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ABSTRACT

An average of 19% of the reservoir storage volumes has been lost to sedimentation in Africa.
The Lubovane reservoir in Swaziland, having been commissioned in 2009, is not an exception
to sedimentation as all reservoirs globally lose about 1% of their storage due to sedimentation
annually. The Lubovane reservoir was constructed as part of the Lower Usuthu Smallholder
Irrigation Project (LUSIP) aimed at intensifying and commercializing agriculture for
smallholder farmers. The study aimed at determining the rates of sedimentation of the
Lubovane reservoir, with sediment deposited from Mhlatuzane River and a canal that conveys
water from the Usutu River to the reservoir. Suspended sediment concentration was determined
through grab sampling 300mm below the water surface in the canal and the river. The Revised
Universal Soil Loss Equation (RUSLE) combined with GIS and remote sensing were used to
predict sediment yield for the Mhlatuzane micro-catchment and it was validated using data that
was collected from four erosion monitoring plots. A bathymetric survey was conducted in the
Lubovane reservoir to determine the sediment that has already settled in the reservoir and the
annual capacity loss due to deposition of sediment. The average sediment yield was found to
be 26.8, 24.3, 8.83, 29.8 and 8.99 t.hal.yr! for years 1995, 2000, 2005, 2009 and 2015
respectively. Concentration of suspended sediment was found to be 2231 mg/l and 3436 mg/I
for Mhlatuzane River and the Feeder canal respectively. The sediment yield of the Mhlatuzane
River derived from the sediment concentration was 2.98 t.ha.yr? and the combined sediment
yield from the sediment concentration monitoring, was 0.82x10% m® leading to a 0.52% of
storage capacity. The bathymetric survey data showed that there has already been 14.7x10° m?
of sediment that has settled in the reservoir to date, with an annual capacity loss of 1.36%.
Suspended sediment monitoring underestimated the sediment loading in the reservoir since
bedload was not sampled and hence, this method cannot be used to without sampling bedload
to adequately monitor siltation of the reservoir. The study then concluded that if no measures
are taken to reduce sedimentation and the sedimentation rates remain at this level, the reservoir
life will be reduced from 100 years (design lifespan) to 81 years. The loss of storage capacity

will lead to an annual loss in 20% yield of 1.23%.

Keywords: Reservoir, Sedimentation, LUSIP, RUSLE, Bathymetry, Yield
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CHAPTER ONE

1. INTRODUCTION

1.1  Background

Environmental degradation continues to escalate in African River systems and it has resulted
in severe soil erosion especially in the tropical regions. Soil fertility loss, desertification and
eventually sedimentation of rivers and reservoirs have been the observed results of the
uncontrolled environmental degradation (Munthali et al., 2011). According to Fox et al. (1997),
reservoir sedimentation represents a major problem for the management of water supplies in
many parts of the world and may have serious economic implications. All reservoirs will lose
their water storage capacity, to a greater or lesser degree, due to sedimentation, and it is
necessary to periodically update this information, generally by means of a bathymetric survey
(Estigoni et al., 2014). Siltation in reservoirs compromises the storage capacity hence reducing
the annual yield that can be attained from the reservoir. In Africa, an average of 19% of the
reservoir storage volumes are silted (Jebari et al., 2010). In the Lower Usuthu Smallholder
Irrigation Project (LUSIP), sedimentation of the Lubovane reservoir, if high, may lead to
reduction of the water available for irrigation and domestic uses. Jain et al. (2002) pointed out
that assessment of reservoir sedimentation is part of the basic information needed for the

operation of any reservoir.

The Lubovane reservoir is the second largest water containment body in Swaziland after
Maguga Dam and it is located in the lowveld of Swaziland in the Usuthu river basin. The
capacity of the reservoir at full supply level standing at 224 meters above mean sea level, is
155 Mm?® with 10% of it being dead storage (Mhlanga et al., 2012). The reservoir was
constructed upstream of the confluence of two rivers, Golome (ephemeral) and Mhlatuzane
(perennial) rivers with tow embankments constructed across each river channel. It receives
water mainly from the Mhlatuzane River and a Feeder Canal (FC) that diverts water from the
Great Usuthu River. Apart from the two dam embankments (Golome and Mhlatuzane), the
reservoir has one saddle dam on the south-east side. The Golome stream was a tributary to

Mhlatuzane River and Mhlatuzane empties into the Great Usuthu River.
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Figure 1-1: Locality map showing the Areas around the reservoir and part of the fields

irrigated by the Lubovane reservoir (Accessed on 20 November, 2015)

Construction of the Lubovane reservoir started in 2006 and was completed in 2009. The dam
spilled for the first time in 2011. It was constructed by Swaziland Water and Agricultural
Development Enterprise (SWADE) as part of a project called the Lower Usuthu Smallholder
Irrigation Project (LUSIP). SWADE was mandated by government to implement the project
which would see the socio-economic improvement of livelihoods in the Siphofaneni and
Matata areas in Swaziland (Figure 1-1). The Government of Swaziland (GoS) identified
intensification of farming and commercialization of smallholder agriculture as the main
element in its policy to alleviate poverty (Vasudeva, 2006). The smallholder farmers in the
lower Usuthu basin were the poorest in the country before the LUSIP project. Evidence from
surveys suggested that communities in the project area were very poor (US$ 96 per capita
income per annum) compared to other rural areas of Swaziland (MNM-Consultants, 2002).

The average per capita income of Swaziland is estimated at US$ 200 per annum.

The project has two phases, namely LUSIP | and LUSIP II. The first phase of the project
constituted construction of the two dams, the intake structure, the canals, the pipelines and the
balancing dams which would irrigate 6 500 ha in the Lubovane Block. This phase is almost

Sithembiso Mkhonta — MSc IWRM Page 2
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complete the area has already been put under irrigation with the dam further supplying water
to three treatment plants constructed strategically to benefit three chiefdoms in that area. Phase
Il is already under way as some of the funds required have already been sourced from donors
and the resettlement process has already begun. The area to be irrigated in phase Il is around 5
000 ha and it will get water from the Lubovane reservoir as well. Phase | of the project has
already benefitted at least 2 000 farming households through increasing their income and their
livelihoods. Livelihoods have also been improved in the aspect of health and safety as residents
now have access to safe drinking water and improved sanitation. Due to projects like LUSIP,
Swaziland is one of the best success stories of infrastructure’s effect on water-related diseases
in the rural areas and it is on track to achieve 100% water and sanitation services coverage by
2022 (Mwendera, 2006).

1.2 Problem statement

According to Vakakis-International (2000), during the design phase of the Lubovane reservoir,
there were no accurate sediment data available for any rivers in Swaziland. As a result, regional
estimates for design purposes, published in the WR90 Study by the South African Water
Research Commission in 1990 (Midgley et al., 1994) were used to design the reservoir. The
regional estimates were based on field sediment data and reservoir bathymetric surveys done
in South Africa and they were adopted in the feasibility study for sedimentation rates in
Lubovane reservoir. For the Lubovane, the regional yield of the sub-catchment feeding to the

reservoir was assumed at 6.24 t.ha.yr! (Vakakis-International, 2000).

