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ABSTRACT OF THE THESIS

A MULTI-SCALE AND MULTI-APPROACH INVESTIGATION OF SEDIMENT

YIELD AND RUNOFF FLUX IN THE MARA RIVER BASIN, KENYA

by
Mengistu Balew Defersha
Florida International University, 2010
Miami, Florida

Professor Assefa M. Melesse, Major Professor

The purposes of this study were to identify the current potential sediment source areas
and quantify rate of erosion and runoff. Runoff plots were established at three sites and
the Water Erosion Prediction Project (WEPP) and Erosion 3D models were applied at
watershed scale. The highest total sediment yield was observed on cultivated land
(162.38 g/m?) in the Nyangores sub-watershed and the lowest sediment yield (29.95
g/m?) was observed on grassland, in Amala downstream. The model evaluation indicated
that both of the models perform well in estimation of runoff, however, the WEPP model
performs better than Erosion 3D in estimation of erosion. At watershed scale, the
simulation result indicated that average erosion in cultivated land was about 120
tons/ha/year and the lowest erosion rate was estimated on bush lands and grass lands,
which may indicate change in land use has significant impact on soil erosion in the Mara

River basin
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Chapter 1

1.0 Introduction

1.1 Background

At the global scale, the hazard of soil erosion by water is mostly restricted to the region
between latitude 40° N and 40° S (Hudson 1971). The hazard is related to the large
quantity of rainfall amount, intensity and frequency that occur in this region. Although
climatic (specifically rainfall) characteristics may serve as general indicators for natural
erosion, these alone are not sufficient for assessing total accelerated erosion hazard,
which clearly depends on other factors, including the nature of the soil, topographic

setting, vegetative cover, and management factors (El-Swaify et al, 1982).

Most regions of the humid tropics of Africa suffer from sever land degradation because
of water erosion with its detrimental impact on food and agricultural productivity and
production. Greenland (1977), referring to the humid tropics of Africa, stated that the
soils of these areas are generally much less productive than they might be, and if more
intensive use leads to further loss of fertility and further erosion, the present potential to
feed the burgeoning population of these regions will be lost (Cited from El-Swaify, et al.

1982).

In Kenya, where nearly 70 percent of the country consists of arid lowlands utilized as
rangelands, erosion problems prevail in the highlands where lands are cultivated

intensively, the rainfall is sufficiently heavy, and topography is steep (Ahn 1977). Soil



erosion that results from water becomes the bottleneck problem of the country. Because
of an increase in population and poor management of cultivated land as well as
overgrazing, erosion becomes severe in the country. According to El Swaify et al. (1982),
erosion rate up to 200 ton/ha/yr has been noted in Kenya as a result of increased in

grazing.

The trans-boundary Mara River basin lies across Kenya and Tanzania and covers about
13,834 km® areas. It traverses the internationally acclaimed Maasai Mara Game Reserve
in Kenya and the Serengeti National Park in Tanzania. The basin receives a bimodal
rainfall with the mean values varying from 1400 mm/yr on the highlands to 600 mm/yr
on the lowlands (Mutie et. al., 2006). The basin encloses a mosaic of land-use types with
natural forests, large mechanized and small holder subsistence cultivated lands, grazing
lands, open savanna and some wetlands just before the river discharges into Lake

Victoria at Musoma, Tanzania.

As a result of population pressure, significant land-use changes have been occurred that
adversely affect the hydrology and ecosystem of the basin. According to Mango (2010)
land-use/land cover change significantly impact the water flux in the upper Mara River.
Forests and savannah grasslands have been cleared and turned into agricultural lands (cf.
Mati et al. 2005). Moreover; charcoal burning, overgrazing, and expansion of agricultural
activities exposed the land for degradation. The area under cultivation in the Amala sub-

catchment increased from less than 20% in 1960 to more than 51% in 1991; this is partly



the result of rapid population growth, the number of households increased by 13% in the

upper catchments (Mati et al., 2005).

The modification and mismanagement of land ior various uses usually lead to changes in
rainfall-runoff characteristics of the basin which consequently affects upland productivity
and the river hydrological and sediment regimes. Major environmental changes resulting
from the basin surface modification observed in Mara River basin include high peak
stream flows, reduced base flows, enlarged river channel, and sedimentation along the

river bed (Mutie, et al. 2006).

1.2 Statement of the problem

Despite the aforementioned valuable contributions of the basin to the quality and quantity
of the Mara water resources and downstream reservoirs, no or little attention was given to
the basin. However, for sustainable utilization of the Mara fresh water resource, and for
protection of reservoirs from ‘sediment danger’ as well as for maintaining the
productivity of the basin, sound extensive conservation and corrective measures may
need to be designed on such potential source areas. Within this context, the current and
potential hydrological and erosion responses of the area may need to be assessed and

quantified at various scales.

Soil erosion and surface runoff processes can be viewed at various scale levels.

Depending upon the research objectives and the nature and types of models intended to



be used; such processes can be viewed at small plots and test plots, at individual field or
slopes, and at catchments area of small streams or at entire river basin scale
(Wickenkamp et al., 2000). In the Mara River basin, little research has been done and
little or no data are available to study the effect of different factors on soil erosion and to
quantify the rate of current erosion. Without such information, reduction of soil erosion
to the tolerable rate and designing of sound conservation structures would become
difficult. As a result data will need to be collected at different scales (field and
watershed), and employ various approaches (field experiment, lab analysis and
modeling). Results from this study will help quantify the current rate of erosion, identify
erosion hot-spot areas and also evaluate the effect of different factors on the erosive

Processes.

1.3 Justification of the Study

Different studies have been conducted to explain the processes of runoff and erosion,
identify the major factors influencing the processes, and also to develop models suitable
to quantify the processes. Application and adaptation of these models and methods to the
Mara River basin to quantify the upland and watershed runoff and sediment yield will be

a great contribution to the on-going effort to improve the water quality of the river.

Many available hydrological and erosion models are different in terms of scale (temporal

and spatial), formulation and assumptions, input data requirements, outputs and level of



accuracy. Nearly all models have limitations in their applications, and use of models for a
specific watershed like Mara River basin requires understanding of the model and careful
selection. Another major problem of sediment modeling in the Mara arises from little or
inadequate sediment data. Therefore selection of models that may need little input data
and applicable at various scales is a prerequisite. This has necessitated the use of models
like the EROSION 3D which was developed to create an easy-to-use tool for erosion
prediction in soil and water conservation planning assessment and that need few input
parameters (Schmidt et al., 1999). However, with such limited available data, a watershed
scale modeling and entirely dependent on the model output may not be wise. In order to
evaluate such model and assess the effect of different land uses on erosion and sediment

yield, field data on sediment and runoff generation is essential.

1.4 Research questions
Considering the available problems and knowledge gap in the Mara River basin, this

study was proposed to address the following research questions:

1. How does soil loss and runoff vary as a function of land cover and soil properties

in different areas of the Mara River?

2. Where are the erosion hazard and sediment potential areas located in the Mara

river basin and what factors affect their distributions?

3. How do the Water Erosion Prediction Project (WEPP) and Erosion 3D models

perform for the Mara River basin?



4. How are the various erosion and runoff variables interrelated in the Mara River

basin? and,

5. How do the erosion and runoff responses vary ai field and watershed scales in the

Mara River basin?

1.5 Objectives
In order to understand the sediment detachment and transport as well as the hydrological
responses of the different land uses, soil and slope steepness in the Mara River basin, and

to address the above research questions, the following specific objectives were proposed:

1. Evaluate the effects of land cover change on runoff and sediment yield using
runoff plots data and evaluation of relationships between different erosion
variables

2. Evaluate the Water Erosion Prediction model (WEPP) and Erosion 3D models
using data at field scale and;

3. Identify potential sediment source areas and estimate the yields of sediments; and
evaluate effect of land cover changes on sediment yield and runoff fluxes at

watershed scale.



Chapter 2

2.0 Literature Review

Many planning and management theories and formulas have been developed in order to
estimate and reduce soil loss from basin and, as a result, sediment transported to
hydrological networks. In order to plan conservation strategies and for controlling the
effect of land management techniques, sediment transported to hydrological networks
may need to be estimated using models. However before applying these models, the
process of erosion and runoff may need to be understood and various factors affecting

erosion at different scale may need to be quantified.

2.1 Soil erosion and land degradation

Here the various processes and types of soil erosion and their causes are discussed. The
information is important for the understanding of the processes simulated by Erosion 3D
and WEPP models and also use for understanding of the process of soil erosion for the

plot scale field research.

2.1.1 Land degradation

Land degradation is the reduction in the capability of the land to produce benefits from a
particular land use under a specific form of land management as a result of physical,
chemical or biological factors (Humni et al. 1996). This definition of land degradation
includes the degradation of soil, fauna and flora, water, climate, and losses because of

urban development; thus, it may impact entire ecoregions and is a broader concept than



soil degradation (Hurni et al. 1996). Consequently, soil degradation is a process which
lowers the current and / or the potential capability of the soil to produce goods or services

as a result of physical, chemical or biological causes.

Degradation that leads to change in chemical properties of a soil which affect its
productivity, such as salinity, is considered to be chemical degradation. Similarly
degradation that happens because of compaction, soil erosion or other physical change in
soil properties is called physical degradation, and degradation that brings biological
change in soil properties such as reduction in organic matter is called biological
degradation. Soil erosion may lead to physical degradation by removing the soil particle
from a soil mass, and to biological degradation by removing organic matter and nutrient
of a soil with the soil mass, and chemical degradation by removing the chemical property
of a soil. Because of different definitions and terminology, variation in the available
statistics on the extent and rate of land degradation also exists (Eswaran, et al. 2001).
According to Dregne and Chou (1994), in Africa 73 % of the total land surface is

degraded because of physical, chemical and biological causes.

2.1.2 Factors influencing soil erosion

Erosion is a two-phase process that includes the detachment and transport of soil particles
caused by the action of running water, rainfall and wind. Climate, geology and
topography are considered to be the most important influences on erosion, provided that

soil type and vegetation cover depend upon them and are interrelated to each other



(Selby, 2000). As a result, a complex web of relationships between factors involved in
erosion processes evolves. Precipitation, temperature and wind are considered to be the
major climatic factors influencing surface flow and erosion, whereas precipitation is the
most important. Raindrops disintegrate soil aggregates as a result of raindrop impact;
minor lateral displacement of soil particle that results from the lateral forces of raindrop;
splashing of soil particles into the air; and selection or sorting of soil particles by
raindrop impact. The resistance of the soil and the amount, intensity, and duration of the
rainfall control the extent of splash erosion (Defersha, 2004). As a consequence it can be
stated that low rainfall intensity with long duration and high rainfall may cause no or
slight erosion, whereas a short and intense rainy event may lead to heavy erosion damage
(Cf Strahm, 2007). Soil steepness and slope length have significant effect on erosion
processes. On steep slopes more splashed sediment may be moved down than on gentle
ones and also there will be more surface flow and its velocity will be faster. Defersha
(2004) observed a significant effect of slope steepness on soil erosion and runoff for three
soils in Alemaya watershed, Ethiopia. The slope length has a similar impact. On long

slopes higher surface flow velocity is possible and rills can develop more readily.

