems for managing day-to-day activities in a reservoir in terms of its volume
and area, or they may be part of an integrated system for providing real-time as

well as forecast reservoir details, (Sang et al., 2017).

The combined depth, area, and volume correlations potray a more accurate image
of a particular dam reservoir, which may be used to analyze reservoir operations,
anticipate sediment dispersion, and, most importantly, help in understanding the
dynamics in reservoir water storage capacity, (McAlister et al., 2013). The
reservoir capacity, and hence the water surface area, increased as the reservoir
water depth increased (figure 4.12). The Maruba dam reservoir's total water
volume was measured to be 2395139.5 m®. The reservoir area was also discovered

to be 256622.85 m>.
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Figure 4.12: Reservoir water storage characteristics

4.2.4. Sediment Storage in Maruba Dam Reservoir

4.2.4.1. Sediment Profile

Figure 4.13(a) depicts the sedimentation state of the dam reservoir. The thickness
that defines the various sediment layers decribes the sediment accumulation in the
reservoir, as seen in the diagram. The sediment profile was extracted by profiling
the dam reservoir longitudinally, as illustrated in figure 4.13(b). Further, figure
4.13(c) is a basic spatial variation map that depicts the fluctuation of sediment
within the reservoir. The thickness of the sediment is readily visible. The
thickness of the respective sediment layers in the dam reservoir shows that it is
rich in sediment, according to the study. The greatest thickness of sediments
measured 1.7 meters, with an average of 0.60 meters. From the reservoir's mid-
section to around the dam wall section, sediment accumulation was more
pronounced. This explains the role of catchment activities in reservoir

sedimentation.
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Figure 4.13(a): Sedimentation status map for Maruba dam reservoir
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Figure 4.13(b): Sediment profiling in Maruba dam reservoir
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Figure 4.13(c): Profiled sections depicting sediment thickness

4.2.4.2. Sediment Storage Characteristics in the Reservoir

The thickness of the sediment layers varied from 0 m, which corresponded to the
reservoir bed, to 1.7 m, which corresponded to the post-impoundment reservoir
layer. A disproportionately large amount of sediment was found along the dam's
wall. Figure 4.13(a) demonstrates that when the thickness of the respective
sediment layer grows, the accumulation of sediments within the reservoir
increases. The overall sediment deposition in the reservoir was determined to be
290434.6 m®, according to the study, a loss of nearly 11 % of the reservoir’s
overall storage volume. The rate of reduction of reservoir storage volume is a
significant factor in determining anticipated life span of the Maruba dam
reservoir, (Hassan et al., 2017). Therefore, the annual loss of a reservoir's storage
capacity can be calculated by dividing the amount of accumulated sediment
volume by the present age of the dam reservoir, (Hassan et al., 2017). Based on
the study, the annual rate of the dam reservoir storage capacity loss has been
26403.15 m° or nearly 1 % of the reservoir's storage capacity, since its
commissioning and some slight extensions in 2010 and 2016, respectively. The

Maruba dam reservoir's annual rate of storarge capacity loss compares favorably
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to international averages, (Basson et al., 2009). The sedimentation rate (ReSR) of
the dam reservoir was 16,370 t yr™, its anticipated life span was about 95 years,
and above all, the bathymetric based sediment yield (ReSRa) was 3.34 t ha™ yr,

according to a bathymetric survey.
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Figure 4.14: Reservoir sediment storage characteristics

4.2.5. Comparison between RUSLE-based and Reservoir Sedimentation
Rate-based Sediment Yield

As a matter of fact, smaller catchment areas receive less attention than larger ones
(more than 100 km?), which are deemed important in national water management
actions and are adequately represented using a matrix of gauging stations,
according to Vanmaercke et al. (2014). The sediment yield data for smaller
catchments, however, is critical for a variety of reasons. The construction of
reservoirs mainly for water supply is one of the most important. As a result,

credible estimations of potential sediment yield are required for the construction
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as well as management of reservoirs, (Vanmaercke et al., 2014). Smaller
catchments are preferable over bigger ones since they are less diverse and avove
all, they are less susceptible to some land cover alterations, (Walling 1983).
Nonetheless, it might be somwhat challenging to point out the critical factors that

may bring slight variabilities observed in such catchments, (Moriasi et al., 2018).

Sediment outputs are known to be fairly large at catchment outlets because runoff
transport capacity is limited at this point, allowing deposition to take place,
(Ayalew, 2015). The total amount of erosion within catchments is much more
than the quantity of sediment quantified at the respective outlet, (Bekele & Gemi,
2020). Ayalew (2015) pointed out that estimating sediment yield based on soil
loss estimations necessitates some extra sediment delivery ratio data. However,
because the estimation takes in to account spatially generated figures with
numerous characteristics, such an approach would yield an estimate for sediment
yield. In this regard, Fenta et al. (2020) utilized sediment yield results from
distinct catchments in order to assess the trustworthiness of soil estimations using
the RUSLE model methodology. Vanmaercke et al. (2014) established sediment
yield estimates for the African continent, which were used in this particular
research. The estimations were based on important data obtained from certain
gauging stations as well as observable sedimentation rates in reservoirs, with a
median measurement time of 4 and 17 years for both methods, respectively.
Vanmaercke et al. (2014) further pointed out that long-term rates of sedimentation
in reservoirs that have better trap efficiencies produce accurate sediment yield
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estimations. The disparities in sediment yield estimations were attributed by
Vanmaercke et al. (2014) to methodological variances since sedimentation in
reservoirs includes both suspended and bedload, whereas at stream gauging

points, the suspended matter is the sole concern.