After the Lubovane reservoir was commissioned, farming activities increased rapidly both
downstream and upstream of the reservoir. The communities that were displaced by the project
were relocated to areas that are upstream of the reservoir and that led to deforestation of large
areas to allow construction of homesteads. These changes in land cover have an influence on
the sediment yield of the Mhlatuzane micro-catchment. The regional estimates of sediment
yields which were made had different land cover characteristics than the current one and there
is currently no monitoring of sediment load in the River and the Feeder canal. The actual

sediment yield of the sub-basin is thus currently not known.

The Swaziland IWRM Status report (Manyatsi and Brown, 2009) revealed that stakeholders
are concerned that the business-as-usual approach to land management is adversely affecting
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both quantity and quality of water in the basin from sedimentation. Appendix 1 shows
deposition of silt at the canal discharge point and at Othandweni Bridge upstream of Lubovane
reservoir. This study assessed the sediment yield of the Mhlatuzane micro-catchment; hence
the sedimentation rates of the Lubovane reservoir to determine the sustainability of the LUSIP

project with respect to continued availability of water for irrigation and domestic use.

1.3 Justification of the Study

The Lubovane reservoir is the main pillar of the Lower Usuthu Smallholder Irrigation Project
as it is the source of water for irrigation and domestic use. Development of new irrigation
schemes and sustainability of the existing schemes developed in LUSIP | depends on the
continued availability of water from the reservoir. The LUSIP was one of the major efforts the
Government of Swaziland made to try and meet most of the then Millennium Development
Goals (MDGs), now Sustainable Development Goals (SDGs), more especially MDG1 (now
SDG 1 & 2) which was to eradicate extreme poverty and hunger (Vasudeva, 2006). The project
also assists the country’s efforts towards meeting other SDGs like promoting primary
education, gender mainstreaming among others. The information that will be generated through
this study will reveal the sediment yield of the catchment draining into the reservoir and the
sediment loading from the canal. The information will then be used to inform decision makers
whether soil conservation measures have to be put in place to reduce sediment yield or such is
not necessary. Also, it will inform planners of the LUSIP 11 Project as to how much land they
can develop in light of the annual reduction of the capacity of the reservoir due to

sedimentation.
1.4 Objectives
1.4.1 General Objective

The project aimed at determining the sediment yield of the Mhlatuzane micro-catchment; hence
the sedimentation rates of the Lubovane reservoir so as to determine its implications on the
lifespan of the LUSIP with respect to continued availability of water for irrigation and domestic

use.
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1.4.2 Specific Objectives

1. To determine the land use and land cover changes in the Mhlatuzane micro-catchment
before and after the LUSIP project implementation and to assess their contribution to

sedimentation.

2. To assess the soil erosion potential of the Mhlatuzane catchment using the RUSLE
model.
3. To estimate the annual rate of sedimentation of the reservoir, due to sediment load from

the Mhlatuzane micro-catchment and the Feeder canal.

4. To extrapolate the reservoir water yield into the future with the current annual rates of

sedimentation of the Lubovane reservoir.

1.5 Research questions

The research questions which lead to the achievement of the objective of this study were:
I.  What is the annual sediment yield of the Mhlatuzane micro-catchment?
ii.  What is the rate of sedimentation and sedimentation trends of the Lubovane reservoir?

iii.  What are the implications of the sedimentation of Lubovane reservoir on the yields of

the Lubovane reservoir?

1.6 Report Layout

The report of this study is presented in six chapters. The first chapter gives an introduction to
the study by highlighting the background to the soil erosion problem and sedimentation of the
Lubovane reservoir as well as the background of the LUSIP which led to the construction of
the reservoir. The chapter also presents the problem statement, objectives and justification for

carrying out the study.

Chapter 2 covers a review of literature on soil erosion and sedimentation and describes
theoretical underpinnings of the methods. The chapter also discusses different methods and
techniques of assessment of soil erosion and sediment deposition. Chapter 3 presents a

description of the study area, showing the location of the study area, hydrological setup,
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climate, and soils. Materials and methods are covered in the fourth Chapter which consists of
data collection, methods adopted to achieve objectives and the analysis procedures. Chapter 5
presents results and discussions for each objective. Finally the conclusion and

recommendations derived from the study are presented in Chapter 6.
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CHAPTER TWO

2. LITERATURE REVIEW

2.1 Introduction

Soil erosion is an environmental problem as it leads to removal of fertile topsoil, which is
crucial for agriculture. One of the impacts of soil erosion that is even of much greater concern
is increased rates of sedimentation in the rivers and reservoirs, causing capacity loss and also

providing ingredients for water eutrophication as it carries pollutants (Wang et al., 2009).
2.2  Reservoir Sedimentation

According to a UNESCO (2011) sediment comprises solid particles of both mineral and
organic material and is widely referred by many authors as silt. This material is generated at
catchment levels and transported by rainwater through drainage networks into rivers and
eventually deposited on the river bed and in standing water bodies like lakes/reservoirs.
Reservoir sedimentation, which decreases the useful life of the reservoir, is closely associated
with soil and stream bed erosion in the corresponding basin (Hrissanthou, 2011). The river
transports the soil, that is washed out from the catchment into the river, downstream until it
reaches the impounded/still water where velocity decreases and hence deposition takes place
and then it is said to be reservoir sedimentation. According to Lin et al. (2013) sediment
transport and deposit within the catchment is an unavoidable natural process, but its impacts
can be reduced by improving catchment management strategies. Reservoir sedimentation is a
serious off-site consequence of soil erosion with large environmental and economic
implications and on the other hand it also provides valuable information on erosion problems
and sediment transport within a drainage basin. A reservoir can be considered as a large scale

experiment, as the outlet of a giant erosion plot (de Vente et al., 2011).

2.3 Causes of Reservoir sedimentation

De Vente et al (2011) conducted a study to determine the factors controlling sediment yield at
the catchment scale in Northwest Mediterranean geo-ecosystems. In their study they used the
Area Relief Temperature (ART) sediment delivery model and they found that Catchment area,

catchment perimeter, stream length, relief ratio, Modified Fournier Index, the RUSLE’s R
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factor, and catchments percentage with poor vegetation cover showed highest correlations with

sediment yields of the catchment.

Overland flow is high on steep slopes, bare land or paved surfaces and also where ploughing
up and down the slope is practiced. High overland flow increases chances of soil erosion where
detached particles are transported down slope into rivers and eventually to reservoirs. Land use
changes can also accelerate the rates and amount of sediment produced by a catchment as
noticed in the Itaipu Lake in the Brazil-Paraguay border. According to (Norton et al., 2001),
sedimentation was not a threat to the Itaipu Hydro-electric Project initially and the project was
expected to have a lifespan of more than 300 years but since the land use changed from forest
to intense row crops, the lake started accumulating more sediment each year. Poorly managed
catchments are bound to accumulate more sediment load as compared to properly managed
catchments. In a study conducted in Brazil to link soil erosion to soil conservation practices, it
was discovered that the elevated gross erosion values in the catchment were associated with
areas of potentially high surface runoff. This was due to reduced infiltration resulting from
poor soil management practices, evidenced by excessive compaction of the soils. (Didoné et
al., 2015).