According to Selby (2000), vegetation has impact on the amount and velocity of runoff
which in turn may reduce the erosivity of the erosive agents (rainfall and runoff) that has
impact on the transport as well as detachment capacity of flow. Interception of rainfall by
the vegetation canopy reduce the impact of raindrops by reducing their kinetic energy;

decreasing of surface flow velocity; increased soil strength, and increase in porosity



because of root effects are the major effects of vegetation on erosion. Soil erodibility is
not a fundamental property and is difficult to measure and no universal method of
measurement has been developed yet. Erodibility depends on many factors, which can be
divided into two groups: the actual physical conditions of the soil and the impact of

human activities (Selby, 2000).

2.1.3 Soil erosion processes

The type of soil erosion by water may be classified in to four types: splash erosion,
interrill erosion, rill erosion, and gully erosion. The impact of raindrops leads to rain
splash which detaches soil particles and removes them for several centimeters or meters
through the air. Afterwards soil particles are ready for transport by interrill flow. Interrill
erosion is erosion between rills. Detached soil particles are washed away by interrill flow
(interrill erosion). Simultaneously surface flow, overland flow, picks up additional soil
particles. Rill erosion develops from interrill and forms channels up to 50 cm depth.
Finally, gully erosion may occur as a result of rill erosion, even though it is not the only
reason for rill formation. Rill erosion generates channels deeper than 50 c¢cm, which is
difficult to pass over with ordinary farm tillage equipment (e.g., river beds can be

considered as permanent gullies).

10



2.2 Soil erosion Experiment

The erosion phenomenon is completely or partially simulated in the field or in the
laboratory in order to investigate erosion mechanisms systematically (De Ploey and
Gabriels, 1980). It is presumed that the experimenter can control at least one important
erosion factor so that its role in the total phenomenon can be tested. At the field scale,
erosion research can be conducted using natural rainfall or an artificial rainfall simulator.
Soil erosion data can be obtained more rapidly and effectively by using simulated rainfall
than by relying on natural rainfall. According to Meyer (1993), the major advantages of
rainfall simulator research are: it is more controlled, more rapid, more efficient, and more
adaptable than natural rainfall. However, it is difficult to simulate the natural rainfall
properties such as rainfall velocity, raindrop size, rainfall uniformity, raindrop shape and

other important properties of a rainfall.

2.3 Runoff plots in soil erosion experiment

Evaluating the effects of different soil and crop management or land use practices on
runoff generation and/or soil loss is largely derived from soil erosion or runoff plot
experiments. Runoff plots can be used for comparative studies, for example to test, or
demonstrate, or get an approximate indication of the effects of runoff or erosion of a
simple comparison such as with and without surface mulch, or with and without ground
cover. Another valid use is to obtain data which are to be used to construct, or to

evaluate model or equation to predict runoff or soil loss (Hudson, 1993).

11



The runoff and sediment sample can be taken automatically or manually. If runoff and
soil loss are sampled manually, then their accuracy depends on the sampling procedures
adopted and the diligence of the field staff. A laboratory in Kenya compared the manual
sampling accuracy of field staff in charge of erosion plots at the Steep Lands Research
Station of the University of Nairobi, the results indicated that the runoff volume was
generally slightly under-estimated, but sampling accuracy was acceptable for manual
sampling; the mean square error was 5.6%, with a range of 3.6-6.7% and marked
differences between the performances of the field staff were not observed, however, the
accuracy of soil loss measurements varied significantly (Zobisch, et al., 1996). According
to the authors, the mean square sampling errors ranged from 4.7 to 83.0%, with an
average of 41.3%, which is unacceptably poor accuracy. On the basis of their research
results, Zobisch, et al. (1996) recommended that to ensure adequate sampling
performance, appropriate sampling methods should be designed, training of field staff in
sampling techniques should be provided, and regular performance testing should be

implemented.

2.4 Modeling Soil Erosion

Three types of models can be distinguished. There are black, grey and white models. A
black model (empirical and statisticalj does not consider any process operating on an
input value. It constitutes exclusively a mathematical relationship between the input data
and the output values. A white box model, in contrast, considers individual process and

parameters can be calibrated individually. They are represented by deterministic, physical

12



or process oriented models. Grey box models are hybrid forms of the former two types

(Morgan, 1994).

According to Hebel et al. (2005), besides the basic models, a more differentiated
classification is possible: Dynamic models evaluate processes depending on progressive
time steps; Empirical models are derived from on observed quantitative relations of
variables without any regard on the processes within the system under examination;
Stochastic models are based on a probability distribution. Deterministic models do not
consider stochastic variables and are constructed from relations determined by logical
functions such as chemical reaction, Process based models are based on known physical

processes or mechanisms; typical example is Erosion 3D and WEPP models.

2.4.1 Background of Erosion 3D and Erosion 2D

2.4.1.1 Overview

Erosion 3D is an advance over Erosion 2D, which, was developed from 1988 to 1994 to
serve the following applications (Von Werner, 2006): Calculation of erosion and
deposition of extreme rainfall events; estimation of cumulative erosion for a long time
monitoring; impact simulation of land consolidation measurements, impact simulation of
different cultivation techniques such as crop type, land management, land cover and crop
cycles; impact estimation of soil characteristics such as soil moisture and surface
roughness; and estimation of pollutant transport attached to soil particles. Erosion 3D

basically requires the same input parameters as Erosion 2D, and the input and output
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parameters of the model are summarized in Table 2.1 below. The input parameters can be

assigned to three main groups: relief parameters, soil parameters, and climate parameters.

Table 2.1 Erosion 3D/2D input and output parameters

Input parameters Output parameters
Relief parameters: Digital elevation data Runoff
Surface and soil parameters: Sediment discharge

e Texture, Bulk density, Organic matter Grain size distribution of the

content, Initial soil moisture Surface

) . . transported sediment
roughness, Resistance to erosion _(critical P

Momentum flux). Rate of Erosion /deposition

e (Canopy cover, infiltration correction factor Net erosion

e Precipitation parameters:

Erosion 3D uses three basic models: the digital slope and surface flow model generated
based on the DTM; the erosion and deposition model; and the infiltration model. Below

the program algorithms and the available user applications are presented.

2.4.1.2 Physical modeling algorithms (Slope and surface flow model)
Digital Elevation Model consist only of raster cells with one elevation value usually in
the center of the horizontally oriented cell, and it probably has irregularities that must be

processed in respect of slope and pits.
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Pits and holes

Erosion 3D automatically generates a water distribution network. The algorithms applied,
however, only work properly after eliminating existing flat areas and pits because every
cell requires a defined outflow direction based on the descent slope from the neighboring
eight cells (Strahm, 2007). If there is no affiliated cell with a lower value, the value of the
cell under examination is raised by a definable unit until it exceeds the surrounding

lowest cell value.

Topography

Slopes are calculated with the help of affiliated cells in EROSION 3D. Three different
algorithms are provided by the model. All of them lead to a more smoothed topography
with the help of four or eight neighboring cells. When calculating slopes with four
neighbors (normal vector) two vectors A and B, which run parallel the spatial plain of the
examined raster element from east to west, respectively south to north, are defined
(considering each difference in z direction) (Strahm, 2007). The vector product of these
two vectors leads to the normal vector N. vector N is used to calculate the slope angle in
respect of an orthographic vector placed on the horizontal raster element plane. With the
length of the normal vector, the area of the rhomboid constructed with vectors A and B is
assessed. Slopes can alternatively be calculated with eight neighbors. In this case, the
mean difference in z direction for east-west and south-north orientation is evaluated with
three elevation values at a time. Individually the alternative eight neighbors weighted can

be chosen to give more attention to the main axis directions (Strahm, 2007).
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Hydrology

Flow paths are calculated automatically by EROSION 3D. Here two types of calculation
algorithms are available. The D8-algorithm identifies the difference in z (altitudinal
difference) between the examined cell element and its lower placed elements. Diagonally
placed cell elevation values are afterwards divided with V2 because of their increased
distance. The neighboring element with the maximum difference in z will now receive all

surface flow (von Wemer, 2006).

Another option is the FD8-algorithm which assumes surface flows are distributed to all

lower raster elements proportionally.

The D8-algorithm is useful to get a quick impression of the general flow direction. The
D-8 algorithm often does not appropriately represent the reality and is not very helpful
when modeling overland flows and slope erosion. In this case, the FD8-algorithm is
required. In receiving streams (flow accumulation system) the D8-algorithm (one cell
element drains only towards the lowest neighboring raster cell) must be chosen because
otherwise an unnatural flow distribution out of the stream takes place. The D8-algorithm
generally produces more erosion than FD8-algorithm. The former leads to increased flow
accumulation in the outlets and as in extreme erosion rates. Furthermore, less deposition

can be stated when using D8-algorithm (Von Werner, 2006).
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2.4.1.3 Erosion and deposition model (Erosion 3D)
In the Erosion 3D model, erosion is simulated in two processes, it estimates detachment

of soil particles by rainfall and runoff and their transport by flowing water.

Detachment of particles

In Erosion 3D, particles detachment occurs if the sum of the momentum fluxes exerted
by rainfall and overland flow exceeds a critical momentum flux or soil resistance @it
Detachment of soil particle takes place by the power resulting from surface flow
(momentum flux exerted by flow ¢,) and raindrops (momentum flux exerted by droplets
¢r) acting with the power attaching the particles to the soil (cohesion, adhesion, friction
and gravity) (Schob et al., 2006).

E = (@qt 91)/ Qerit (2.1)

With E=0 if  g=0

Where

E = Erosion (E>1)or deposition(E<1)

¢®q = Momentum flux exerted by flow (kg m™ 57
¢;= Momentum flux exerted by raindrop

Qcrit = Critical momentum flux to initiate soil erosion (kg m’! s'z)
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The momentum flux exerted by flow is defined by the equation:

@q = (Wqvg)/Ax

With
Wq = qpq [(Te — AX +qin]pq
And
Vq= s"h?/m
With
h = (qu/s"2)
Where

¢q = Momentum flux of flow (kgm™'s?)

Wq = Mass rate of flow (kgm’'s™)

vq= Mean flow velocity (ms™)

Ax = Length of slope segment (m)

pq= Fluid density (kg m™)

ro= Effective rainfall intensity on slope segment (ms™)
i=Infiltration rate (ms™)

q= Discharge of actual segment (m’m’'s™)
gin=Inflow from upslope segment (mzm'ls'l)
h = Mean flow depth (m)

112y

n = Manning hydraulic roughness (s m

S=Slope (m/m)
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In Eresion 3D, the rainfall intensity is expressed in terms of its momentum flux

(momentum divided by unit time):

©r = o Pr Vr 5iN6 (1 —Ajear/A) (2.6)

With
e = I COSO 2.7

Where

r= Rainfall intensity (im/s)

@r = Momentum flux exerted by falling droplets (Kg m™'s™)

T'g = Effective rainfall intensity related to slope inclination (m/s)

pr = Fluid density of rainfall (Kg/m’)

v; = Mean fall velocity of droplets (m/s)

Auesr = Portion of ground covered by plants or crop residue (m?)

A= Total area (m?)

6 = Slope in degree
Mean raindrop velocity only can be measured with substantial technical efforts. As a

consequence an estimation procedure based on the work of is applied. Velocity is

calculated with:

v, = 4.5 %12 (2.8)

Where

r = Rainfall intensity (m/s).
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Transportation and deposition

After the detachment, soil particles are transported in the flowing water. The transport
capacity calculation in Erosion 3D/2D are based on the idea that the maximum sediment
concentration Cpax of the overland flow is determined by the equilibrium between the
downward directed momentum flux of the settling sediment particles, and a counteracting

upward momentum flux component exerted by turbulence:

Qp.crit = Pg,vert (29)
With
Pp.erit™ CmaxppAVp2 (2.10)
Pyer = Qq@r /k (2.11)
Where

@pcrit = Momentum flux below which falling sediment particles cannot be held in
suspension (kgm's?)