The RUSLE model estimated sediment yield was 0.1775 t ha™ yr™ in this study,
while the estimate from the bathymetric survey was 3.34 t ha™ yr. The results
were within Vanmaercke et al. (2014)'s reported range for African catchments
(between 0.002 and 157 t ha™ yr). However, the utilization of the RUSLE model
to predict soil loss introduces a lot of uncertainty arising from the input values. In
this regard, soil erosion predictions do not accurately reflect reality the in
catchments. Nonetheless, Fenta et al. (2020) concluded that the soil loss
predictions by the RUSLE model were quite reliable because there was a
substantial association between estimated sediment yields and even the predicted

gross soil loss, though the relationship improved for regions larger than 100 km?.

4.3. The Physicochemical Characteristics of Reservoir Bottom Sediments

The hydrophysical and even the biogeochemical activities that occur in
catchments are strongly influenced the physicochemical qualities of reservoir
bottom sediments, (Junakova et al., 2021). The chemistry of bottom sediments
influences their typical features and potential participation in water body activities
involving contaminants, heavy metals, biogenic elements, and organic matter

sorption/desorption, as well as their potential application in agriculture, (Fonseca
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et al, 1998; Zakonnov et al., 2019). As a result, understanding the
physicochemical position of such bottom sediments in a reservoir is a key step in
dam management and assessment, (Junakova & Balintova, 2014). The findings
from the physicochemical investigations are shown in Table 4.4. The table
summarizes the basic classical statistics of some selected physicochemical bottom
sediment parameters at the Maruba dam reservoir. All of the parameters'

variability was found to be in the low to moderate range on this basis.

Table 4.4: Physicochemical properties of bottom sediments

Sediment Property Min. Max. Mean SD CV

Sand (%) 36.79 4479 39.75 1.940 0.050
Clay (%) 48.72  59.00 56.31 2.580 0.050
Silt (%) 1.000 8.490 3.940 2.580 0.540
N (%) 0.090 0.160 0.124 0.018 0.146
P (mg kg™) 8.684 17.034 12.809 2.164 0.169
K (%) 0.430 0.160 0.458 0.026 0.146
OM (%) 1518 2.434 2.099 0.199 0.095
sBD (g cm™) 0.549  0.689 0.620 0.044 0.071
pH 6.270  6.800 6.630 0.151 0.023
EC (dS.m™) 0.156  0.300 0.225 0.059 0.262

4.3.1. Textural Analysis

Sediment deposition is visible in quite water bodies, and it is made up of a variety
of soil particle sizes that may range from very fine to even coarse, (Junakova &
Balintova, 2014). Textural analysis is an important approach in this regard since it
aids in determining the beginning of sediment transport, and most importantly
deposition, (Hassan et al., 2016). In table 4.4, the proportional proportions of
sand, clay, and silt are shown. The reservoir's bottom sediments were mostly clay

(56.31+2.580 %) and sand (39.75+1.940 %) particles. The bottom sediments'
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textural class was clay. A high proportion of clay particles in bottom sediments
may be utilized as an ecological indicator for identifying a catchment's land use
pattern, (Hoque et al., 2021). The extent of soil modification in the catchment
region and the subsequent soil erosion phenomenon might be explained by the
dominant soil grains within the reservoir. Clay particles are dislodged at a
considerably higher rate than sand particles, which could be related to seasonal
variations in flow environment that create distinct energy conditions inside the
reservoir, (Fonseca et al., 1998). The greater clay concentration could have been
caused by urban runoff around the dam reservoir's vicinity, (Hoque et al, 2021).
Hassan et al. (2016) linked the Dukan dam reservoir's high fine-grained sediment
composition (clay and silt) to lower flow energy, describing a much quiet and a

calm deposition surrounding.

Typically, sediment particle size distributions vary longitudinally, with coarse
material, primarily sand or even coarse silt dominating the upstream section and
fine grains, primarily silt and clay, accumulating in the deepest parts and more so
along the dam embankment, (Tomczyk-Wydrych et al., 2021). In fact, depending
on the grain size, the beneficial utilization of sediments would vary.
Understanding the geographic variance of sediments inside a reservoir is
important since it will aid in the development of a suitable plan for their
management, (Morris, 1998). Finely-grained bottom sediments, according to
Wyrwicka et al. (2019), are rich in both mineral elements and organic material,
and so can be used as fertilizers. Consequently, sandy sediments may be useful

~ 161 ~



substrates for agricultural production, while those having higher clay content may
be put into soils to improve poor soil quality, particularly sandy soils, (Fonseca et
al., 1998). According to Tarnawski et al. (2017), bottom sediments may be
utilized to raise the productivity of the catchment’s sandy soils by improving the

water retention characteristics.