2.4  Sedimentation and Climate Change

Mahabaleshwara and Nagabhushan (2014) have noted the growing body of evidence that the
sediment loads of rivers and reservoirs will be affected by climate change mainly due to
changes in rainfall and runoff. A study was conducted in Yan River in China by Wang et al.
(2013) to analyze the changes in runoff and sediment loads over a 60 year period. The study
found that a decrease in the runoff in the years led to an increase in sediment deposition which
was articulated to the rivers losing the transport capacity as flow decreased. Runoff in the
Usuthu basin in Swaziland was predicted to decrease by 4.8% by 2075 due to climate change

and that will affect inflows into the Lubovane reservoir (Mhlanga et al., 2012).

The impacts of climate change will see an increase in rainfall intensity and runoff in some areas
while others experience the opposite like the Usuthu Basin. The Arctic for instance has been
predicted to experience major increases in runoff due to increase in rainfall and evaporation
will also increase due to increase in global temperatures (Pohl et al., 2006). This increase in

rainfall and runoff will probably cause an increase in sedimentation in these areas
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compromising ability of reservoirs to function adequately, especially those for Hydro-power

generation.
2.5 Impacts of Reservoir Sedimentation

Most rivers in the world are naturally occurring and transport of sediment by rivers is a natural
process which is not a problem in itself (UNESCO, 2011). A proper balance between soil
erosion and soil deposition is experienced in undisturbed systems and sediment is necessary
for maintaining fluvial environments which include floodplains and channel systems.
However, the anthropogenic activities in catchments have caused an increase in the
sedimentation and soil erosion rates beyond the natural. The impacts of reservoir sedimentation
as listed by UNESCO (2011) are categorized into those upstream and downstream of the

reservoir.

2.5.1 Upstream Impacts of sedimentation

The most vital and devastating impact of sedimentation of reservoirs is the loss in storage
capacity which affects the lifespan of the reservoir and the successive annual yields obtained
from the reservoir (Carlos de Araujo et al., 2006). Accumulated sediment in the world was
estimated at 2000 million cubic metres in 2009 with an average annual capacity loss of 0.8%
(ICOLD, 2009). The ICOLD report translated the loss of capacity to sedimentation to 0.6%
reduction in power generation with replacement costs estimated at 13.6 billion U.S. Dollars per
year. Dams are constructed at a cost, not only financial but, high social and environmental costs
considering that an entire village can be resettled to pave way for a dam construction. If the
sediment accumulation is high, the reservoir outlet works may also become clogged. Abrasion
of hydraulic machinery may also occur, decreasing its efficiency and increasing maintenance

Ccosts.

2.5.2 Downstream Impacts of Reservoir sedimentation

The downstream impacts are quite different from the upstream as the problems result from
shortage of sediment as most of the sediment is trapped by the dam. Stretching a dam structure
across a river evidently creates a barrier preventing a portion of sediment from flowing
downstream, depending on the trap efficiency of the dam. The construction of the Three Gorges

Dam (TGD) in the Yangtze River caused major sediment shortage problems for downstream
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users of the river (Hu et al., 2009). The sediment assessments conducted in the river showed
that 172 million tonnes of sediment were trapped annually by the TGD and the impacts were
reduction in yields due to decline in soil fertility which was previously recharged by sediment

deposited during floods.

The proper functioning of wetlands and estuary areas around the globe is dependent on a
reliable consistent supply of sediment. Such is necessary for the maintenance of their bio-
diversity and proper functioning of their ecosystem (Suryawan et al., 2015). Sediment loading
therefore plays a vital role in these water systems as it supplies much needed nutrients for the
fauna and flora existing in these ecosystems.

2.6 Methods of determining Soil Erosion and Subsequently Sedimentation

Assessment and estimation of soil erosion is often difficult due to the complex interplay of
many factors, such as climate land cover, soil class, slope length and steepness as well as
anthropogenic factors which involve activities that escalate soil erosion and those that aim at
reducing it (Wordofa, 2011). There are various methods around the world of determining the
rates of soil loss in a catchment and sedimentation of rivers and reservoirs. Such methods
include models such as the Pan-European Soil Erosion Risk Assessment (PESERA), Universal
Soil Loss Equation (USLE), Revised Universal Soil Loss Equation (RUSLE), Modified
Universal Soil Loss Equation MUSLE, and Soil Loss Estimation Model for Southern Africa
(SLEMSA) among many. The most common method for soil erosion assessment is the use of
Universal Soil Loss Equation (USLE). Many authors have proposed modifications to the USLE
but all circle around the concept where rainfall erosivity, soil erodibility, slope class, land cover
and land management factors are taken as directly proportional to the rate of annual soil loss
(Wijesekera and Samarakoon, 2001). However, for the purposes of this research, SLEMSA
and RUSLE were discussed in detail as SLEMSA is a model that was generated for Southern
African conditions and RUSLE is a widely used model especially where remote sensing and

GIS is involved.

2.6.1 The Universal Soil Loss Equation for Sediment yield determination

The Universal Soil Loss Equation (USLE) was developed by Wischmeier and Smith (1978) as
an empirical model useful in predicting long-term average annual soil erosion rates. The model

integrates the effects of rainfall erosivity, slope, soil erodibility, crop management and support
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practices to predict the potential of soil erosion. It is a conservation planning tool that has been
demonstrated to do a reasonably good job of estimating erosion for many disturbed-land uses
(Renard et al., 2010). However, the predictions of the model are limited to erosion resulting

from sheet or rill erosion and not erosion by wind or gully erosion.

Stone and Hilborn (2012) have found that even though the USLE model was developed for use
in agricultural plots with selected cropping and management systems, the improved RUSLE
model can be applied to areas that are non-agricultural, like construction sites and settlements
with bare soil. According to Breetzke et al. (2013), the USLE has been used in South Africa in
comparison with SLEMSA and it proved to work better in modeling soil loss in the province
of KwaZulu Natal.

Parameters of the USLE Model

The input data is divided into five different factors; rainfall erosivity, soil erodibility,
topography, crop management and conservation practice (Andersson, 2010). The factors of the
USLE vary over different storm events but tend to average out over long-term conditions,
which explains why the equation is applicable in these actual conditions. Equation 2-1 below
is used for the prediction of the annual soil loss from an area using the USLE model (Stone and
Hilborn, 2012).