Qqvert = Vertical momentum flux component exerted by flow ( kg m’'s?)

@; = Momentum flux of rainfall (kg m™'s™)

¢p = Momentum flux of flow (kg m’'s?)

k = 0.001 = Coefficient defining the effective upward component of total
momentum flux

Cmax = Maximum sediment concentration in flow (m3 m'3)

pp = Particle density (kg m?)

A = Area of slope segment (m?)
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Yp = Settling velocity of soil particles in stagnant fluid (m s™), calculated from
Stokes’ law
Rearranging Eq. 2.9 and Eq. 2.11 and solving for the maximum sediment concentration

yields the transport capacity qs max as:

Js,max = CmaxPpq : (2.12)

Where
Qs,max = Transport capacity (kg m™ s™) and

q = Volume rate of flow (m® m’! )

Infiltration model
In Erosion 3D/2D, infiltration is calculated on the basis of a formula developed using the
approach of Green & Ampt (1911). It is assumed that the water infiltrates cob like and
fills up the whole pore volume. Mathematically, the infiltration rate is calculated with the
help of the Darcy Equation which assesses vertical hydrological flows in soils.

i=-ky * (ym+ yp) / xf (1) (2.13)
Where
i = Infiltration rate (L/T)
k, = Hydraulic conductivity (L/T)
Vm = Matric potential (L)
Y = Gravitational potential (L)

xf(t) = Penetration of moisture front (L) subject to time t
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Sensitivity of Erosion 3D

According to Von Werner et al (2005), the most sensitive input parameters of Erosion 3D
regarding soil erosion are mainly soil factors such as initial soil moisture or content of
organic C. The intensity of rainfall and the topography in this list, however, do have
relatively low effects on soil erosion simulation results. Below the seven most sensitive
input parameters of Erosion 3D are listed in a relative order: Initial soil moisture, content
of organic C, rainfall intensity, erodibility, roughness, slope length, slope angle,

respectively.

2.4.2 Water Erosion Prediction Project (WEPP) model

The Water Erosion Prediction Project (WEPP) model is a process-oriented, continuous
simulation, erosion prediction model. It is applicable to small watersheds/field-sized and
can simulate small profiles (USLE types) up to large fields. It mimics the natural
processes that are important in soil erosion. The WEPP model had been evaluated and
applied in Anjani watershed, Ethiopia, East Africa, and according to Zeieke (2000), the

model performed well, but it under-predicted large events and over-predicts for low

rainfall events.
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2.4.2.1 Hydrology

Similar to Erosion 3D/2D the Green-Ampt approach is used in the WEPP model in order
to simulate the temporal changes in infiltration rate during the rainstorm (Schroder,

2000). The differential form of this equation for soil matrix of infinite depth is:

1 =ket(1+ (P —00)ye) /) 2.14)
Where
i = Actual infiltration rate (m s™)
ke = Effective hydraulic conductivity of the wetted zone (m s™)
o0 = Initial saturation (m> m™)
¢ = Effective porosity (m’ m)
v = Effective capillary tension or wetting front suction potential (m)

I = Cumulative infiltration (m)

The above equation describes the exponential approach of the actual infiltration rate (i) to
the hydraulic conductivity when actual infiltration rate approximates infinity. According
to the most important assumption of this approach are the piston-like entry of the water
into the soil and a sharply defined wetting front which separates the fully saturated
(above) and unsaturated (below) zones. The driving parameters of the Green-Ampt model

are the wetting front suction potential ¥¢» the soil moisture deficit (b — e¢), and the

effective saturated conductivity ke,
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Surface runoff routing

If the potential surface storage depression storage is completely satisfied, the positive
difference between the net rainfali intensity at the ground surface and the infiltration rate
becomes the input to the overland flow calculation (Schroder, 2000). The basic equations
which describe the movement of a water wave through arbitrarily shaped cross-sections
along an inclined surface are simplified forms of the Saint-Vernant equations which are

based on the laws of mass and momentum conservation:

%ﬁ@% =r(1)—i(t) = q(x,1) 2.15)
And
Q =« PRM-1 (2.16)
With
&= V5 (2.17)
Where

A = Cross-sectional area (m?)
t = Time (s)

Q = Discharge (m*/s)

x = Down slope distance (m)

r = rainfall intensity (m s'l)
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i = Local infiltration rate (m s™)

q = Lateral inflow rate (m s™)

R = Hydraulic radius (m)

P = Wetted perimeter (m)

m = Depth —discharge exponent Chezy: m = 3/2, Manning: m=5/3
o. = Depth-discharge coefficient (m"? s™")

s = Average slope (m/m)

In WEPP, the overland flow is conceptualized as plane runoff which means that A is
substituted by the average flow depth h (expressed in m). Equations (2.15) and (2.16) are
solved analytically by the methods of characteristics which require the rewriting of these
equations as differential equations on characteristics curve on the x-t plane (Flanagan and

Nearing, 1995):

dh
-~ 2.18
o V(1) (2.18)
And
% = amh(t)™"1 (2.19)

Where h = Flow depth (m)

v = Runoff or rainfall excess (m s™)
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These equations are solved together with the infiltration calculations by using a Rungge-
Kutta iteration scheme with as spatial resolution of one hundredth of the total hill slope

length and a time step of one minute.

2.4.2.2 Erosion and deposition
The movement of the sediment along the hill slope is described on the basis of the steady-
state sediment continuity equation which is applied flow conditions (Flanagan and

Livingston, 1995):

Z—i— =D; +D, (2.20)

Where

G = Sediment load (kg s m™), x = Distance down slope (m), D; = Rill

erosion rate (kg s'm™), Di = Interrill erosion rate (kg s'm™)

The rill and interrill erosion rates are determined from the following relationships (Huang

et al., 1996):

D; = KiL.6i:SDRrrFnozzie( Rs/W) (interrill areas) (2.21)
And
D. =K. (zr—0) (rill areas) (2.22)
with
D;=D.(1-G/T,) if t,1.and G» T, (Erosion) (2.23)
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And
D¢= Bvi/q (T, -G) if G>T, (Deposition) (2.24)
Where
D; = Interrill sediment delivery rate to rill (kg sTm™
K; = Interrill soil erodibility parameter (kg s’ m™)
I, = Effective rainfall intensity (m s'l)
oir = Interrill runoff rate (m s'l)
SDRgr = Sediment delivery ratio

Frozze = Adjustment factor to account for sprinkler irrigation nozzle energy

variation

Rs = Spacing of rills (m)

W = Rill width (m)

D, = Detachment capacity in a rill (kg sTm?)

K, = Rill soil erodibility parameter (sm™)

t¢ = Flow shear stress (Pa)

7. = Critical shear stress to initiate particle detachment (Pa)

D¢ = Net detachment or deposition (kg st m?)
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G = Sediment load (kg s m?)
T. = Transport capacity (kg s” m™) (= Gmax)
p = 0.5 = Raindrop-induced turbulence coefficient

ve = Effective fall velocity for sediment particles (m s1), calculated by Stokes’

Law

q = Discharge per unit width (m*s™)
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Table 3.1 Major Soils in the Mara River basin and their particle size distribution

Soil type code clay % silt % sand%
KE 45 9 67 24
KE190 10 28 62
KE378 15 70 15
KE192 20 48 32
KE388 20 20 60
KE61 20 30 50
KE380 21 26 53
KE194 22 50 ; 28
KE382 25 51 24
KE183 30 26 44
KE200 31 29 40
KES58 32 28 40
KE383 33 37 30
KES7 35 20 45
KE187 38 35 27
KE385 40 15 45
KE386 41 29 30
KE196 42 42 16
KE377 58 26 16
KE389 58 26 16
KE56 60 19 21
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3.2 Experimental Procedures

Soil erosion and surface runoff processes can be viewed at various scale levels
(Wickenkamp, et al. 2000). Depending upon the research objectives and the nature and
types of models intended to be used, such processes can be viewed at small plots and test
plots scale, at individual field or slopes, and at catchments area of small streams or at
entire area of rivers. In this study, the hydrological and erosion processes on the Mara

River basin were investigated and modeled at two scales: plot and watershed scales.

3.2.1 Procedures at field plot scale

Runoff/erosion plots were established in the uphill areas at three sites within the basin.
The sites are located in Amala upstream, Amala downstream and Nvangores watershed.
The Amala upstream site is located on 0° 53 32" S and 35" 27 63 E: the Amala
downstream site is located on 0° 56 34" S and 35° 25" 25'E, and the Nyangores site is
located on 0° 45 09~ S and 35° 20 63" E. In all the sites, soil data such as bulk density,
texture, organic matter content, initial moisture content, runoff and erosion were
collected. Rainfall data during the research period were collected using rain gauges that
were installed on the three sites and three observers were assigned to take rainfall
measurement as well as duration of rainfall. The runoff plots had 3m and 2m, length and
width respectively (Table 3.2) and were constructed in the direction of the main slope of
the field. The plots were constructed in three cover types: grass cover, bare land cover
that had been established by removing the grasses from the grassland with little

disturbance on the soils and corn cover (Fig 3.5and 3.6). Table 3.2 indicates, soil particle

34



size distribution of the three soils, which were determined by pipette methods following
the procedures of the U.S. Soil Conservation Service (1967) and sedimentation time

recommended by Tanner and Jackson (1947).

To avoid interaction, the plots were bounded in the upstream side and in the two sides
along the slope (Figure 3.5). In the downstream side, the runoff collector troughs were
constructed and the pipes, which convey runotf, were installed from the collector trough
to the sediment collecting tank (Figure 3.5). The runoff sediment tanks were covered by a
plate in order to avoid direct entrance of rainfall. Prior to taking samples from the
collectors the sediment were uniformly mixed and data were taken using sampler. The
suspended sediments were separated from runoff using sediment filter and the sediments
were oven-dried with pre-weighted petri dish using oven for 24 hours (Figure 3.6). The
oven-dried samples were multiplied by the total volume of runoff to get the total
sediment yield from the sample area and the data became ready for further analysis. The
collected runoff, sediment yield, rainfall and other soil parameters were analyzed and the

data were also used to evaluate the WEPP and Erosion 3D/2D models.
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3.2.2 Model Performance Evaluation

Theoretically, parameters for a physical based erosion and hydrological model are all
measurable in the field (Madsen, 2003). In this study, the Water Erosion Prediction
Project (WEPP) and Erosion 3D/2D models were evaluated using data that were collected
at field plot scales from three sites and three land uses in the Mara River basin. The
necessary input parameters were collected from these sites and other input parameters
such as, erodibility of soils, erosion 3D soil resistances, infiltration factor in Erosion
3D/2D, and others were generated by using the parameter catalogue (see Appendix
Tables 1 and 2). In the WEPP model, the interrill erodibility and rill erodibility values
were calculated by the model, however, in Erosion 3D the erodibility parameter for all of
the soils was estimated on the basis of the parameter catalogue. To run the WEPP model,
new soil file and management files were created for each sites and land uses. Especially,
the management file for ox-plow was not available in the WEPP database and as a result
a new database was created using depth of plow and roughness data as described by
Zeleke (2001 (Figures 3.8, 3.9 and 3.10). In the figures below, the crop calendar, type of
operation and depth of plow data are included. Moreover, data such as ridge interval,

ridge height, percentage residue buried on interrill areas were included.