4.3.2. Sediment Bulk Density

The degree of compaction in sediments is measured by bulk density, which may
not be determined by grain size analysis, (Wiesebron et al., 2021). Wiesebron et
al. (2021) also mentioned that the sediment bulk density range has some spatial
orientation. The sediment bulk density measurements in this investigation well
explained this proposition (table 4.4). Statistically, compacted sandy sands have
bulk density range of between 1 and 2 g.cm™, whereas softer sediments with
increased mud fractions have a bulk density range of between 0.2 and 1.5 g.cm™,
(Stringer et al., 2016). Bottom sediments were discovered to be rather muddy in
this investigation, hence the mean bulk density (0.620+0.044 g.cm™) was found to

be within the reported range.

4.3.3. Sediment pH

The pH level for the reservoir bottom sediments was 6.63+0.151 on average.
According to Boyd (1995), the pH level in most lakes and reservoirs is from 4
t09, hence, the study's findings were determined to fall within that range.

Different researchers have reported similar pH values in reservoirs, (Wondim &
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Mosa, 2015; Wojcikowska-Kapusta et al., 2018; Hoque et al., 2021). The average
sediments pH in this particular reservoir was somewhat acidic, which indicated
the presence of soil additions and nutrients, (Donahue et al., 1983). Acidic
conditions are most likely caused by the acidic character of organic materials, as
well as high quantities of aluminum and iron oxides, (Fonseca et al., 1998).
Basically, the pH test for the reservoir bottom sediments tries to link the existence
of aquatic life in various environments, (Urgesa & Yilma, 2015; Boyd et al.,
2002). Therefore, pH is basically an index that represents the parameters
associated with possible nutrient release, soil physical state, in addition toxic
material effects, (Sharma et al., 2013). Hence, pH as a parameter plays an
essential role in determining the quality of sediments, (Wondim & Mosa, 2015;
Arofi et al., 2019). It is impossible to determine the catchment's land use patterns
from the pH changes because they are not substantial, (Hoque et al., 2021). As a
result of the favorable balance that would probably have existed between organic
matter material and organic carbon resulting from agricultural and forestry
activities within the catchment, the pH state in the reservoir may have prevailed,
(Wondim & Mosa, 2015). Furthermore, Table 4.4 showed that the pH values
fluctuated from 6.5 to 8.5, and these are the suggested range for aquatic life
survival, (WHO, 2014). The pH range further revealed that there are relatively
few activities that promote catchment degradation, which is likely due to the fact
that erosion processes largely contribute to alkalinity in both sediments and water

bodies, (Gerla et al., 2003).
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4.3.4. Electrical Conductivity

Water reservoirs are hydraulic structures that are commonly associated with
human settlements, industrial, and agricultural operations, (Diatta et al., 2014).
These hydraulic structures, particularly the shallow ones, are extremely
vulnerable to large chemical and biological changes. The hydrochemistry of the
reservoir is influenced by streamflow conditions, which have some direct
interaction with reservoir bottom sediments, (Rabajczyk et al., 2011). The number
quantity of dissolved solids in a substance is measured using electrical
conductivity, (Singare et al., 2011; Chukwuemeka et al. 2017). Plants and animals
suffer from physiological problems caused by an ion imbalance in the soil or
water. The reservoir bottom sediments had an average electrical conductivity of
0.225+0.059 dS.m™. In their investigation in Lake Tana, Ethiopia, (Wondim &
Mosa, 2015) found similar results. According to Pagenkopf (1978), most natural
waters have electrical conductivity values ranging from 0.05 to even 0.5 dS.m™,
with highly mineralized natural waters having values that reach 1dS.m™. In this
context, the the electrical conductivity for the bottom sediments suggested that the
catchment was subjected to moderate human-related pressure, (Diatta et al.,

2014).

4.3.5. Organic Matter Content
The surface between the sediment and the water column is quite an important
section because it has an influence on numerous processes that take place in

different bodies of water, (Tomczyk-Wydrych et al., 2021). Allochthonous and
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even autochthonous organic substances can accumulate on this surface,
(Avnimelech et al., 2001). Organic matter buildup is periodic until it reaches
steady-state conditions, which is determined by accumulation and sedimentation
rates. Some basic features, such as adsorption capacity, are said to be influenced
by the amount of organic material in sediments. The reservoir's average organic
matter level was found to be 2.10+0.199 % (table 4.3). Organic matter levels in
typical soils should be between 2 and 7 %, (Donahue et al., 1983). Sandy
sediments, on the other hand, have a low organic material concentration, with less
than 2 %, (Donahue et al., 1983). Organically rich sediments, according to Griggs
(1975), have an organic matter level more than 1 %. Going by this description, the
bottom sediments in the reservoir were classified as organically rich. Essentially,
organic material is added to the surface of the bottom soil via sedimentation in the
reservoir, (Avnimelech et al., 2001). A high energy level in the reservoir could
have resulted in an elevated level of allochthonous organic materials in the
reservoir environment, (Wondim & Mosa, 2015; Fonseca et al., 1998).
Agricultural as well as forestry activities within the catchment area are among
possible sources of organic materials in the reservoir, (Sha'Ato et al., 2020). In the
dam reservoir, urban runoff was also cited as a possible source of organic
materials, (Waltham et al., 2014). Basically, the horizons layers of accumulated
sediment are cut off from the organic material source. Sediment decomposition
and nutrient recycling are hindered in these layers due to a lack of dissolved

oxygen, (Hoque et al., 2021). The decomposition of organic molecules causes an
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increase in carbon concentration in sediments, (Arofi et al., 2019). As a result,
bottom sediment’s organic carbon (OC) as well as organic matter (OM) are
considered key biological factors that reveal land use patterns in a dam
catchment's upper reaches, (Hoque et al., 2021). Organic material content found
in sediments is linked to total nitrogen, which serves as an indicator of ecosystem
health, (Mondol et al., 2014). Organic matter promotes cation exchange, which
helps in the decomposition of non-living algae on the reservoir bottom, in which
case oxygen is utilized and hazardous gases like ammonia, carbon dioxide, and

hydrogen sulfide are released, (Boyd, 1995).