A=RXKXLSXCXP Equation 2-1

Where:

A = Annual soil loss (t.ha l.yr™)

R = Rainfall runoff factor (MJ.mm.ha h%)

K = Soil erodibility factor (t.hat.MJ*.mm™)

LS = Topographic factor (dimensionless)

C = Cover and management factor (dimensionless)

P = Support practice factor (dimensionless)
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The Rainfall Erosivity (R-factor)

This is the rainfall and runoff factor by geographic location and it is a measure of the potential
of rainfall to cause detachment of soil particles and runoff (Arnoldus et al., 1980). The Kinetic
energy of the rain can be considered as the potential rainfall energy available to be transformed
into erosion. The erosivity of a single raindrop is naturally described as the droplet kinetic
energy E; the mass of the droplet multiplied by the square of the velocity at impact divided by
two; E=m.V?/2 (Wall et al., 2002a). However, if the rainfall intensity and storm kinetic energy
data are not available at meteorological stations which is usually the case in developing
countries, the usually available annual and monthly rainfall data available can be used to
estimate R (Mbugua, 2009).

Soil erodibility (K-factor)

The soil erodibility factor is a measure of the vulnerability of the soil to erosion at each spatial
location as a function of its texture, structure, permeability and organic matter content, with
soil texture being the principal factor (Vaezi et al., 2010). The K-factor can be determined for
each spatial location through the use of erosion plots measuring soil loss per spatial location
for each storm event. Such a study to determine the spatial variability of K through the use of
grid plots was conducted successfully in North West Irag. The soil erodibility values found
estimated in the study were based on the original USLE monograph (Whichmeier and Smith,
1978) and equation 2-2.

100K = 2.1M1.1410-4(12-a) + 3.25(b — 2) + 2.5(c - 3) Equation 2-2
Where:

K = Soil erodibility factor in t h MJ*t mm™?

M — Expresses the effect of topsoil texture and is calculated as (% silt + % silty sand) x (100%

-% clay)
a — % of topsoil organic matter (humus)
b — Class of topsoil structure

¢ — Class of soil profile permeability
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However, in cases where it is not possible to determine the erodibility of soils in an area, look-
up tables can be used to determine the K factor for each class with the corresponding organic
matter content of the soil (Stone and Hilborn, 2012). In a GIS environment, a soil map
(shapefile) is required to generate the K values for each soil type. The K factor ranges from
0.02 — 0.80 with high values associated with soils with high silt percentage. Coarse sandy soils
have low erodibility because even though the particles are loose, they encourage infiltration
thus reducing overland flow which is the driver for soil transportation after detachment by
rainfall. Clay soils also have low erodibility due to the fact that the particles are cohesive hence
not susceptible to detachment by raindrop impact.

Slope length-gradient (LS-Factor)

The slope and slope length factors (S and L, respectively) account for the effect of topography
on soil erosion. The LS-factor is usually presented as a ratio of soil loss under specific
conditions of the study site. It can be estimated through field measurement or from a digital
elevation model (DEM) (Esther, 2009).

Crop/Vegetation and management (C-factor)

This is the crop/vegetation and management factor. It is used to determine the relative
effectiveness of soil and crop management systems in terms of preventing or reducing soil loss.
It is determined by the vegetative cover on that particular site and in an agricultural set-up, it
is determined by the crop type and tillage method. It is expressed as a ratio comparing the soil
eroded under a specific crop and management system to continuous fallow conditions (Wall et
al., 2002a).

Support Practice (P-Factor)

The conservation practice factor P, in the Universal Soil Loss Equation is the ratio of soil
support practice to the corresponding loss with up and down slope culture (Stone and Hilborn,
2012). The practices induced in this term are contouring, strip cropping (alternate crops on a
given slope established on the contour), and terracing. The value of P ranges from 1.0 for up
and down cultivation to 0.25 for contour strip cropping of gentle slope. It is basically an
indication of the type of practices that will reduce runoff amount and rates and subsequently

soil erosion (Collins et al., 1996).
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2.6.2 The Revised Universal Soil Loss Equation

The Revised Universal Soil Loss Equation (RUSLE) was developed as an interim improvement
on the USLE and was intended to bridge the gap between what is now outdated technology
(i.e. the USLE) and the new generation of process-based models (Renard et al., 2010). The
RUSLE is the newest improved version of USLE and could be considered as a transition from
the empirical to the physically-based models (Hrissanthou, 2011) and it utilizes the same
empirical equation used in the USLE. However, in the RUSLE, new methods have been
introduced for the estimation of the values of the various factors of the USLE. These new
methods allow for inclusion of quantitative information regarding seasonal variation of soil
erodibility factor (K), irregular slopes (LS) and crop and management relationships (C) and the
effect on erosion. Unlike the USLE, RUSLE's calculations are computerized as are the
databases, which include information on soil erodibility (K) and climate (R) data for all major
soils (Wall et al., 2002b). Remote sensing and GIS tools can be used to generate the inputs of
the RUSLE model.

2.6.3 Soil Loss Estimation for Southern Africa (SLEMSA)

The SLEMSA model was a result of an effort by Elwell (1978) to localize and adapt the United
States developed RUSLE to southern African environments. According to Breetzke et al.
(2013) this model was developed to estimate to predict soil loss resulting from sheet erosion
on arable land for a long-term basis. It is widely used in African environments and it should be
seen as a modelling technique as opposed to mechanistic description of the soil erosion system.
One of the problems with the use of SLEMSA is the lack of literature for the estimation of
regional input parameters (Breetzke et al., 2013). SLEMSA is structured differently from
RUSLE as it integrates only four systems which include crop, climate, soil and topography.
The SLEMSA equation 2-3 is represented as follows

oK XC XX Equation 2-3
Where:

Z = Mean annual soil loss (t.hat.yr?)

K = Soil factor (t.hal.yr?)

C = Crop Management factor
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X = Topographic/Slope factor

Erodibility (K) Factor

Soil’s vulnerability to erosion is mainly a function of its texture and type. Loose soils with
smaller particles are easily eroded as they lack cohesion and reduce infiltration thus causing

overland flow. K in the SLEMSA model is determined using the exponential relationship:

InK = bInE + a Equation 2-4

Where:
E = Raindrop Kinetic energy (J.m?)

a and b = soil erodibility factor functions specific to the region being studied

E = 15.16MAP — 1517.67 Equation 2-5

Where:

E = Kinetic energy of the raindrops (J.m2.annum™)
MAP = mean annual precipitation (mm)

Slope factor (X)

This factor is composed of basically two factors which are the slope length and the slope
steepness (gradient) just like in the USLE model. Slope length and Slope steepness can be
measured on site or calculated in a GIS environment then incorporated in equation 2-6 by
Elwell (1978).

V(Lx(0.76+0.53 XS+0.076 xS2)
25.65

X = Equation 2-6
Where:
X = topographic ratio

L = slope length (m)

S = Slope steepness (%)
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Crop factor (C)

The crop factor in the SLEMSA model is calculated based on a method developed by Elwell
and Stocking (1976) for Zimbabwean grasslands since the model is Zimbabwean based and it
is calculated using equations 2-7 and 2-8, depending on the interception of rainfall energy by
the crop in that spatial location.