In this study, both models were evaluated at the event basis and because of the limitation
of the automatic rain gauges the rainfall intensities were assumed uniform/steady during
every rainfall events. For both of the models, some of the input parameters were
developed using the parameter catalog of the models. Additional information on the

initial conditions of the plots is described in Table 3.2. The application of the (un-
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calibrated) models to simulate rainfall events in the nine plots, established in three sites

were carried out and the models simulation performance were evaluated using correlation

coefficients between the simulated and observed.

Table 3.2 Initial conditions of the Amala upstream, Amala downstream and Nyangores

plots
Amala upstream Amala downstream | Nyangores
unit | Grass | bare | corn | grass | bare | corn | grass | bare | C

Mean % 10 10 10 |7 7 7 15 15 15
slope
Texture Clay % | 55.8 | 558|558 |49.8 |49.8 1498 |64.8 |64.8 |64.8

Sand% [ 192 |19.2 192 | 162 |162 |162 132 |[132 |132

Silt% | 25 25 |25 |34 34 |34 |22 22 22
-Organic | gm 215 215129 |3.16 |3.16 {324 |287 287 |292
matter
Bulk gm/cm’ | 1.5 1.5 |14 |14 14 13514 1.4 1.35
density
Surface % 80 0 70 |85 0 70 | 80 0 70
cover
Surface 2 3 % 2 © * 2 ) .,
condition = 8 A = ,§ - = 3

< 3 <
. A =

Initial % 20 20 (20 |15 15 15 |20 20 20
moisture

P*: plowed; C: cultivated

Figure 3.8 Management file preparation for WEPP model using Ox plow
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In the simulation, moisture content at different values was used. For the first rainfall
events; initial moisture content as described in the above table were used, however, for
the rest of the rainfall events various moisture content depend on the interval between
two consecutive rainfall events were used. If the variation between two consecutive
rainfalls is 1 to 3 days, the moisture content at field capacity was used. If the rainfall that
occurs in the same day, for the second rainfall event moisture content is considered from

70-80% depends on the first rainfall and soil type (Appendix Table 2).

3.2.3 Application of Erosion 3D model at watershed level

Considering the data limitation in the study area and the little input parameter
requirement of Erosion 3D/2D relative to WEPP, the model was selected to be applied at
watershed scale in the study area. Moreover, the model is a process based model unlike
USLE, RUSLE and other; as a result its applicability is not as such limited in other areas
as empirical models. Because of these reasons, the EROSION 3D model was applied at

the watershed scale to identify potential sediment source areas in the Mara River basin.

Erosion 3D input files preparation

Erosion 3D basically requires three input files. A digital Elevation Model (DEM), which
is tequired for the relief parameter file, a precipitation parameter file and a soil parameter

file (all generated with the Erosion 3D).
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Rainfall parameter file

Erosion 3D simulates soil erosion and deposition for individual time steps of a rainfall
event. In the study area, three rain gauge stations (the Bomet water supply meteorological
station, Tenweek meteorological station, and the Hail Research Station) data were used to

run the model.

Land use and soils (soil parameter file)

Land use and soil parameters for each raster cell were assigned by an overlay of a soil
and a land use map. This assignment was completed in ArcGIS 9.1. This overlay leads to
delineated areas which are defined by a land use and a soil type. This information was
created in ArcGIS 9.1 tables and was exported for Erosion 3D applications. Since soil
and land use conditions are temporally variable, they must be modeled dynamically
according to the plant development, main cultivation periods and land management
techniques. Soil parameters such as bulk density (for cultivated land) and soil moisture,
and land use parameter such as land cover (specially for cultivated land) and roughness,
vary within different seasons and growth stages of crops and as a result for long-term
simulation these parameters were averaged following the model parameter catalogue

(Schmidt, 1992).

Surface Roughness
Surface roughness was estimated with the help of the parameter catalogue. Its calculation

is derived from roughness values ascertained by the Manning Formula. Since roughness
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increases with the development of the plant cover, it also needs to be averaged for the

entire growth period.

Soil moisture

Initial soil moisture data as developed in the Soil Terrain Database of East Africa
(SOTER) was used for this study, however, since the model is sensitive for moisture
content and was run for long time (annual) basis; the soil moisture averaged for the entire
plant growth period was used for the parameter catalogue estimation method as described

above.

Erodibility and Infiltration correction factor

Erodibility values, like roughness values, were estimated with the help of the parameter
catalogue. Erodibility depends on various impact factors and is not easily measured in
field studies. Interrill soil erodibility is not a fundamental property of the soil but is
defined by the specific equation and the period of time that rainfall occurs (Bradford and
Foster, 1996). Even here values on cultivated areas changes between sowing time and

maximum crop stages. As a result average values of erodibility were used.

According to Schmidt et al. (1999), infiltration ratios depend on factors such as
secondary pores and sealing of soil surfaces during rainfall events. Infiltration ratio/skin
factors for the different soils in the study area were used depending on the soil types/silt

contents of the soil, and land using the parameter catalogue.
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Chapter 4

4.0 Results and Discussions

In this section, the research results are discussed in three parts. In the first sub-section, the
results on the effects of land use change on runoff and sediment yield is discussed on the
basis of data collected from runoff plots at three sites. The WEPP (Water Erosion
Prediction Project model) and the Erosion 3D models were evaluated using the runoff
plot data and the results are discussed in the second sub-sections and in the final sub-

sections, the results of Erosion 3D model application at watershed scale is discussed.

4.1 Land cover change, runoff rate and sediment yield
After scrutinizing the data collected from runoff plots that were installed at three sites
(Amala upstream, Amala downstream, and Nyangoroes) with three different land

uses/covers (grass, bare land, and cultivated land covered with corn) the results are

discussed below.

4.1.1 Sediment variation in the Amala upstream

During the research period, six rainfall events were observed in the Amala upstream site
and the total amount of sediment observed in the three land covers varied significantly.
The highest total sediment yield per unit area (100 g/m?) was observed on bare land and
the lowest sediment yield (36.1 g/m®) was observed on grass cover. Total sediment yield

per unit area from cultivated land with corn cover at maturity level was 88.1 g/m®.
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Results show that changing land use from grassland to cultivated land may increase soil
loss/sediment yield with a minimum by 144.1%. However, it is clear that the result would
be more than 144.1% because in this study the data were collected in the corn field after
it was mature and the rate at different growth stage of corn would increase sediment
yield. Similarly, change in land use from grassland to bare land increased total sediment
yield by 177.37 %. In this research, the bare land was simulated by removing grass and as
a result, the sediment yield from corn cover was almost similar to soil loss in bare land
because in the corn cover plots, even though the soil was covered by corn; cultivation
pulverized the soil, and may increase erodibility of the soil. According to El-Swaify

(1982), cultivation increases soil loss by pulverizing soil.

The average sediment yield per unit area observed during the data collection period was
16.68 g/m?, 14.68 g/m* and 6.01 g/m’ from bare land, corn, and grass cover respectively.
As indicated in Figure 4.1, the sediment yield for each rainfall event per unit area from
the runoff plot data were higher for corn cover and the lowest was observed on grass
cover for all rainfall events except one. However, during one of the rainfall events, which
was the highest rainfall event that was observed in this site during the research period,
sediment yield was by far highest on bare land cover. It was about three times higher than
the sediment yield that was observed on corn cover and about 5 times higher than the
sediment yield observed on grass cover. As indicated in the runoff coefficient in Figure
4.3, 98% of the rainfall amount on this event was lead to runoff, such increase in runoff

with increase in detachment may increase the total sediment transported on bare
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land/cover. Moreover, the result also indicated that extreme events had highest
contribution for the total sediment yield on the Amala upstream site. As depicted in Table
4.1, 56.4% of the total sediment yield from bare land/cover, 30.5 % from grass cover and
37.3% from corn cover during the study period were contributed by single rainfall event.
Coppus and Imesson (2002) and Brookhagen (2010) obtained similar results on the effect
of extreme events on erosion; according to the authors significant portion of annual
erosion in the semi-arid area of southern Bolivia was contributed by single rainfall event

and the majority of the rainstorms play only a minor role.

Table 4.1 Extreme event contributions to total sediment yield per unit area in the Amala
upstream

Bare cover | Grass cover | Corn cover
Total Sediment Yield (g/m”) 100.1 36.1 88.1
Extreme event Sediment yield (g/m”) | 56.47 11.0 32.9
Percentage contribution of extreme 56.4 30.5 37.3
event to total sediment yield (%)
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Figure 4.1 Sediment variations with land cover in the Amala upstream

4.1.2 Runoff variation in Amala upstream

The runoff depths observed during the research period at different rainfall event varied
from 1.79 mm in grassland to 16.39 mm in bare land/cover. The highest total depth of
runoff, 26.85 mm was observed on bare land/cover and 20.14 mm and 16.20 mm of total
runoff depth during the research period was observed on grass cover and corn cover,
respectively. It is expected that the total runoff depth observed in bare land/cover was
higher because of low interception, high in velocity of runoft, and little time for water to
infiltrate to the soil. The total runoff depth observed from cultivated land with corn cover

at maturity was lower than the total depth observed from grass cover. The reason for this
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may be the greater interception in corn than in grass cover because of the greater leaf
area, and the higher infiltration in cultivated land/corn cover than in grass cover because

of the increase in macro-pores as a result of cultivation/reduction in bulk density.

As indicated in Figure 4.2, even though little runoff variation with land cover were
observed for almost all of the rainfall events; on June 2, 2009 the runoff rate was
extremely high in all of the land uses/covers which may be because of the highest rainfall
amount observed in the study period. In addition to the highest rainfall amount observed
antecedent moisture content due to the previous day rainfall may have effect. The runoff
depth observed on this event contribute about 62%, 51% and 28.2% of the total runoff
depth observed from bare land, grass cover and cultivated land/corn cover, respectively
(Table 4.2).

Table 4.2 Extreme events contribution to the total runoff depth (mm) in the Amala
upstream.

Bare land | Grass cover | Corn cover
Total runoff depth for the study period | 26.85 20.14 16.20
(mm)
Runoff on June 2, 2010 (mm) 16.39 10.27 4.57
Percentage contribution from the total (%) | 61 51 28.2
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For the rainfall events that were observed on Amala downstream during the study period
the highest total sediment yield per unit area of 83.9 g/m®> was observed on bare
land/cover and 29.95 g/m? and 49.18 g/m?® was observed for grass cover and cultivated
land/corn cover, respectively. Land use/cover change from grass cover to bare land/cover
increase soil loss/sediment yield by 180% and change in land cover from grassland to
cultivated land increased sediment yield by 64.21% to the minimum. However, the
sediment yield from cultivated land with corn cover would be more than this if data were
collected for the different growth stage of corn. The extreme events contribution to
sediment yield on different land covers were high. In the grass cover the extreme event
contributes 56.5% of the total sediment load and such extreme events contributed about
29.5 and 37.1 % of the total sediment yield observed in the study period for bare

land/cover and cultivated land with corn cover, respectively (Table.4.3).

Table 4.3. Extreme events contribution to total sediment yield per unit area in the
downstream Amala.