4.3.6. Macronutrients

The bottom sediments contained 0.458+0.026 % potassium, 0.124+0.018 %
nitrogen, and 12.809+2.164 mg.kg™ of phosphorous, respectively. These values
were quite low, according to Matej-Lukowicz et al. (2021), when compared to
single-nutrient or even multi-nutrient fertilizers. Increased human influence
within the catchment area is indicated by the percentage of macronutrients found
within the reservoir, (Katarzyna et al., 2017). Both domestic as well as urban
waste emanating from the surrounding Machakos town could have been some of
the possible origins of the measured nutrient content. Additionally, surface runoff
water from agricultural fields may have contaminated the reservoir with
contaminants such as fertilizers and above all, pesticides. As a result, the dam
reservoir is likely to be heavily polluted and contaminated with biogenic
chemicals. The macronutrient content was noted to be relatively higher close to
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the dam embankment in the study; similar findings were observed by,
(Wojcikowska-Kapusta et al., 2018). The surface movement of runoff water into

the reservoir especially during flood flows most likely caused this phenomenon.

In terms of sediments, organic matter is described as a nutrient reservoir that
stores and binds nutrients together, ensuring that they are not always available,
(Wondim & Mosa, 2015). The amount of nitrogen in bottom sediments reveals a
lot about the organic content of the sediment, (Mielnik et al., 2009). In this
regard, large quantities of protein in organic matter are connected with high levels
of nitrogen in bottom sediments, (Mielnik et al., 2009; Wondim & Mosa, 2015).
The activities associated with aquatic species and most importantly, the
decomposition of both floral and faunal remains contribute to the high protein
content of organic materials. When compared to organic sources, the phosphorus
concentration from inorganic sources, notably farming activities (phosphorous
fertilizers), is quite low, (Wondim & Mosa, 2015). Phosphorous mineral rarely
exists in a gaseous state, hence there is no phosphorous cycle like there is for
nitrogen. Hence, phosphorus accumulates within bottom sediments as a nutrient
and is released at much slower rates into the reservoir water as organic material is

oxidized, (Ziemiska-Stolarska et al., 2020).

4.3.7. Correlations
The electrical conductivity as well as the level of macronutrients especially N, P,

and K in the sediments were influenced by the properties of the reservoir bottom
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sediments, especially the sediment particle grains, organic matter, and sediment
pH. Nitrogen (N) and silt were shown to have a modest relationship. Similarly,
exceedingly weak correlations appeared between K nutrient and clay and silt
grains and N; sediment pH and silt grains, N; total organic material and sand
grains, N and K; P and sand grains; electrical conductivity and sand grains, silt
grains, bulk density, pH, and P. Table 4.5 illustrates that nitrogen adsorbs on silt
grains and, to a much lesser extent on sand grains, whereas potassium adsorbs on
organic materials. Similarly, organic matter has been identified as the primary
source of phosphorus in bottom sediments, (Baran et al., 2011). Silt particles may
have adsorbed acidic cations, explaining the link between silt grains and the
sediment pH. As a result, finely grained sediment particles and more importantly,
organic matter characteristics may have an impact on macronutrient availability in

reservoir bottom sediments.

Table 4.5: Correlation matrices between physicochemical properties of
bottom sediments of Maruba Reservoir

Sand Clay Silt N K OM sBD pH P EC
Sand 1.000
Clay -0.526 1.000
Silt -0.269 -0.677 1.000
N 0.159 -0.593 0.534 1.000
K -0.190 0.042 0.117 0.203 1.000
oM 0.092 -0.009  -0.070 0.187 0.439 1.000
sBD 0.225 -0.019  -0.173  -0.106 -0.520  -0.488  1.000
pH -0.257 -0.218 0.470 0.473 -0.008 -0.344 0.110 1.000
p 0.336 -0.230  -0.030 0.100 -0.165 0.313  -0.094 -0.560 1.000
EC 0.203 -0.283 0.145  -0.029 -0.702  -0.485  0.413 0.175 0.026  1.000
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4.4. Physicochemcial Characteristics of Sediments at the Reservoir’s inlet

Table 4.5 summarizes the basic classical statistics of some selected
physicochemical sediment parameters measured at the deposition region in the
reservoir inlet. With a CV of more than 0.35, the more variable sediment
parameters were found to be percent silt at the subsurface layer, penetration
resistance, hydraulic conductivity, electrical conductivity, percent nitrogen at the
surface layer, and phosphorous content at the surface layer. Both environmental
and anthropogenic factors were associated with the variation, (Turgut et al., 2015;
Kazberuk et al., 2021). Furthermore, the chemical characteristics' fluctuation
reflected the nature of alluvium and colluvium sediment deposits, (Moghimi et

al., 2013).