C = e(=006) 'When i < 50% Equation 2-7
And

C = % , When i > 50% Equation 2-8
Where;

C = Ratio of soil loss at interception level, i
I = interception of rainfall energy by the crop (%)

2.6.4 Bathymetric Surveys

McPherson et al. (2011) defined bathymetry as the measurement of the depth of the wetted
reservoir bed below the water surface. These surveys are often supplemented with some type
of topographic survey to obtain land-surface altitude data, above those determined from the
bathymetric survey to the spillway crest altitude or higher. Sophisticated Bathymetry survey of
a reservoir bed was conducted in Loch Lomond Reservoir, Santa Cruz County, California in
2009 by using boat-mounted SEA Swath Plush interferometry bathymetric multibeam-sidescan
sonar (McPherson et al. 2011). Topographic data were collected with a boat-mounted mobile
laser scanning system (Light Detection and Ranging, or LIDAR). The LIDAR survey provided
highly detailed land-surface coverage of the areas seasonally exposed during dry periods,
thereby producing a more accurate bathymetric map and storage-capacity table that could

otherwise be obtained only when the reservoir is at or near maximum capacity.

This method was also carried out in 2012 in Mutangi catchment area of Chivi district a semi-
arid area in the southern part of Zimbabwe by Chitata et al. (2014). The dam capacity was
determined using the hydrographic surveys, grab sampling and the water depth-capacity
method. Sedimentation rate and capacity loss in a decade (2000-2012) was determined by

comparing the 2000 capacity to the present capacity at 2012.
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2.6.5 Remote Sensing and GIS based Methods

2.6.5.1 Using Remote Sensing and GIS to determine Catchment Sediment Yield

The use of Remote Sensing (RS) and Geographic Information Systems (GIS) tools to estimate
sediment yields of catchments and to estimate reduction in reservoir capacity have increased
in the last decade. Jain and Kothyari (2015) used a GIS based method to identify sediment
source areas and predict storm sediment yield of Nagwa and Karso catchments in Bihar, India.
In their study, Integrated Land and Water Information System (ILWIS), was used for
discretizing the catchments into grid cells and the ERDAS IMAGINE image processor used
for processing satellite data related to land cover and soil characteristics. The gross surface
erosion was calculated by assigning values to the various parameters of the USLE in individual

cells.

Munthali et al. (2011) conducted a study that showed that GIS combined with the Pan-
European Soil Erosion Risk Assessment (PESERA) model can be used to estimate sediment
generated in a catchment and transportation of the sediment in a river system downstream. This
model integrated land use data, climatic, physiographic and topographic information in a GIS
for the Songwe River to determine critical sediment generating areas and hence the risk of
reservoir sedimentation. In Zimbabwe, a study was conducted using the SLEMSA model
combined with RS and GIS to assess the spatial erosion hazard in the Mbire District (Dube,
2011). The study found that SLEMSA and GIS can be used successfully to estimate potential

soil erosion hazard in the District but not the occurrence of gully erosion.

2.6.5.2 Using Remote Sensing and GIS for Bathymetric Surveys

Geographical Information System (GIS) is also used to model bathymetry and the spatial
distribution of sediments (Evans et al., 2002). The Satellite Remote Sensing (SRS) method for
assessment of reservoir sedimentation uses the fact that the water spread area of reservoirs at
various elevations keeps on decreasing due to sedimentation. Narasayya et al. (2002) used this
method to determine dam capacity for Srisailam Dam in Nandikotkur taluka of Kurnool District
of Andhra Pradesh State of India. They noticed that for determination of sediment using the
bathymetric surveys, a longer period is required for comparison because if the period is short,
there might not be a significant change in the capacity since sedimentation is a gradual process.

The capacity estimation of Srisailam Reservoir using Remote Sensing technique was carried
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out for the year 2004 in order to know deposition of sediment and the reduction in capacity

since 1976 in the reservoir.

A study was conducted by Estigoni et al. (2014) to assess the accuracy of reservoir volume
calculations based on different standard methods for determining reservoir capacity and
sedimentation. The volume was calculated based on a digital terrain model according to the
usual model, triangular irregular network (TIN), and according to the insertion of mesh points
(IMP) method. This was then compared with the reference volume, and the accuracy of each
survey was determined. The TIN method was found to have limitations in representing regions
near shores, producing incorrect shallow depth readings, resulting in a lower calculated volume
than the real volume. The study concluded that even surveys following the widely accepted
standards contain errors of a magnitude that cannot be ignored.

2.7 Sediment Delivery Ratio (SDR)

Sediment delivery ratio (SDR) is traditionally defined as the fraction of upland gross erosion
that is transported out of a defined area, e.g., a plot or catchment. It is, effectively, an index of
sediment transport efficiency. Previously, it was treated as an empirically-lumped parameter
used as a mechanism for compensating for sediment deposition within a catchment area (Lu et
al.,, n.d.). The SDR is presented as a fraction from 0 — 1.0 and when SDR = 1.0, the transport
capacity of the sediment flow is not exceeded and at that point the sediment delivery is directly
related to soil erosion. If the SDR < 1.0, the sediment delivery is limited by transport capacity
because erosion exceeds the capacity of flow to transport the eroded material (Kinnell, 2004).
Kinnell (2004) further mentioned that at SDR < 1.0, reducing the erosion rate will not
necessarily result in a reduction in the amount of sediment delivered from the hill slope. It may

just simply increase the value of the SDR.

2.8  Trap Efficiency of Reservoirs

The trap efficiency (TE) as defined by Mulu and Dwarakish (2015) is the ratio of sediment that
has been deposited in a reservoir to the total inflow for a given period within the reservoir’s
economic lifetime. It is basically an indication of the sediment that is trapped against that
sediment that passes the reservoir and flows to downstream. Sediment can leave the reservoir
through the spillway when the reservoir is spilling and also during outflows. One method that

is widely used for determining the TE of a reservoir is the Brune’s curve established by Brune
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(1953). The Brune’s curve is widely used in estimating the sedimentation (Revel et al., 2013)
of reservoirs and it relates TE to capacity (V) and annual average inflow (1) ratio (Figure 2-1).
It can also be presented as an equation that is an alternative to the curve (equation 2-9). Other
localized methods include the Zimbabwean trap efficiency curve which assumes that above
storage ratio of 0.1, the trap efficiency of the reservoir is 100% (Tumbare, 2013).
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Figure 2-1: The Brune's curve for estimating Trap Efficiency (Brune, 1953)
tog7]
TE =100 x 0.97°%1° Equation 2-9

Where:

TE = Trap Efficiency for Normal Ponded Reservoirs (%)
V = Reservoir capacity (m®)

| = annual average inflow (m®)

2.9  Sedimentation and yield of reservoirs

Most rivers are usually balanced in terms of sediment inflow and outflow at each particular
point or section of the river. Stretching a dam across a river however, alters that balance since

the water depth is increased and the velocity of flow reduced which then encourages settling
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as the sediment transport capacity of the river is compromised (Sumi and Hirose, 2010).
Lizewski and Bellack (2007), adopted the Army Corps of Engineers’ definition of reservoir
yields, where they define it as the volume or schedule of supply at a specified location in a
water body in a given specified period, usually over a year. The factors that affect reservoir
yields include runoff, precipitation, Evapo-transpiration and seepage losses, initial volume of
water in the reservoir, Surface and subsurface inflow and these can be looked at as inputs or

determinants of the water budget. Figure 2-2 shows a typical set up of a water budget.