Bare Land | Corn cover | Grass cover
Total sediment yield per unit area (g/m°) 83.9 49.18 29.95
Total Sediment yield per unit area (g/m°) in | 24.73 15.64 16.93
extreme event (g)
Sediment contribution of extreme events | 29.5 37.1 56.5
(%)
Average Total sediment yield per unit area | 3.53 2.23 8.07
(2/m?) for seven rainfall events
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land/cover, respectively. The above result shows that higher sediment yield was observed
on corn cover than on bare land/cover. This might be attributed to the cultivation practice
that pulverize the soil leading to an increased in sediment yield. . As per the result
changing land use/cover from grass cover to bare land/cover may increase soil loss/
sediment yield by 181.6 %. Similarly change in land cover from grassland to cultivated

land with corn cover may increase sediment yield by 204.5%.

During the study period, the highest sediment yield per unit area of 50 g/m2 was observed
on bare land/cover during the extreme event, and the lowest of 0.07g/m” was observed in
grass cover. Within each land cover, the highest sediment yield, 45.25 gm/m* came from
cultivated land/ corn cover; 50 g/m’ from bare land/cover and 17.41 g/m® from grass
cover were observed on the same rainfall events, however the smallest rate of sediment
yield within each land use/cover was observed at different rainfall events (Figure 4.8).
As indicated in Figure 4.8 for most of the rainfall events, the highest sediment yield was
observed on cultivated land/cover and the lowest was observed on grass cover. In the
Nyangores watershed even though there was a significant contribution of extreme events
on the total sediment yield, relative to the Amala watershed the extreme events
contribution is by far less. As indicated in Table 4.5 below, extreme events contribute
33.3%, 32.6% and 27.9% of sediment yield to the total sediment yield that was observed

on bare land/cover, grass cover and cultivated land covered with corn, respectively.
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The total runoff depth observed in bare land/cover was high because of low interception
and high in velocity of runoff and little time for water to infiltrate to the soil. The total
runoff depth observed from cultivated land with corn cover at maturity was lower than
the total depth observed from grass cover as well as bare land/cover. The reason for this
may be the higher interception in corn than in grass cover because of the greater in leaf
area and the higher in infiltration that results from an increase in macro pores as a result

of cultivation/reduction in bulk density.

As indicated in Figure 4.9, the runoff depth response of each land use/cover was different
for every rainfall events. For all the land covers, depth of runoff observed during the
extreme event was high and that contributed a significant portion of the total runoff
observed for each land cover. The runoff depth observed on the extreme event
contributed about 37% of the total runoff depth observed on bare land/covers, 23.5 % and
18.3 % of the total runoff depth observed on grass cover and corn cover respectively

(Table 4.6).

Table 4.6 Extreme rainfall events contribution to the total runoff depth during the study
period

Bare Land/cover | Grass cover | Corn cover
Total runoff depth observed 44.0 35.7 25.0
Runoff depth observed during the | 16.3 8.38 4.6
extreme event
Percentage contribution of the 37.0 23.5 18.3
gxtreme event
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land cover types. The relationship between these variables at the Amala downstream bare

land/cover were not significant (r = 0.402 at p = 0.19).

Table 4.7 Correlation coefficient values with significance levels for three sites

(Rainfall with runoff relationships)

Amala upstream | Amala downstream | Nyangores

Correlation coefficient (r) | 0.75 0.76 0.79

Significance level (p) 0.030 0.040 0.007

4.1.7.2 Rainfall-Sediment yield relationships

There were variations in the significance of the relationships between rainfall and
sediment yield as a function of the study sites (Table 4.8). The relationships between
rainfall and sediment yield were significant for the Amala upstream and Nyangores
watershed, but poor relationships were observed for the Amala downstream site. The
correlation coefficient (r) values of 0.93 at p = 0.004 and 0.67 at p = 0.006 was observed
for Amala upstream and Nyangores watershed sites, respectively. However an

insignificant correlation coefficient (r) = -0.06 at p = 0.41 was observed for Amala

downstream sites.
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Table 4.8 Correlation coefficients (Rainfall with sediment yield) and Significance values
for three sites

Amala upstream | Amala downstream | Nyangores

Correlation coefficient (r) 0.93 -0.06 0.67

probability (p) 0.004 0.410 0.006

4.1.7.3 Runoff with sediment yield relationships

Similar to rainfall-sediment yield relationships, there were variations in the significance
of the relationships between runoff and sediment yield with site (Table 4.9). The
relationships between runoff and sediment yield were significant for Amala upstream and
Nyangores watersheds but poor relationships was observed for the Amala downstream
site. Correlation coefficient (r) values of 0.75 at p = 0.04 and 0.52 at p = 0.03 was
observed for the Amala upstream and Nyangores watershed sites, respectively. However
poor correlation coefficient (r) = -0.12 at p = 0.4 was observed for the Amala downstream
site. The result may vary depend on soil properties. For soil that has high clay content or
high silt content and susceptible for sealing the available detached sediment is become

small and reduces the amount of sediment transported even though high runoff is

available.
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Table 4.9 Correlation coefficients for sediment yield and runoff relationship

Amala upstream | Amala downstream | Nyangores

Correlation coefficient (1) 0.75 -0.12 0.52
Probability (p) 0.04 0.4 0.03

4.2 WEPP and Erosion 3D models evaluation

One of the important methods to evaluate the effectiveness of soil erosion models is to
compare the predictions given by the model to measured data from soil loss collected on
plots taken under natural rainfall conditions (Nearing, 2000). In this study, the Water
Erosion Prediction Project (WEPP) model and Erosion 3D models were evaluated
following the methods described in the material and methods section and the results are

discussed below.

4.2.1 Water Erosion Prediction Project (WEPP) model

4.2.1.1 Runoff observed and simulated using WEPP

Significant relationships between observed and simulated runoff values were observed
for all of the sites and land covers (Table 4.10). The coefficient of determination (rz)
values varied from 0.81 for corn cover in Amala upstream to 0.5 for grass cover in
Nyangores watershed. The coefficient of determination values of 0.61 and 0.5 was
observed in grass covers; 0.81and 0.77 in corn cover, and 0.59 and 0.79 in bare

lands/covers for Amala upstream and Nyangores sites, respectively (Tables 4.10, 4.11
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and 4.12). In the Amala downstream for bare land/cover, the coefficient of determination
was not significant; however, when the extreme observation value for the date 2-June,
2009 was excluded from the data set the coefficient of determination was better and
statistically significant. On this date, the rainfall observed was the highest (i.e. 14.9 mm)
and the model overestimated the runoff (Table 4.10). As observed from the results, for
high rainfall, the model overestimates and for low rainfall it under estimates. At the
Nyangores corn cover site, even though runoff was observed on May, 22 and 23, zero
runoff was estimated by the WEPP model which may indicate the model underestimates
runoff for low rainfall. Similar result was observed by Zeleke (2000) in the Anjini

watershed, Ethiopia.

Table 4. 10 Observed and simulated runoff for different land cover in Amala downstream

Date Bare Land/cover Grass cover Corn cover
Observed | Simulated | Observed | Simulated | Observed | Simulated
(mm) (mm) (mm) (mm) (mm) (mm)

24-May,

2009 6.01 5.61 2.64 2.94 2.17 3.16

25-May,

2009 1.70 1.23 1.79 2.07 1.37 1.41

26-May,

2009 2.87 3.38 2.73 1.89 2.59 2.00

28-May,

2009 1.98 4.81 2.64 2.65 2.31 2.48

30-May,

2009 1.93 2.40 1.79 1.90 1.60 1.15

19-Jun,

2009 2.17 3.10 2.40 2.50 2.21 2.09

2-Jun,

2009* 2.92 9.19 3.82 5.20 3.11 5.90

R’ 0.52 0.76 0.67

*calculated excluding the June, 2, 2009 data
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Table 4. 11 Observed and simulated runoff (mm) for different land covers in Amala

upstream

Date Bare Land/cover (Grass cover Corn cover
‘Observed | Simulated | Observed | Simulated | Simulated | Observed
1.93 4.55 2.28 2.91 2.26 3.32
28-May, 2009 1.93 1.12 1.88 0.70 2.21 0.97
28- May, 2009 1.98 4.73 1.98 3.26 2.26 3.55
1-Jun, 2009 2.40 3.46 1.93 1.84 2.17 2.31
2-Jun, 2009 16.39 12.30 10.27 10.05 4.57 10.50
19-Jun, 2009 2.21 9.18 1.79 7.19 2.73 7.57

R” 0.59 0.61 0.81

Table 4.12 Observed and simulated runoff depth (mm) for different land covers at the

Nyangores site.

Date Bare Land Grass cover Corn cover
Observed | Simulated | Observed simulated | Observed | Simulated
19-May,2009 1.93 1.33 1.70 1.32 - -
22-May, 2009 1.65 0.67 1.93 0.00 1.79 0.00
23-May,2009 1.51 1.42 1.70 0.54 1.60 0.00
24-May,2009 2.73 6.91 3.11 521 2.64 4.31
25-May,2009 1.46 1.33 1.60 0.18 1.37 0.81
26-May,2009 1.37 4.04 1.46 1.95 1.41 1.65
27-May,2009 1.37 1.21 1.41 0.00 1.32 0.00
27-May,2009 6.08 9.07 7.39 6.61 2.36 5.31
2-Jun,2009 16.30 24.05 6.64 20.87 4.57 18.13
2-Jun,2009 2.07 2.39 1.74 0.70 1.65 0.00
3-Jun,2009 1.24 2.51 1.24 1.32 1.23 1.25
14-Jun,2009 2.31 13.15 2.31 12.41 2.07 11.14
19-Jun,2009 2.78 6.54 2.21 3.58 1.79 3.71
R’ 0.79 0.50 0.77
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4.2.1.2 Sediment yield observed and simulated using WEPP

As indicated in Table 4.13 below, significant relationships between observed and
simulated sediment values were observed for all of the sites and land covers, except the
Amala downstream bare land/cover treatment. The coefficient of determination (Rz)
varied from 0.88 for grass cover in Nyangores watershed to 0.2 for bare land/cover in
Amala downstream watershed. The Amala downstream runoff as well as erosion was
not well simulated by the WEPP model. The reason for this lack of predictive power may
be the sealing effect related to the high silt content of the soil that may be related to the
dynamic change in soil properties during rainfall event due to sealing. Most available
models does not consider dynamic effects of soil properties on runoff and erosion
simulation, and this may be the reason for such a poor relationship on the simulated and

observed values in the Amala downstream site.