~ 169 ~



Table 4.6: Physicochemical properties of sediments deposited at the reservoir
inlet
Sediment Property Layer Min Max Mean SD Ccv

Surface 40.30 70.30 50.60 11.50 0.23
Subsurface 4250  78.30 58.60 11.30 0.19
Surface 19.20 33.20 27.00 6.20 0.23
Subsurface 16.20  30.20 23.20 4.70 0.20

Sand content (%)

Clay content (%)

Silt content (%) Surface 8.70 30.30 22.40 6.40 0.29
0

Subsurface 4.70 27.30 18.20 6.90 0.38

Surface 1.10 1.38 1.22 0.08 0.06

Bulk density (g.cm™
ulk density (g.cm™) Subsurface  1.01 123 114 009  0.08

Surface 48.10 58.70 54.10 2.85 0.05

Porosity (%
y (%) Subsurface 53.40 62.00 57.10 3.23 0.06

Hydraulic conductivity Surface 0.07 0.73 0.35 0.25 0.71
(cm.hr?) Subsurface  0.08 053 029 016 055
Penetration resistance Surface 98.00 3727.00 1563.20 1284.30 0.82
(kPa) Subsurface  75.50 2314.00 91650 701.60  0.77
oH Surface 6.17 6.60 6.30 0.20 0.03
Subsurface 6.40 6.77 6.61 0.18 0.03

Electrical conductivity Surface 0.18 0.52 0.39 0.16 0.41
(ds.m™) Subsurface 014 079 039 028 072
Organic matter (%) Surface 1.11 2.55 191 0.60 0.31
Subsurface 1.41 2.15 1.80 0.32 0.18

Nitrogen content (%) Surface 0.03 0.14 0.11 0.05 0.45
Subsurface 0.07 0.12 0.10 0.02 0.21

Phosphorous (mg.kg™) Surface 1136  28.22 17.51 7.40 0.42
Subsurface 11.36  16.53 13.16 2.40 0.18

Surface 0.25 0.46 0.38 0.09 0.24

Potassium %
) Subsurface 0.32 0.60 0.43 0.12 0.28

4.4.1. Sediment Texture

Some soil variables including permeability, infiltration capacity, structure, surface
runoff, and above all, consistency are just a few that are controlled by soil textural
qualities, (Kusumandari, 2014). Therefore, sediment textural features are useful
instruments for assessing the effects of sediment focussing and slumping, and and

most importantly, inhomogeneity in the make of sediments. Uneven particle size
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distribution has the ability to affect a number of soil physical characteristics,
(Nsabimana et al., 2020). The average proportions of sediment particles (sand,
clay, and silt) in the surface horizon were 50.60+11.50, 27.40+6.20, and
22.40+£6.40 %, respectively, while the subsurface horizon had 58.60+11.30,
23.20£4.70, and 18.20+6.90 %. The subsurface recorded the lowest sand fraction
but the highest fractions of clay and silt. In both strata, sand was the most
predominant soil particle, with both clay and silt fractions being less common.
The sediments at reservoir inlet were categorized as basic light soil due to the
sediments' high sand proportion compared to clay, (Kusumandari, 2014). Both the
surface and subsurface horizons have sandy clay loam as the major textural class.
The amount of sand in the sediment increased with depth, although the clay and
silt fractions decreased. This phenomenon may be a sign of eluviation and above
all illuviation processes. Buurman et al. (1998) claim that translocated clay occurs
in sandy material as coatings on the surface of sand grains and even pebbles as
well as as bridges between the grains, where the inter-granular space eventually
fills up completely. Such clay coatings within the sediments have been attributed
to the process of illuviation by soil scientists, which mostly takes place within the
surface and even some several meters below, (Buurman et al., 1998). The
mechanical infiltration mechanism in muddy overland flow has also been
recognized by geologists as the cause of coatings of translocated clay in coarse

sediments, (Buurman et al., 1998). Climate influences the clay illuviation process,
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and it is most importantly only allowed in the vadose zone, (Buurman et al.,

1998).

Sandy soils have a low cohesion, making them more sensitive to eroding
processes that cause separation and transport, resulting in sediment formation.
Furthermore, higher quantities of sand are linked to increased permeability,
resulting in a landslide effect and increased erosion, (ldah et al., 2008). This is a
very common occurrence with deposited sediments. Unlike sand grains, whose
deposition occurs at the catchment outlet, a high fraction of finely grained
sediments, primarily clay and even silt, are transported into the reservoir. The
ability of the sediment to hold a significant volume of water, allow for water
movement, be adequately workable, and, most importantly, be fruitful is
controlled by its texture. As a result, finely grained particles have an impact on
the soil's plastic index and permeability. Therefore, a higher proportion of finely
grained sediment particles obstruct water transport through the soil medium,

(Iradukunda & Nyadawa, 2021).