ET

~

SL

Figure 2-2: A typical set up of a water budget in a reservoir system (adopted from, Lizewski
and Bellack (2007)

The water budget can be presented in an equation to determine the yield of a reservoir (Y) as

follows.
Y=V+P+Qin+Gn—ET-S-SL Equation 2-10

Where:

Y = Yield of reservoir

V = Initial volume of the reservoir
P = Precipitation

Qin = Surface inflow (Runoff)

Gin = Groundwater inflow

ET = Evapo-transpiration
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S = Uncontrolled Spillages
SL = Seepage Losses

A study was conducted in Zimbabwe by Tundu (2015) to assess the sedimentation of rivers
and reservoirs in Zimbabwe, focusing on the Mazowe catchment. The study found that
sediment load in the rivers ranged between 16 — 24 t.ha*.yr'. The Chimhanda dam was selected
for analysis in the study and it was found to have lost 38.6% of its capacity due to
sedimentation, and it had been in operation for 27 years which means annual loss in capacity
was 1.43%. The study did not analyze the impact of storage loss on yields but it is expected to
be significant considering the high sedimentation rates. In Malawi, a study was also conducted
to determine the investigate the impacts of sedimentation on water availability of small dams
with a case study on Chamakala dam (Kamtukule, 2008). The study found that the dam had
lost 39% of its capacity in just 6 years and yield projections due to the loss in capacity showed
that by 2017 the useable will have diminished if no measures were implemented to reduce
sedimentation. The high sedimentation rates were attributed to poor catchment practices and

that the dam was small in a large catchment.
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CHAPTER THREE

3 DESCRIPTION OF STUDY AREA

This chapter details on the description of the study site where the research was carried out.

3.1  Geographic Location

The Lubovane reservoir surface area covers 13.9 km? at full supply level and is situated in the
lowveld of Swaziland, in the Lubombo region. It sits on the Lower parts of the Usuthu basin.
Geographically, it is located between Latitudes 26°46'57.60"S and 26°43'46.28"S and
Longitudes 31°38'42.52"E and 31°42'54.45"E, about ten kilometers from the town of
Siphofaneni. The Mhlatuzane river originates in the mountains around Hlatikhulu in the
Shiselweni region and flows north-east into the Lubombo region (Figure 3-1). The Mhlatuzane
micro-catchment sits in the Lower Usuthu sub-basin and the Usuthu Basin within Swaziland
covers about 12700 km? (Mhlanga et al., 2012).
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Figure 3-1: Location of the Lubovane reservoir and Mhlatuzane Micro-catchment
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3.2  Hydrology

The Lubovane reservoir is one of many water impoundment bodies in the Usuthu basin. The
catchment area of the reservoir is around 524 square kilometres. The Mhlatuzane catchment
has a Mean Annual Runoff (MAR) of 70x10° m® with a slightly high coefficient of variation of
98% (Vakakis-International, 2000). The reservoir receives water through the Mhlatuzane River
as well as a feeder canal (FC) that diverts water from the Great Usuthu River at Bulungapoort
weir. The MAR of the Usuthu River at Bulungapoort is 1400x10° m® The FC was designed to
convey a maximum of 13.5 m3/s of which is usually achieved only during the wet season. The
general agreement in the Memorandum of Understanding (MOU) between Swaziland, South
Africa and Mozambique was that the Lubovane reservoir was going to abstract water from the
Usuthu River during high flows in the rainy season when flows exceed 10.8 m®/s (Blackhurst,
2008). This period is when the power of the river to transport sediment is highest hence the FC
transports silt from the Usuthu river to the Mhlatuzane micro-catchment. Sediment is generated
in the reservoir catchment and transported through the Mhlatuzane River and other drainage

networks into the reservoir.
3.3 Land use

Dominant land uses in the Lubovane dam catchment is agriculture and rural settlements. There
are various farms both for subsistence and commercial purposes within the catchment. The
areas around Khubutha are characterized by large fruit tree plantations with the main products
being banana and oranges. There are noticeable spots of sand mining both for coarse grained
sand from the streams and also fine grained plaster sand on the mainland. This poses a great
risk of soil erosion in the micro-catchment and subsequently sedimentation as the sand is left

bare and uncovered.

3.4 Climate

Average temperatures range from 19° C to 30° C, with maximum temperatures reaching 40° C
usually around December and January. The annual rainfall in the basin ranges from 600 to 1000
mm with the lower parts of the basin receiving the least rains (Manyatsi and Brown, 2009).
The lowveld of Swaziland is characterized by prolonged dry spells and high temperatures.
Rainfall usually falls over a short period of time, with high intensities so it encourages the need

for storage, if water is to be used, hence the reservoir (Mhlanga et al., 2012).
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Mhlatuzane Average Monthly Rainfall
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Figure 3-2: Average Monthly Rainfall (1981 — 2015) measured at 3 stations in and around
the Mhlatuzane catchment area

The high temperatures in the lowveld of Swaziland have led to relatively high evaporation rates
observed in the micro-catchment. The daily evaporation rates data for each month, used in this
study, were obtained from the Big Bend weather station and it showed that high evaporation is
experienced between December and January (see Appendix 3). Both these months have an
evaporation rate of 5.8 mm.d* with June in winter having the lowest evaporation rate of 1.9
mm.d? (Figure 3-3). The annual evaporation rates are around 1390 mm meaning the reservoir
loses over 15 Mm? of water to evaporation annually. Loss in capacity of the reservoir due to
sedimentation, coupled with such high evaporation losses, will greatly compromise the ability

of the reservoir to supply adequate water for irrigation and domestic use.
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Evaporation rates in the Lubovane reservoir
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Figure 3-3: Monthly evaporation rates in the Lubovane reservoir area (obtained from the Big
Bend Met Station)

3.5  Geology, Soils and vegetation in the Mhlatuzane Catchment

The overall geology of the LUSIP Project Area is characterized by the formations of the Karroo
super-group, as well as by dolerite intrusions. The majority of the soils are deep, mostly poorly
drained. There are also occurrences of very dark grey to black strongly cracking clay soils,
which are moderately deep, moderately well to imperfectly drained dark reddish brown clayey
soils (Fatoyinbo et al., 2011). The soils reflect the transition from the acidic granites and
sandstones of the western Lowveld to the more basic basalts and the dolerites of the eastern
part. The west is characterized by soils ranging from sandy loams and the east contains red and
black clays in the east which are some of the most naturally fertile soils in the country. The
Mhlatuzane catchment falls in the lowveld, or Bushveld of the country in generally undulating
lowland with isolated knolls and ridges. This region, in its undisturbed state, is vegetated
largely with the typical African savanna (Swaziland, 2015).
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Legend