The coefficient of determination (Rz) =(.72, 0.19 and 0.61 in bare land/cover; 0.79, 0.86
and 0.88 in corn cover; and 0.77, 0.72 and 0.56 in grass cover were observed in Amala
downstream, Amala upstream and Nyangores sites, respectively. On bare lands/covers,
the model overestimates and underestimates sediment yield for high rainfall events and
for low rainfall events, respectively. However, the model underestimates sediment yield
for all rainfall in all of the land uses/covers, except bare lands/covers for all sites. At the
three sites and for almost all of the observed data in grass cover and cultivated lands/corn
covers, the model underestimates sediment and for Nyangores watershed it estimated

zero sediment yields for rainfall events less than 5mm Table 4.13.
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Table 4.13 Observed and simulated sediment (gram) variation on three land covers for

Amala downstream
Date Bare Land/cover Grass cover Corn cover
Observed | Simulated | Observed | Simulated | Observed | Simulated
24-May, 2009
9.89 18 3.54 1 9.44 3
25-May, 2009
5.91 2 1.47 1 3.22 1
26-May, 2009
3.15 12 0.44 1 0.26 0.3
28-May, 2009
24.73 16 0.05 1 2.20 2
30-May, 2009
19.74 10 16.93 7 18.24 5
19-Jun, 2009
16.15 22 5.81 2 8.96 2%
2-June, 2009
433 10 1.71 4 6.85 2
y)
R 0.19 0.72 0.86
Table 4.14 Observed and simulated Sediment relationships on three land covers for
Amala upstream
Date Bare Land/cover Grass cover Corn cbver
Observed | Simulated | Observed | Simulated | Simulated | Observed
26-May, 2.67 12 4.61 3 10.12 6
2009
28-May, 6.50 4 247 0.1 15.51 8
2009
28, May, 2.73 18 2.61 3 1.91 5
2009
1-Jun, 2009 6.82 8 4.49 2 9.73 41
2-Jun, 2009 56.47 34 11.00 7 17.93 13
19-Jun, 2009 2491 27 10.92 32.89 15
R® 0.72 0.77 0.79

66




Table 4.15 Observed and simulated Sediment relationships on three land covers for

Nyangores
Date Bare Land/cover Grass cover Corn cover
Observed | Simulated | Observed | Simulated | Observed | Simulated
19-
May,2009 2.54 5 0.99 0  emmmemem | emeeee
23-
May,2009 2.69 2 0.07 0 12.45 0
24-
May,2009 0.34 5 0.32 0 9.67 0
25
May,2009 36.27 16 0.42 1 5.28 3
26-
May,2009 1.90 3 1.55 0 0.11 1
27-
May,2009 0.05 12 1.26 0.1 5.44 1
27-

May,2009 2.78 4 1.70 0 4.88 0.1
2-Jun,2009 19.77 25 2.35 3 18.32 6
2-Jun,2009 38.79 41 12.59 12 41.65 30
3-Jun,2009 11.17 6 4.82 0.1 20.93 0.1

14-Jun,2009 5.67 10 3.70 0.1 3.59 0
19-Jun, 2009 18.31 9.6 13.71 11 17.90 26
22-

May,2009 5.94 15 2.58 1 32.97 13
R2
0.61 0.88 0.56
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4.2.2 Erosion 3D/2D model evaluation

4.2.2.1 Runoff simulated and observed using Erosion 3D/2D

As indicated in Table 4.16 below, significant relationships between observed and
simulated runoff values were observed for all of the sites and land covers. The model
underestimates runoff for most of the observations for the Amala downstream site.
Highly significant relationships between the observed and estimated runoff depth was
observed for all sites and land covers except for Amala upstream cultivated land/com
cover. For the Nyangores site, correlation coefficients of 0.74 (p = 0.0004), 0.84 (p=
0.0003) and 0.84 (p= 0.0006) were found for bare land/cover, grass cover and cultivated

land/ corn cover, respectively.

For the Amala upstream site, the low correlation coefficient was calculated between the
observed and estimated runoff depth, however, excluding the observation on May 24,
2009 improved the coefficient. The relationship between the observed and simulated

runoff depth is also significant at the Amala upstream site with a correlation coefficient

of 0.82 and p-value of 0.02.
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Table 4.16 Observed and simulated runoff depth relationships on three land covers for

Amala downstream.

Date Bare cover Grass cover Corn cover
Observed | Simulated | Observed | Simulated | Observed | Simulated

24-May,

2009° 6.01 2.11 2.64 1.94 2.17 1.96

25-May,

2009 1.70 1.56 1.79 1.37 1.37 1.42

26-May,

2009 2.87 1.94 2.73 1.89 2.59 1.91

28-May,

2009 1.98 1.78 2.64 1.53 2.31 1.56

30-May,

2009 1.93 1.84 1.79 1.61 1.60 1.64

19-Jun, 2009 2.17 1.98 2.40 1.91 2.21 1.95

2-June, 2009 2.92 2.44 3.82 2.4 3.11 233

Coefficient

of correlation 0.82* 0.87 0.85

Probability

() 0.022 0.01 0.015

* Data excluded from r computation.

Table 4.17 Observed and simulated runoff depth relationships on three land covers for

Amala upstream

Date Bare Cover Grass cover Corn cover
Observed | Simulated Observed | Simulated | Simulated | Observed

26-May, 1.93 1.93 2.28 1.6 1.77 3.32
2009
28-May, 1.93 2.01 1.88 1.96 2 0.97
2009
28, May, 1.98 2.45 1.98 0.76 0.87 3.55
2009
1-Jun, 2009 2.40 1.71 1.93 1.38 1.44 2.31
2-Jun, 2009 16.39 10.13 10.27 7.78 8.57 10.50
19-Jun, 2.21 2.78 1.79 2.58 2.67 7.57
2009
Correlation 0.99 0.98 0.85
coefficient
Probability 0.0001 0.0006 0.106
(p)
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Table 4.18 Observed and simulated runoff depth relationships on three land covers for
Nyangores watershed

Date Bare cover Grass cover Com cover
Observed | Simulated | Observed | simulated | Observed | Simulated
19-May,2009 1.93 1.12 1.70 0.9 - -
22-May,2009 1.65 0.6 1.93 0.39 1.79 0.5
23-May,2009 1.51 1.18 1.70 1 1.60 1.1
24-May,2009 2.73 1.74 3.11 1.44 2.64 1.62
1\242},2009 1.46 0.81 1.60 0.59 1.37 0.7
26-May,2009 1.37 1.53 1.46 1.3 1.41 1.44
27-May,2009 1.37 0.57 1.41 0.45 1.32 0.57
27-May,2009 6.08 2.03 7.39 2.8 2.36 1.92
2-Jun,2009 16.30 3.93 6.64 3.72 4.57 3.89
2-Jun,2009 2.07 0.99 1.74 0.76 1.65 0.88
3-Jun,2009 1.24 1.73 1.24 1.5 1.23 1.61
14-Jun,2009 2.31 33 2.31 2.18 2.07 23
19-Jun,2009 2.78 2.03 221 1.8 1.79 1.92
Correlation
coefficient 0.74 0.84 0.84
Probability
® 0.004 0.0003 0.0006
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4.2.2.2 Sediment yield observed and simulated using Erosion 3D

As shown in Table 4.19, the relationships between simulated and observed sediment yield
were highly significant for all sites and land cover except for the Amala downstream bare
land/cover site. The model underestimates for almost all of the observations in all of the

sites and land covers.

Even though different researchers such as Jetten et al. (1999) observed overestimation of
the model at a watershed scale, in this study the underestimation of the model may be the
result of the low rainfall amounts observed during the study period. Thus the model may
underestimate for low rainfall events and overestimates for normal and high rainfall
events. For the Amala downstream site, correlation coefficients of 0.96 at p=0.0006 and
0.95 at p = 0.001 were observed for grass cover and cultivated lands/corn cover
respectively (Table 4.20). However, the correlation coefficient observed for bare
land/cover in the Amala downstream was not significant. The strongest significant
correlation between the observed and simulated values was observed for Nyangores
watershed. At this site, the correlation coefficients of 0.81 at probability value of 0.002,

0.91 at p = 0.0004 and 0.88 at p = 0.0002 were observed for bare land/cove, grass cover

and cultivated land/corn cover, respectively (Table 4.21).
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Table 4.19 Observed and simulated sediment variation on three land covers for Amala

downstream.
Date Bare Land/cover Grass cover Corn cover
Obscived | Simulated | Observed | Simulated | Observed | Simulat
ed
24-May, 2009 9.89 3 3.54 0 9.44 4
25-May, 2009 5.91 0 1.47 0 3.22 0
26-May, 2009 3.15 1 0.44 1 0.26 0
28-May, 2009 | 2473 0 0.05 0 2.20 0
30-May, 2009 19.74 51 1693 8| 1824 11
19-Jun, 2009 16.15 2 5.81 2 8.96 3
2-June, 2009 433 0 171 1 6.85 5
Coefficient of
correlation 0.34 0.96 0.95
Probability (p) 0.455 0.0006 0.001
Table 4.20 Observed and simulated sediment relationships on three land covers for
Amala up stream
Date Bare Land/cover Grass cover Corn cover
Observed | Simulated | Observed | Simulated | Simulated | Obser
ved
26-May, 2009 2.67 0 4.61 0 10.12 0
28-May, 2009 6.50 0 2.47 0 15.51 0
28, May, 2009 2.73 1 2.61 0 1.91 0
1-Jun, 2009 6.82 0 4.49 0 973 1
2-Jun, 20609 56.47 11 11.00 3 17.93 9
19-Jun, 2009 2491 8 10.92 2 32.89 11
Correlation
coefficient 0.95 0.95 0.84
Probability
(p) 0.0036 0.0036 0.036
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Table 4.21 Observed and simulated sediment relationships on three land covers for

Nyangores
Date Bare Land/cover Grass cover Corn cover
Observed | Simulated | Observed | Simulated | Observed | Simulated
22-
May,2009 2.54 0 0.99 0 12.45 0
23-
May,2009 2.69 0 0.07 0 9.67 0
24-
May,2009 0.34 0 0.32 0 5.28 0
25-
May,2009 36.27 2 0.42 0 0.11 0
26-
May,2009 1.90 0 1.55 0 5.44 0
27-
May,2009 0.05 0 1.26 1 4.88 1
27-
May,2009 2.78 0 1.70 0 18.32 0
2-Jun,2009 19.77 2 2.35 1 41.65 7
2-Jun,2009 38.79 9 12.59 3 20.93 2
3-Jun,2009 11.17 0 4.82 0 3.59 1
14-Jun,2009 5.67 0 3.70 0 17.90 2
19-Jun,2009 18.31 1 13.71 5 32.97 4
R2
0.81 0.91 0.88
Probability
(p) 0.0002 0.00004 0.0002




4.3 Application of erosion 3D at the watershed scale

In this section, the total erosion rate, the sediment budget and runoff distribution in the
Mara River basin and the variations of these variables with land use/land covers will be
discussed. Moreover, the relationships of these variables with soil types and slope

steepness are discussed.

4.3.1 Erosion in the Mara River basin

The model suggested that the mean annual erosion in the Mara River basin was about 31
ton/ha, which is about 3kg/m®. The result indicated that there is about 2 mm of mean
annual soil removal from the watershed. Bennett (1939) as cited from El-Saify et al.
(1982), indicated that tillage operation probably increase the rate of topsoil renewal to
about 30 yr/cm. This rate is nearly equivalent to 11 ton/ha/yr, which is usually taken us
the upper limit for tolerable soil loss in the US; Bennett (1939) indicated that information
is lacking on tolerance limit in the tropics, however, the high rate of weathering
associated with tropical climates may leads to high soil regeneration rates, that may favor

high tolerance limit.

As per the model estimate, average rate of soil erosion rate in the Mara River basin is by
far greater than the upper limit of the tolerable soil erosion rate (11ton/ha/yr) but less
erosion rate was also estimated in different land uses. Even though the mean annual soil
removal from the entire watershed is high relative to the tolerable limit, extremely high

amounts of erosion were also observed in different land uses, as shown from the higher
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standard deviation that was observed in the watershed and in the spatial soil erosion
distribution map as indicated below in Figure 4.10. High standard deviation, about 36
ton/ha, in the estimated erosion rate was observed and the reason for such variation in the
mean erosion rate with area may be the variation in the rate of erosion with land uses,

slope steepness and soil types.

4.3.1.1 Erosion variation with land uses

As indicated in Figure 4.10, the erosion distribution and erosion hazard areas in the Mara
River basin had relationship with the distribution of land uses (Figure 3.3). The least
mean annual erosion rate of 3 ton/ha is removed annually from grassland. As indicated in
Figure 4.10, the rate of erosion in grasslands distributed from 0 to 16 tons/ha, and an
increased in erosion rate was observed with change in slope steepness within the land
use. In the grassland, erosion was too small and less than the mean annual erosion rate

of the entire river basin.