4.4.2. Sediment pH and Electrical Conductivity

The average pH of the sediments at the surface as well as the subsurface horizons
was 6.30+0.20 and 6.61+0.18, respectively. In the catchment area, where farming
activities are the primary land uses, somewhat acidic conditions would have been
linked to farming activities. The sediment pH could have resulted from mineral

composition and weathering reactions due to erosion and deposition processes,
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(Oshunsanya, 2018). Further, the slightly acidic conditions would have been
brought about by the effects of high rainfall, fertilizer use, acid rain as well as
oxidative weathering, (Oshunsanya, 2018). The pH changes in both strata may
have been influenced by water circulation within the deposition area, (Hoque et

al., 2021).

On the other hand, the mean electrical conductivity both at the surface and the
sub-surface horizons was 0.39+0.16 and 0.39+0.28 dS.m™, respectively. This
showed that the presence of cations and anions was independent of sediment grain
size. According to the results, electrical conductivity of the sediments does not

indicate a highly mineralized environment (<1 dS.m™), (Pagenkopf, 1978).

4.4.3. Bulk Density and Porosity

One of the most fundamental physical qualities of soil is bulk density, which is
closely related to porosity, (Huang et al., 2021). The soil bulk density has an
impact on the soil's ability to retain water as well as its permeability. The surface
and subsurface soil sediment layers had mean bulk densities of 1.22+0.08 and
1.14+0.09 g.cm™, respectively. In this study, it was noted, however, that the
sediment bulk density was much higher on the surface horizon. The reported bulk
density values suggested a binding effect that would probably been caused by
presence of clay particles, which made the sediments probably less prone to
erosion, (Manyiwa & Dikinya, 2013). The decrease in sediment bulk density can

be explained by the fact that the sand component of sediments increased with
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depth. The mean porosity for the surface and subsurface horizons, on the other
hand, was 54.10+2.85 and 57.10+3.23 %, respectively. It was established that the

relationship between sediment bulk density and porosity was inverse.

4.4.4. Sediment Permeability

The texture and structure of the soil have a big impact on its permeability. The
rate at which water percolates through a specific soil media is measured by
permeability, (Iradukunda & Nyadawa, 2021). It is determined by the texture,
structure, and bulk density of the soil, (Kusumandari, 2014). Whenever a large
storm occurs, a perched watertable was likely to build in the low-permeability
subsurface zone, (Kusumandari, 2014). In this regard, infiltration is hindered, and
as such, surface runoff volume becomes a main conduit for hydrologic fluxes,
leading to increased erosion of deposited sediments, (Kusumandari, 2014). The
surface and subsurface horizons have mean permeability values of 0.35+0.25 and
0.29+0.16 cm.hr, respectively. The sediments' hydraulic conductivity was
determined to be relatively poor. This was attributable to the sediments'

comparatively large proportion of fine-grained particles.

4.4.5. Sediment Organic Matter

Organic material in the soil is a significant component that comes from some
biological sources, both living and non-living, (Morris & Fan, 1998). It is a key
soil characteristic that binds soil aggregates together, making them more stable,

(Nsabimana et al., 2020). The occurrence of organic material in a soil is a great
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indicator of the state of the soil's health because its effects may be found in the
numerous qualities and most importantly, the functions of the soil, (Lin et al.,
2019). Any undecomposed organic substance on a given soil surface aids in
absorbing the Kkinetic energy possessed by the raindrops, whereas highly
decomposed organic material (humus) bonds soil particles, (Manyiwa & Dikinya,
2013; Kusumandari, 2014). However, because flood water is the primary eroding
agent, this phenomenon may not necessarily apply to some deposited soil. The
amount of organic material in the soil has an impact on its permeability because it
makes a particular soil medium more porous. Contrarily, reduced organic material
in soils results in decreased porosity as well as higher bulk density, resulting in
decreased infiltration. The mean organic matter percentage of the surface and
subsurface sediment layers was 1.91+0.60 and 1.80+0.32 %, respectively. Most
sandy soils and sandy loams, according to Idah et al. (2008), have low organic
matter concentration, typically less than 2 %. Low contents of organic matter
were found in the deposition area, according to the findings. The very low organic
matter percentages are typical of deposited sediments at catchment outflows. This
scenario could be linked to disturbances caused by recurrent storms, in which the
majority of organic content ends up in the receiving water body, (N'doufou et al.,
2022). Furthermore, because mineralization was impeded due to poor aeration
conditions, the higher percentage of clay farction within the surface layer could

have resulted in higher organic matter content, (Turgut et al., 2015).
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4.4.6. Penetration Resistance

Penetration resistance in soils is a parameter that helps to predict the ease with
with plant roots would penetrate through, (Thomas et al., 2020). For the surface
and subsurface horizons, the average penetration resistances were 1546+1290 and
1145+1040 kPa, respectively. These values of penetration resistance were less
than 2000 kPa in both layers, which is below the level that would impede plant
root growth, (Kuhwald et al., 2020). The penetration resistance of the surface
horizon was the highest. This could be due to a compacted layer in the topsoil. It
is indeed possible that the compaction was caused by animal traffic in the
deposition area. Penetration resistance in a given soil medium has a direct
relationship with bulk density. This was backed up by the findings of this study,
where both parameters decreased with depth, (Thomas et al., 2020). However,
high levels of soil bulk density and penetration resistance may not have indicated

severe soil compaction, (Kuhwald et al., 2020).