SO|I Type - Deep yellow on red loam, very acid: Ferralitic
- Deep yellow on red loam, very acid fertalitic - Grey loam on thick stoneline on red loam: ferralitic
- Black clay, calcareous: vertisolic - Grey on orange gravelly loam: ferralitic

Dark Grey sandy loam on clay pan: solodized - Grey sandy loam on hard iron pan: lithosilic

- Dark brown clay, acid: ferrisolic - Grey sandy loam on mottled clay pan: pseudopodzolic
Dark brown clay, neutral: vertisolic - Grey sandy loam on mottled soft rock: Lithosolic
- Deep orange loamy old alluvium: junenile - Marsh soil mottled sand to clay, acid: hydromorphic
- Deep pale brown sandy old alluvium: weakly developed soil - Orange loam on soft iron pan: fersialitic

- Deep pale grey sand on clay or iron pan:regosolic - Pale red sandy loam on rotten rock: ferralitic
- Deep pale red sand: fersialitic - Red clay, slightly acid

[:’ Deep red loam slighly acid: ferrisolic \:l Rock outcrops and stony ground: raw mineral soil
- Deep red loam very acid: femisolic - Shallow brown or black loam to clay: lithosolic

I Deep yellow loam, very acid: Ferralitic

Figure 3-4: Spatial distribution of soils in Mhlatuzane
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3.6 Elevation and Topography

The elevation in the Lubovane reservoir catchment ranges from 170 to 1253 metres above
mean sea level with the highest areas observed in Mpompotha, Hlatikhulu, Kaphunga and
Khubutha where there are large fruit plantations. Areas of low altitude are those closer to the
reservoir towards the North-east and they include Mahlabatsini and Mganyaneni (see Figure 3-

1 for locations).
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Figure 3-5: Topography and elevation in the Mhlatuzane micro-catchment
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CHAPTER FOUR

4 MATERIALS AND METHODS

4.1  Data Requirements and acquisition

Data required for this study included rainfall data (1995 - 2015), slope and elevation maps, land
cover/land use changes from the year 1995 to 2015 as well as data on the type of soils in the
study area. This period was chosen in order to cover the period before the construction of the
reservoir, resettlement period which saw a lot of deforestation around the water body, during
the construction and after the reservoir was commissioned. The study also required bathymetry
data of the reservoir to calculate the current capacity of the reservoir and hence its current yield.
Such data was necessary to validate the RUSLE model used in the study to model soil erosion

yields of the reservoir catchment.

4.1.1 Meteorological and Hydrological data Acquisition and Processing

Data for rainfall from the period 1995 to 2015 was acquired from the Swaziland Meteorological
Services for three (Big Bend, Sithobela and Khubutha) stations falling in and closest to the
study area. Coordinates for the stations were collected using a GPS and then the stations were
overlain on the map for the study area to show their spatial distribution. The Thiessen polygon
method in GIS was used to determine the areas of influence of each station and the rainfall for

each location was the resultant rainfall from the influence of the interpolated stations.

Flow data was collected from the Department of Water Affairs (DWA) for Gauging Station 12
(GS12) which is a gauging station for Mhlatuzane River upstream of the Lubovane reservoir.
Flow data for the Feeder canal (from January 2010 — March 2016) was collected from
SWADE’s Water Management Unit as well the original Area — elevation — capacity
relationships from the designs of the reservoir. Coordinates of the gauging stations were also

collected using a GPS to determine its relative location to the reservoir.

4.1.2 Satellite data acquisition and processing

For Digital Elevation Modeling (DEM) hydro-processing, an ASTER DEM covering the study
area was retrieved from the Global ASTER GDEM website

(http://gdem.ersdac.jspacesystems.or.jp/). This was used to create a sub-catchment map of the
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Lubovane reservoir to delineate the area that drains into the reservoir. The elevation and slope
factors were also determined from the Digital Elevation Model (DEM). Landsat TM images
were  downloaded from the United States Geological Survey  website
(http://www.glovis.usgs.gov) for the years 1995, 2000, 2009 and 2015, all in the dry month of
August in order to avoid excessive cloud cover in the images. The land cover maps were
necessary for mapping land use changes in the reservoir catchment from 1995 to 2015 and also
for producing the crop factor (C-factor) and support practice factor (P-factor) maps used in Soil
erosion prediction in GIS. These Landsat satellite images and were processed using the
Integrated Land and Water Information System (ILWIS) open source software

(http://52north.org/communities/ilwis/ilwis-open) and ArcGIS to produce the desired

outcomes.

4.2 Delineation of the catchment boundaries

The DEM hydro-processing was performed in ILWIS in order to obtain the boundary of the
Lubovane catchment area which enclosed all points draining into the reservoir. A larger area
was first digitized in Google Earth to produce a polygon (shapefile). This shapefile was then
used to select the tile that covered the Lubovane reservoir and its catchment area, from the
ASTER website. After downloading the tile (raster), the DEM hydroprocessing was performed
from flow determination to network and catchment extraction as outlined in several manuals
prepared by various authors (Gumindoga, 2015); (Daffi and Ohuchaogu, 2015). The catchment
was then extracted from the other micro-catchments in the tile using the mask function.
Shapefiles for rivers and small streams were extracted using the Digital Network Ordering

(DNO) function in DEM-Hydro-processing.

4.3 Historical Rainfall in Mhlatuzane

The rainfall data obtained from the Swaziland Meteorological Station was analysed to
determine trends in the data. Coordinates of the rainfall measuring stations were collected using
a Global Positioning System (GPS) receiver to determine their location with relation to the
study area. A point map was then created in ArcMap 10.2 where the points were displayed
spatially as shown in the rainfall distribution map in Appendix 2. At this point, all three stations
(Khubutha, Sithobela and Bigbend were considered. Thiessen polygons were created in
ArcMap 10.2 using the spatial analyst tool to determine the areal influence of the rainfall

stations in the study area. Weights were then assigned to each rainfall station based on its
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influence and the resultant rainfall for Mhlatuzane was derived from the spatially averaged

rainfall based on the weights.

A trend analysis was performed on the data using the Mann-Kendall trend test in Microsoft
Excel Statistical Software (XLSTAT). The Mann-Kendall test was developed to determine
monotonic upward or downward trends in data series (Mann, 1945). The test was conducted at
95% confidence level on the annual rainfall from 1981-2015. Rainfall has an impact on soil
erosion hence an increase in rainfall may mean an increase in soil loss and the opposite is true
(Esther, 2009). Five-year Moving averages were also calculated for the periods of interest to
this study which were 1995, 2000, 2005, 2009 and 2015.

4.4 Land use and Land cover Classification

The first objective of the Study was to map land use and land cover changes in the Mhlatuzane
micro-catchment so as to determine their potential impact on soil erosion and subsequently
sedimentation. Landsat 4-5 TM images were used for mapping land cover changes for 1995,
2000, 2005 and 2009. When mapping the land cover for 2015, a Landsat 8 image was used.
The SWADE — LUSIP began in in the late 90s, so these years were chosen so that mapping
could be done from before introduction of the project and through the mid-2000s to present,
when activities in the project area intensified and the intensification included construction of

the reservoir.