Moreover, in grassland as evidenced from the calculated standard deviation (Table 4.22),
the variation in erosion rate within different sites of this land use was the smallest, 4
ton/ha. The reason for such small calculated standard deviation may be to the result of the
little variation in other erosion factors such as slope steepness and soil types within the
land use. As shown in the land use-slope steepness distribution, in Appendix Table 4,
almost 99% of the grassland is located in slope between 0 to 10°, this may be the reason

for least standard deviation in erosion rate to be observed in this land use.
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The highest erosion rate was obtained from cultivated lands. The mean annual rate of
erosion per unit area in cultivated lands was about 120 tons/ha/yr, which is equivalent to
12 kg per square meter per year of erosion. The rate of erosion on agricultural land is
about ten times more than the mean annual soil erosion rate of the basin. Moreover high
standard deviation in erosion rate was observed on this land use type and this indicated
that there is high variation in erosion within the land use. As indicated in Figure 4.10, the
rate of soil erosion varied in this land use from 16 tons/ ha to the maximum of 169
tons/ha/yr. Table 4.22 below also shows that 7 ton/ha/yr and 11lkg/ha/yr rate of soil
erosion was estimated from bush land and forest lands, respectively. The mean annual
erosion rate in the forest land varied from 3 tons/ha to 16 tons/ha. The effect of land use
change on erosion rate can be easily observed, on forest land and cultivated land that are
located in the upstream side of the watershed. On the upstream side of the basin both the
land uses (forest and cultivated lands) are located in similar slope steepness (Appendix
Table 3) and soil type (Figure 3.3), however, because of differences in land uses rate of

erosion on cultivated land is by far higher than the rate from forest land.
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4.3.1.2 Erosion variation with slope

The spatial map of slope in Figure 4.11 indicates that most of the downstream area of the
Mara River basin is located an area with gentle slopes, (0 to 6%) steepness, and in the
upstream area slope steepness is higher and it ranges from 13 to 77 %. Erosion hazard
areas have relation with the spatial variation in slope steepness, as indicated in Table 4.23
mean annual soil loss rate about 60 tons/ha/yr was estimated on areas that has slope

steepness greater than 30 degree.

The lowest erosion rate estimated in the river basin is on areas that have slope steepness
less than 3°. Along this slope the mean annual soil loss was 2 tons/ha/yr. For areas that
have slope steepness between 3 to 10 degrees, the mean annual erosion rate was about 5
tons/ha/yr. For slope ranges between 10 to 20, degrees the mean annual erosion rate
increased significantly and the estimated rate was 31 tons/ha/year. Similarly, significant
increment in erosion rate was estimated for slope steepness ranges from 20 to 30°, which
was about 55.51 tons/ha/yr. For slope greater than 30 degrees, there was no significant
increment in mean erosion rate compared to the 20 to 30° slope ranges. As indicated in
the table below, the range between the maximum mean erosion rate and the minimum
mean erosion rate in different ranges of slope steepness was about 58 tons/ha/yr and this
range relative to the range that was observed in different land uses was small. The mean
erosion rate differénce between the maximum and the minimum rate in different land
uses was about 116 tons/ha/yr, which is the difference between mean erosion rate (120

ton/ha) from agricultural lands and erosion rate about 4 ton/ha from grasslands. This
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4.3.1.3 Erosion variation with soil types

Soil physical and chemical properties have impact on the rate of soil erosion, in the study
area. The highest mean erosion rate of about 190 tons/ha/yr was observed for soils that
have high silt and low clay contents. The lower erosion rate (less than 10 tons/ha/yr) was
observed for soils that has clay content more than 40%. However, the rate of erosion in
each soil types varied with slope steepness and land uses, which means with the spatial
distribution of soil types. As shown in Table 4.24, the highest soil erosion rate was
estimated for soil type KE 378, which has the lowest percentages, 15%, of clay content

and the highest percentage, 70% of silts.

The lowest soil erosion was also estimated for soil type code KE 388, which has the
second highest percentages of sand content, 60%, and the second lowest percentages of
silt content, 20%. In this soil, as shown in Table 4.24, the mean runoff depth estimated
was small and this may be one of the reasons for the estimated low mean erosion rate to
be estimated in this soil. Soil type code KE 190 has the highest percentage of sand
content, 62%, and low erosion was estimated for this soil. As evidenced from the runoff
distribution with soil type in Table 4.24; low runoff depth was estimated in this soil and
this may be the reason for low erosion to be estimated in this soil. The reason for this
may be the lower percentage of sand content, 10%, as evidenced from Table 4.24, and

this may lead to high reduction in infiltration which in turn may increases runoff rate and

erosion.

80



Significant relationships between the different particle size distributions and erosion rate
was also observed. Erosion rate has negative relationships with sand and clay contents,
the negative r value indicated that the increment in sand and clay particles leads to
reduction in mean annual erosion rate. Significant correlation, r = -0.54 at p = 0.001 was
observed for sand particle size relationships with erosion rate excluding KE 391 soil type,
however, the relationship between clay particle and erosion rate was not significant, but
negative directional relationship as described above was observed. Positive relationship
between silt particle size content and erosion rate was observed. The correlation
coefficient, r value 0.76 at p = 0.0001 was observed for silt contents relationships with
mean annual erosion rate. This correlation coefficient indicated that erosion rate increases
with increase in silt content; the reason is that the silt particle is susceptible for
detachment and can be easily transported because of its small mass. As shown in
Appendix Figure 2 and Figure 4.12, the silt particle size content of the soils (%) had
relation with the erosion distribution in the watershed. However, an increase in erosion
rate with silt content was not observed for all soil types, low erosion rate was observed

for soil type KE45, which had high silt content (67%).

Table. 4. 24 Particle size relationship with erosion rate

Particle size Correlation coefficient
Silt 0.75
Sand -0.51
Clay -0.36

81






Table.4.25 Soil type, particle size and mean annual erosion rate in the Mara River basin

Soil type erosion
code clay % silt % sand% rate(ton/ha/yr)
KE200 31 29 40 8
KE377 58 26 16 7
KE196 42 42 16 68
KE380 21 26 53 1
KE378 15 70 15 197
KE382 25 51 24 24
KE381 58 26 16 4
KE385 40 15 45 1
KE383 33 37 30 2
KE384 58 26 16 4
KE386 41 29 30 26
KE387 58 26 16 5
KE388 20 20 60 0.2
KE389 58 26 16 75
KES7 35 20 45 2
KES6 60 19 21 5
KE 45 9 67 24 8
KE391 58 26 16 33
KE61 20 30 50 18
KES58 32 28 40 ‘ 21
KE93 15 70 15 192
KE194 22 50 28 ~ 72
KE187 38 35 27 54.13
KE183 30 26 44 5.6
KE190 10 28 62 21
KE192 20 48 32 142
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4.3.2 Sediment budget in Mara River basin

In the above section, the total mean erosion rate variation with slope, soil and land
use/land cover was discussed. However, total erosion rate does not show the rate at which
sediment leaves an area; it only shows the rate of sediment detachment from specific
area. The actual rate of sediment loss an area may experience depends on the transport
capacity of the erosive agent and the available detached sediment. To determine the rate
of net erosion, which is sediment leave from an area, rate of deposition may need to be

estimated and deducted from the total erosion rate.

Figure 4.13 shows the net sediment transported and deposited from an area within the
watershed. The negative sign indicates the rate at which sediment left from an area and
the positive indicates the rate of deposition in an area; average annual sediment
transported from most of agricultural lands ranged from 1.86 to 6.14 kg per meter square
area. In the upstream side of the watershed, where slope steepness is high and the land
~ use is agriculture, sediment left from this area at an average rate of 8 kg per square meter,
- however from the total agricultural lands sediment transported at an average rate of about
6 kg per square meter. Compared to the average soil erosion rate, which is 12 kg per
meter square, in this land use, the sediment transported is about 50% of the total erosion
rate. The lowest amount of sediment transported, which is less than 2 kg per square meter
were observed on forest lands and grasslands and the highest erosion rate was observed
on agricultural land with steep slope. In agricultural lands with steep slope areas, an

erosion rate varied from 6 to 12 kg per square meter.
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Figure 4.13 indicates that the spatial distribution of sediment deposited with in the Mara
River basin and it clearly indicated that most sediment deposition occurs in the
downstream area. The downstream area contains a gentle slope which leads to a reduction
in velocity of flow, which directly reduces the transport capacity of flow and increases
sediment deposition. The table below indicates sediment deposition distribution with
variation in slope steepness. Table 4.26 indicates that the ratio of sediment deposition to
erosion rate is high for gentle slopes. As shown in Table 4.26 below, the ratio of
deposition to total erosion rate on areas that has slopes between zeros to three degrees
was 0.2, which was the highest ratio estimated in the watershed. Ratio of 0.13, 0.05 and
0.06 were observed for areas with slope between 3 to 10, 10 to 20, and 20 to 30 degrees

respectively.

Table 4.26 Slope steepness, rate of erosion and deposition.

Slope steepness | Rate of erosion | Rate of deposition | Ratio of erosion to
(degree) (ton/ha/yr) (ton/ha/yr) deposition

Less than 3 2 04 0.20

3to 10 5 0.63 0.13

10 to 20 31 1.43 0.05

20 to 30 55.5 3.56 0.06
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Table 4.27. Annual mean runoff distribution in different land uses

Land use Runoff depth (mm) Runoff coefficient
Forest 211.36 0.22
Agricultural land 318.30 0.33
bush land 276.35 0.29
grass land 243.72 0.26
Wood land 241.60 0.25

4.3.3.2 Runoff variation with soil types

As shown in Table 4.29 below the runoff distribution significantly varied with soil types.
The maximum average runoff depth, 338 mm, was estimated for soil type KE389 and the
minimum runoff depth, 21.4 mm was estimated for KE388 soil type. In this simulation
high runoff was estimated for soils that has low sand content and high clay contents. Clay
soil has low particle size and low infiltration rate which may lead to high runoff
production. The correlation coefficient values, in Table 4.28 below indicate the
relationships between soil types and mean runoff depth. Correlation coefficient values of
0.52 and -0.76 were observed for clay particle size content and sand particle size content

relationships with runoff depth respectively. There was a non-significant relationship

between silt particle content and mean runoff depth in the Mara River basin.

Table 4.28 Relationships between soil particle size and runoff depth

Particle size content (%) Correlation coefficient (r) p
sand -0.76 < 0.000001
clay 0.002
silt 0.344
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Table 4.29 Soil types, particle size distribution and runoff depth

Soil code | clay % | silt % | sand% | runoff depth (mm) | erosion rate(ton/ha/yr)
KE391 58 26 16 220.0 33
KE381 58 26 16 313.2 4
KE377 58 26 16 307.9 7
KE389 58 26 16 338.2 75
KE200 31 29 40 95.5 8
KE196 42 42 16 202.4 68
KE380 21 26 53 293 1
KE378 15 70 15 330.45 197
KE382 25 51 24 3234 24
KE385 40 15 45 69.9 1
KE383 33 37 30 288.4 2
KE384 | 58 | 26 | 16 310.6 4
KE386 41 29 30 291.6 26
KE387 58 26 16 306.6 5
KE388 20 20 60 214 0.2

KE57 35 20 45 305.6 2
KE56 60 19 21 298.8 5
KE 45 9 67 24 44.9 8
KE61 20 30 50 46.0 18
KES8 32 28 40 313.0 21
KE93 15 70 15 320.80 192
KE194 22 50 28 3190 72
KE187 38 35 27 325.0 54.13
KE183 30 26 44 34.5 5.6
KE190 10 28 62 223 21
KE192 20 48 32 215.4 142
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4.4 WEPP model application at watershed scales

In this part, the WEPP application at watershed scale is presented. The spatial distribution
of runoff and sediment yield at Mara River basin and their variation in different land use
are discussed below. Moreover, the results are discussed in relation to the Erosion 3D

model.