4.4.7. Micronutrients

The mean concentrations of nitrogen, phosphorus, and potassium in the deposited
sediments were 0.11+0.05 and 0.10+0.08 %, 17.51+7.40 and 13.16+2.40 mg.kg'l,
and 0.38+0.09 and 0.43+0.12 % for surface and subsurface horizons, respectively,
according to chemical analyses. The concentrations of nitrogen and phosphorus
within the surface horizon, but the opposite happened for potassium. Sediment
deposition happens during storm occurrences, and as such is thought to be an

irregular process, resulting in nutrient concentration variations. Finer particles are
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frequently moved more than coarse particles, which is a sign of density current,
(Junakova & Balintova, 2012). The deposition of fine-grained particles ends when
the density current stops. This explains why the deposition area has the highest

nutrient concentration, (Junakova & Balintova, 2012).

4.4.8. Comparison between Reservoir Bottom Sediments and Sediments at
the Reservoir Inlet

The comparison between the physical and chemical characteristics of bottom

sediments and those found at the reservoir inlet is shown in Table 4.7 below.

Table 4.7: Reservoir bottom sediments vs. sediment deposits at resevoir’s
inlet

Sediment Sand Clay Silt N P K sBD oM H EC
type %) %) ) (%) (mgkgh) () (gem®) () P (dsm?)
39.75 5631 394 012 12.81 0.46 0.62 210 6.63 0.22
BS + + + + t + t + + +

195 258 212 0.018 2.16 0.026 0.044 0.199 0.151 0.059

5460 2510 20.30 0.10 15.34 0.40 1.18 186 6.46 0.39

+ + + + + + + + + +

11.40 5.45 6.65 0.035 4.9 0.105  0.085 046 0.19 0.22

DS

Key: BS — bottom sediments; DS — deposited sediments at reservoir inlet

Sediment transport patterns may have aided in the transfer of nutrients and, more
importantly, served as a sink for various contaminants, (Moura et al., 2020). In
addition to their transformed equivalents, the size of sediment particles is an
important textural property of various fragmented materials. This comparison
clearly revealed the sediment movement patterns under storm rainfall. The
particle size distribution in both sediment types showed some significant
sedimentary variability due to spatial and seasonal variations in stream hydraulic
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flow, which result in different energy conditions inside the reservoir. Similarly,
when discharge is limited, the interaction between stream water and the channel
bed results in sediment deposition at the reservoir's inlet. The findings reveal that
finer grained particles are carried more than coarsely grained particles, (Fonseca
et al., 2009). The particle size measurements for bottom sediments reveal a
medium-to-poor categorization, with saltation and suspension as the primary
transport modes. The first is linked to fine-grained sands and silts, while the
second is linked to clay, (Manassero et al., 2008). Bottom sediments included
56.31£2.58 % clay particles, while deposited sediments at the reservoir inlet had a

25.10+5.45 % clay fraction, according to the study.

Bottom sediments had more nitrogen (N), potassium (K), organic matter content,
and sediment pH than deposited sediments near the reservoir inlet, according to
the comparison. This finding suggested that the finely grained particles had a
substantial association with the nutrient concentration in bottom sediments,
(Junakova & Bantilova, 2012). Furthermore, various environmental
circumstances, hydrology, and structural aspects of the reservoir may have
contributed to the differential in nutrient accumulation in the examined sediments,
(Smal et al., 2013). The results for phosphorus, bulk density, and electrical
conductivity, on the other hand, showed that sediment deposition at the reservoir's
inlet were higher than those in the bottom sediments. According to Smal et al.
(2013), phosphorus concentrations were found to be quite high at the reservoir's
inlet and near the dam wall. The first observation was related to external
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phosphorous loading due to stream transport dynamics, and the second to
phosphorous presence in an adsorbed form in finely grained particles, according
to the study. This explanation could potentially be related to the findings of this

study.

The presence of oxygen in sediment, organic matter, and chemistry are all
affected by bulk density, which is said to have an inverse relationship with
sediment porosity, (Dowd et al., 2014). The bottom sediments were linked to
notable mud fractions, which explained why the bulk density ranged from 0.2 to
1.5 g.cm™, as reported by Andersen et al. (2005) and Stringer et al. (2016). The
highest mean bulk density of deposited sediments at the reservoir entrance, on the
other hand, was found to be 1.22 g.cm™ at the surface horizon, which was within

the range of 1 and 2 g cm™, (Stringer et al., 2016).

The mean electrical conductivity of bottom sediments (0.22+0.059 dS.m™) was
nearly half that of deposited sediments at the reservoir inlet (0.39+0.22 dS.m™),
indicating that there was little mineral activity in the reservoir environment,
(Pagenkopf, 1978). The catchment area was found to be under considerable
human pressure, according to the level of mineralization by both sediment types,
(Diatta et al., 2014). The variation in electrical conductivity, on the other hand,
would have been caused by sedimentation during storm rainfall. The entire

reservoir inlet floods during such intense storms, and after the waters subside, the
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stream returns to its natural channel. This would have resulted in the deposition of

dissolved solids-rich sediments.