4.4.1 Sediment yield variation in the Mara River basin

As shown in Figure 4. 18 below sediment yield estimated in the Mara River basin varied
with land uses and slope distribution. High sediment yield was estimated in steep slope
areas and agricultural land uses. The rate of sediment yield in agricultural lands with high
slope steepness was above 4 kg per square meter as shown in the spatial map of sediment
yield below. The lowest sediment yield was estimated in the downstream watershed,
where gentle siopes are located and the land use is grassland and bush lands. The
sediment yield that was estimated by WEPP had similar spatial distribution with the one

estimated using Erosion 3D, however, high rate of sediment yield was estimated in the

Erosion 3D estimation.

According to Jetten et al. (1999), Erosion 3D overestimated sediment yield at watershed
scale. The highest sediment yield which was greater than four times the tolerable soil loss
(T=11 ton/ha/yr) was estimated in agricultural lands. The estimation was almost similar
to the Erosion 3D estimation as evidenced in Figure 4.13. In the downstream side of the

watershed, low sediment yield which is less than the tolerable soil loss (T = 11 ton/ha/yr)
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Chapter 5

5.0 Summary and Conclusion

The severity of erosion varies in time and space. According to Kirkby (1980) and Morgan
(1986), soil erosion results from an individual climatic event depend on local topography,
soil and land-use conditions. Thus these factors cause regional variation in erosion.
Though climatic characteristics vary regionally, land use can change over time in relation
to social, economic and governmental policies. Long-term temporal variations in erosion
may arise from change in soil properties due to continuous production and loss of organic
matter. In the Mara River basin, due to population pressure significant areas of forests
and grasslands have been changed to agricultural lands, moreover, deforestation and poor
management practices aggravated the situation as a result land degradation and water

quality become a major problem of the watershed.

This study was conducted taking this problem into consideration and holding various
research questions as described in the introduction section. To address the described
research questions, two methods was preferred: the first is establishing runoff plots and
investigating the impact of land use changes on runoff and erosion at field plot scale; the
second is applying model to assess the effect of land use at watershed scale. The plots
were established in three sites: Amala downstream, Amala upstream and Nyangores sub
watersheds in grassland, cultivated land and bare lands. The results from the plots
indicate that significant erosion and runoff variation with land use was observed in the

three sites. The runoff depths observed during the research period in the three sites and
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three land uses at different rainfall event varied from 1.20 mm in cultivated land at the
Nyangores site to 16.39 mm in bare land at the Amala upstream site. The highest total
depth of runoff, 44.02 mm was observed on bare land in the Nyangores sub-watershed.

Runoff also varied with land use in all of the three sites.

The runoff depths observed at the Amala upstream varied from 1.79 mm in grassland to
16.39 mm in bare land. The highest total depth of runoff, 26.85mm was observed on bare
land and 20.14 mm and 16.20 mm of total runoff depth during the research period was
observed on grassland and cultivated land covered with corn, respectively. The runoff
depths observed in the Amala downstream varied from 6.01 mm in bare land to 1.60 mm
in cultivated land. The highest total depth of runoff, 19.57mm was observed on bare land
and 17.80 mm and 15.35 mm of total runoff depth during the study period were observed

on grassland and cultivated land covered with corn, respectively.

The runoff depths observed in the Nyangores watershed varied from 1.20 mm observed
on cultivated land to 16.30 mm that was observed on bare land. The highest total depth of
runoff, 44.02 mm was observed on bare land and 35.7 mm and 25.02 mm of total runoff
depth during the research period was observed on grassland and cultivated land covered
with corn respectively. The highest total sediment yield was observed on cultivated land
with a total of 974.3 gram at the Nyangores site and the lowest sediment yield was
observed on grassland with a total of 179.7 gm in the Amala downstream. Similar to

runoff, sediment yield in the three sites varied with land uses. At the Amala upstream
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site, the highest total sediment yield was observed on bare lands with a total of 600.57
gram and the lowest sediment yield was observed on grassland with a total of 216.52 gm.
Sediment yield from cultivated land with corn cover was 528.55 gm and changing land

use from grassland to cultivated land may increase sediment yield by 144.1%.

At the Amala downstream sites, the highest total sediment yield of 503.4 gm was
observed on bare land and a total of 179.7 g and 295.1 g was observed for grassland and
cultivated land, respectively. For the studying period, the highest sediment concentration
of 12.5 gram per liter was observed on bare land and the lowest sediment concentration
of 0.02 gram per litter was observed on grassland. The highest average sediment
concentration, 5.21 g/L, was observed on bare land and 3.6 g per liter and 2 gram per liter
sediment concentration were observed on cultivated land and grassland, respectively. In
the Nyangores watershed, the highest total sediment yield per unit area was observed on
cultivated land, 162.38 g/m2 and the lowest sediment yield per unit area was observed on
grassland, 53.33 g/m®. Sediment yield per unit area from bare land, 150.09 gram/m?, was
not significantly varied with sediment yield from cultivated land. From the result at plot
scale, it may be possible to conclude that runoff as well as sediment yield varied with
land uses, and land use changes in the Mara River basin may be responsible for change in
water quality of the Mara River basin and expansion of agricultural lands in the

watershed may significantly affects the water quality as well as land degradation.
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In addition to plot scale observations, the models were applied to assess potential
sediment yield areas and the effect of different land uses on the rate of erosion as well as
surface runoff. In this study, the two models were evaluated at field plot scale using the
data collected from the three sites and three land uses. The result indicated that both the
models estimate runoff well as evidenced from the coefficient of determination for the
three sites and land uses. Similarly, sediment yield estimation performance of the Erosion
3D and WEPP models were good, even though the WEPP model estimates better than the
Erosion 3D model. The WEPP model underestimate erosion for low rainfall events and
overestimate for high rainfall events, however the Erosion 3D model underestimate for
higher as well as low rainfall events. Some researchers actually observed underestimation
using the Erosion 3D model at watershed scale but at field plot scale the model
underestimate for high as well as low rainfall events. The variation in estimation at field
and watershed scales may indicate that there is scale effect on the applicability of the
model and it may be required to recommend for further research to test the scale effect on
the applicability of the erosion 3D model. The simulation result shown that the mean
annual erosion in the Mara River basin was about 31ton/ha, which is about 3kg per
square meter area. The simulation result also indicated that there was significant
variation in sediment yield in different land uses, slope steepness and soil types. The
mean annual erosion rate in cultivated land was about 120 ton/ha and this rate was by far
greater than the mean annual erosion rate as well as the tolerable erosion rate in the
watershed. The lowest mean annual erosion rate was estimated from grasslands with the
rate by far less than the tolerable rate as well as the mean annual erosion rate of the

watershed. The result indicated that land use and land cover changes may be responsible
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for land degradation in the watershed. Both the model as well as field plot research
results indicated that land use and land cover change has significant impact on land

degradation and hydrology of the Mara River basin.

The erosion 3D runoff estimation indicated that the mean annual runoff production in the
Mara River basin is about 258 mm and similar annual depth was estimated using the
WEPP model. The estimated result of runoff depth using the Erosion 3D model indicated
that high runoff production was estimated in agricultural lands and the least was

estimated in bush land.
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Chapter 6

6.0 Recommendations

There was limitation in the application of models at watershed scale because of scarcity
of input parameters and data base for evaluation of the model at watershed scale.
However, for the objectives of this study most of the input parameters were taken
following the parameter catalogue. Thus, further research and database development may
require evaluating Erosion 3D as well as other erosion models, and more data may
require investigating the effect of different factors on runoff and erosion. In this study,
relative difference in erosion rate as well as runoff production was considered at different
scale in the watershed, however, such result may need caution to design water
conservation and other structures because the model may need to be evaluated at
watershed scale and input data including skin-factor may need to be estimated by

conducting long term research in the watershed to get accurate result/estimation.

The Erosion 3D model may be appropriate for the watershed since it needs few input
parameters and most of the parameters may be collected with little effort and time. Thus
it is better to recommend further evaluation of each components of the model at field,

laboratory and watershed scale and modify if it is necessary for the Mara River basin.
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Once the potential sediment sources are identified and the rates are estimated then to take
appropriate measures, sound design of conservation structures may be required. To
design appropriate structures in the basin, rainfall intensity for different recurrence
intervals may be needed. Especially, most conservation structures are designed for five or
ten year recurrence interval but such data are not easily obtained for the basin. Thus it
may be important to recommend for further research on developing Intensity-Duration-

Frequency curve for the area.
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APPENDICES

Appendix Table 1 Organic matter content and AK4 classification of soil and moisture

content

Site Name Silt % | Sand% Clay% | KA4 Average | Average

classification organic | organic
carbon | matter

Amala 25 19.2 55.8 Loamy clay | 1.41 243

upstream (ThH

Amala 34 16.2 49.8 Weak Silty | 1.85 3.18

downstream clay( Tu2)

Nyangores 22 13.2 64.8 Loamy Clay | 1.68 2.89
(T

Appendix Table 2 Initial moisture content of soils for Erosion 3D model evaluation at

field scale

KA4 Texture Initial moisture Initial moisture Initial moisture
Classification content (Dry) content at field content at saturation
: capacity

T1 (Com) 40 56.5 82.5

T1 (Bare and grass) | 45 60 84

Tu2 (comn) 4+ 58 85

Tu2 (Bare and |48 62 88

Grass)

105




Appendix Table 3 Erosion 3D input parameters for evaluation

AUC | AUG | AUB | ADC | ADG | ADB |NYC |NYG | NYB

Fine clay 0 0 0 0 0 0 0 0 0

Medium clay | 56 56 56 50 50 50 65 65 65

Coarseclay | 0 0 0 0 0 0 0 0 0

Fine silt 8 8 8 9 9 9 8 8 8

Mediumssilt | 10 10 10 14 14 14 10 10 10

Coarse silt 7 7 7 11 11 11 7 7 7
Fine sand 3 3 3 2 2 2 3 3 3
Medium sand | 7 7 7 6 6 6 7 7 7
Coarse sand | 9 9 9 8 8 8 9 9 9
Organic

carbon 1.74 | 125 |125 |[1.88 |1.84 |184 [1.70 |1.67 |1.67

Roughness 0.05 | 0.15 |0.013 10.075 { 0.3 0.013 | 0.1 0.25 |0.013

Cover 72 90 0 82 95 0 87 90 0

bulk 1450 | 1500 | 1500 | 1400 | 1450 | 1450 | 1450 | 1500 | 1500

AUC= Amala upstream Corn; ADC= Amala downstream Corn
AUG=Amala upstream Grass; ADG= Amala downstream Grass

AUB= Amala upstream Bare; ADB = Amala downstream Bare; NYC= Nyangores Corn;
NYB= Nyangores Bare; NYG= Nyangores Grass
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Appendix Figure 2 Silt Particle size distribution (%) in the Mara River basin
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