The mean sediment pH for bottom sediments and sediment deposits at the
reservoir inlet were 6.63+0.151 and 6.46+0.19, respectively. The mean pH of
bottom sediments was found to be within the acceptable range (6.5-8.5) for
aquatic life, according to WHO (2004). Contrarily, the mean pH of the sediments
that had been deposited at the reservoir inlet was slightly below the permissible
limits. The pH difference between the two sediment types was attributed to the
reservoir environment, where organic matter breakdown may have resulted in a

modest increase in sediment pH, (Fonseca et al., 1998).

The mean organic matter content of bottom sediments and deposited sediments at
the reservoir entrance was 2.10+0.199 % and 1.86+0.46 %, respectively. Organic
content was definitely related with finely grained particles in this comparison. The
contrast further supports the idea that sandy sediments are characterized by lower
levels of organic matter, often less than 2%, as sediments deposited near the

reservoir inlet are relatively sandy, (figure 4.15).
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Figure 4.15: Particle size distribution in sediments

4.4.9. Beneficial use of Sediments

The macronutrient concentrations of the reservoir bottom sediments are
comparable to those found in prior studies, (Fonseca et al., 1998; Canet et al.,
2003; Baran et al., 2011), in which bottom sediments were suggested for
agricultural purpose and restoration of degraded lands. This suggests that the
reservoir bottom sediments in this research may potentially be used to boost
farming activities within the catchment region and more importantly to
rehabilitate the dam's surrounding desolete land, (Tomczyk-Wydrych et al.,

2021).

The surrounding area of the dam reservoir is classified as having a substantial
amount of bare ground, demanding quick restoration, according to some land use
categorization conducted in this study (figure 4.8). Therefore, reservoir sediments
could be used biotically to improve forestry activities and vegetation cover
surrounding the dam, according to this study. Consequently, bottom sediments by

virtual of them having high clay content (56%), they could potentially be used to
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improve the productivity of the catchment’s sandy soils. On the other hand, figure
4.15 further showed that the sediment deposits at the reservoir inlet were quite
sandy. This would necessitate the local government authority's coordination of
sand harvesting activities as a way of dam reservoir management. This process
would boost the reservoir's storage capacity while also providing economic

benefits to the community and local government.

4.5. Contributions to Knowledge and Innovative Aspects

The study’s contribution to knowledge is summarized below:

1. Reservoirs located in small catchments lose about 1 % of their storage
capacity annually.

2. The RUSLE model can be evaluated through a comparison of the model’s
prediction of sediment yield with measurements derived from bathymetric
survey based on the multifrequency acoustic profiling system.

3. The RUSLE model underestimates the sediment yield in small catchments.

4. The reservoir sedimentation rate approach provides an accurate estimate
of sediment yield in small catchments.

5. The sedimentation status of reservoirs in small catchments should be

estimated within a 10-year period.

~182 ~



CHAPTER FIVE: CONCLUSIONS AND RECOMMENDATIONS

5.1. Conclusions

1. The Maruba dam catchment's average annual soil loss potential was
adequately modelled. According to the study, a combination of the
RUSLE model, remote sensing and most importantly, geographical
information system resulted in a methodology for predicting spatial soil
loss.

2. The current bathymetry of Maruba dam reservoir is mostly the result of
high rates of sedimentation caused by surface runoff. Therefore, estimated
sediment accumulation rate within the dam reservoir explains the level of
anthropogenic activity in the catchment area. The study found out that
acoustic and sediment core data can be used together to determine the
sedimentation state of a reservoir. A multi-frequency APS offers a direct
way to measure the spatial variation of sediment material in dam
reservoirs and, more importantly, an accurate way to estimate the
generation of sediment material in small catchments.

3. The sediments at the reservoir inlet had higher sand proportion than the
reservoir bottom sediments, which had a higher percentage of clay.
However, it was discovered that the concentration of macronutrients in the
reservoir sediments was fairly low, suggesting that the reservoir's
condition was good due to the low nutrient enrichment, particularly

phosphorus. The low nutrient content further suggested that damaged
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areas in the dam reservoir catchment may be restored, as well as the sandy
soils of the catchment, and that bottom sediments could be used in
agriculture as fertilizing medium upon enrichment. The sandy sediments at
the reservoir inlet also suggested that sand harvesting might be explored
for some financial gains after sediment drenching, which would aid in the
management of the dam reservoir.

4. The bathymetric survey and the RUSLE model's estimated sediment yields
revealed some wide variation. Sediment yield in small catchments was
found to be underestimated using the RUSLE model. As a result, it was
concluded that the reservoir sedimentation status technique was the most

accurate method for estimating sediment yield in small catchments.

5.2. Recommendations

5.2.1. Recommendations for Policy

1. The spatial determination of soil loss within the Maruba dam catchment
was a significant step toward developing a comprehensive, long-term
management strategy. Higher-risk areas for soil erosion, such as those near
mountainous terrains, must be prioritized for conservation.

2. The current bathymetric condition of the Maruba dam reservoir gave
essential information that would aid in the creation of policies for the
Maruba dam reservoir's management. The study suggests that the
interested parties make use of the scientific data for improved dam

reservoir and catchment area management.
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5.2.2. Recommendations for Future Research
1. An assessment of nutrient release by bottom sediments into the water
column in order to determine how nutrients affect water quality.
2. A detailed study of the eluviation and illuviation processes in deposited

sediments at the reservoir inlet.
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