The images were downloaded from the United States Geological Survey Global Visualization
Viewer website. Images were downloaded for the month of August in order to get images with
low cloud cover for good visualization. The images were then imported in ArcMap combining
bands 3, 2, 1 and 4, 3, 2 for Landsat 4-5 TM and Landsat 8 images respectively. The bands
were combined specifically in that order using the composite bands function in ArcMap and
they represent the Red, Green and Blue bands respectively. These bands are for visualizing an
image in natural color composite. Since the researcher was familiar with the study area, the
classification method selected was the supervised land cover classification. Before beginning
the classification, the dynamic range adjustment (DRA) function under image analysis was
used to enhance visualization of the image. Classification was done using a signature of points
extracted from the image and assigned classes according to the researcher’s knowledge of the

area. Six land cover classes were selected namely; water, settlements, forest and shrubs,
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irrigated area, cultivated area and bare land as these had effects on soil erosion especially in

preparing the Support Practice and Management (P-factor) for RUSLE.

4.4.1 Validation of the land cover classification

One of the major problems in classification of multiple uses is when those multiple uses or land
covers occur in a single parcel of land (Anderson et al., 2001), for example, bare land occurring
in the same land parcel as thatched houses in a rural village as well as agricultural land and
forest. Even though the researcher knows the area being classified, there is bound to be errors
in the classification especially with images with low spatial resolution. This then necessitates
the need for accuracy assessment in order to determine if the classification data can provide
useful information or not. In this study, the confusion matrix was used to assess the accuracy

of the land cover classification following a guide by Strahler et al. (2006).
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Figure 4-1: A layout of a typical confusion matrix and also shown in the matrix are the

equations for computing the producer’s and the user’s accuracy
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45  Estimation of Sediment yield of the Mhlatuzane micro-catchment

Soil erosion and sedimentation by water involves the processes of detachment, transportation,
and deposition of sediment by raindrop impact and flowing water (Wischmeier and Smith,
1978). The Revised Universal Soil Loss Equation (RUSLE) was used to predict soil erosion at
pixel level in the Mhlatuzane sub-basin. This model was chosen because it has proven to work
well in areas that are bare and also in Agricultural Fields and the study area is mostly cultivated

areas and rural settlements which are characterized by bare soils.

It has also been used by many authors, in combination with GIS and remote sensing to predict
soil loss, so there is vast information and guidelines in literature available detailing on the
appropriate procedures and formulae to use when predicting soil loss using RUSLE. Remote
sensing and GIS technigques were used to prepare the inputs for the model and then to determine
soil erosion or sediment yield of the catchment at pixel level. The inputs of the RUSLE model
include Rainfall erosivity factor (R), Soil erodibility factor (K), Slope length and steepness
factor (LS), Crop management factor (C) and the Support practice factor (P). Thematic maps
of these five factors (Figure 4-2) were calculated in ILWIS and then multiplied to produce one
soil erosion map for the Mhlatuzane catchment using equation 4-1.

A=RxKXxLSxCxP Equation 4-1

Where:

A = Annual soil loss (tons ha™! yr!)

R = Rainfall runoff factor (MJ mm ha* h'%)

K = Soil erodibility factor (t.ha*MJt mm™)

LS = Topographic factor (dimensionless)

C = Cover and management factor (dimensionless)

P = Support practice factor (dimensionless)
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Figure 4-2: Implementation of the RUSLE model in a GIS environment (adopted from Breetzke
et al. (2013))

4.5.1 Rainfall erosivity (R-factor)

Rainfall and runoff play an important role in the process of soil erosion, which is usually
expressed as the R factor. To calculate the R factor, long-term precipitation data are needed
with high temporal resolution, typically available for only few locations. The RUSLE rainfall-
runoff erosivity factor (R) for any given period is obtained by summing for each rainstorm the
product of total storm energy (E) and the maximum 30-minute intensity (Iso). These figures are
rarely available at standard meteorological stations hence long-term average R-values are often
correlated with more readily available rainfall figures like annual rainfall or the modified
Fournier’s index (Esther, 2009).

In this study rainfall maps were created in Quantum GIS through the grid interpolation method
using the Inverse Distance to a Power (IDP) algorithm. Basically, the monthly rainfall data for
the three stations (Sithobela and Khubutha) were summed up for the years 1995, 2000, 2005,
2009 and 2015 to get annual precipitation. Thiessen polygons (Appendix 5), created using the
point map for the three stations were used to determine the contribution of each station, showed
that the Big Bend rainfall station had no contribution on the Mhlatuzane micro-catchment

hence it was excluded in the computations of the R-factor. The rainfall distribution map
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(mm/yr) from data obtained in the two stations was then be created in Quantum GIS software
through the Moving Average interpolation method. The R factor map was then calculated for

each year using equation 4-2.

R=38.5+0.35P Equation 4-2
Where:

R = Rain erosivity (Joule.m?)

P = Annual rainfall (mm.year?)

4.5.2 The Soil erodibility (K-factor)

The erodibility (K-factor) determines the susceptibility of soil particles to detachment by
raindrop impact and the K values are specific each soil textural class with the appropriate
organic matter content (Whichmeier and Smith, 1978). There are various methods of
calculating the erodibility factor and one of them is outlined in chapter two with the appropriate
equation to use if one has collected ground data on permeability, organic matter content and
soil texture. In the absence of ground data, there are various look-up tables published by various
authors relating soil type and organic matter content to a K-value. In this study, a look-up table
(Table 4-1) published by Stone and Hilborn (2012) was used to determine the K values in
tonnes per hectare for the Mhlatuzane catchment.

A detailed soil map for the study area was acquired from the Swaziland Water and Agricultural
Development Enterprise (SWADE), GIS department. The map was georeferenced
appropriately to enable it for use with other maps for other inputs of the RUSLE model. The
attribute table of the soil map had information on the soil type and the areal coverage of that
type of soil. A new column with value domain was created on the attribute table and it was
labeled K-factor as it contained the K values assigned to each soil class. An attribute map was
then created in ILWIS with the column containing the K values used as the attribute to which
the new map was identified. The resultant map showed the spatial distribution of the K values

in the study area. The average class was used on the organic matter content of the soils.
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Table 4-1: K Factor values used to create a Mhlatuzane catchment soil erodibility map (Stone
and Hilborn, 2012)

Soil textural class K-Factor ton.hal.yr!
More than 2% Less than 2% Average Organic
Organic Matter | Organic Matter Matter Content
Content Content

Coarse sandy loam 0.16 — 0.16
Fine sand 0.13 0.20 0.18
Fine sandy loam 0.38 0.49 0.40
Loam 0.58 0.76 0.67
Loamy fine sand 0.20 0.34 0.25
Loamy sand 0.09 0.11 0.09
Loamy very fine sand 0.56 0.99 0.87
Sand 0.02 0.07 0.04
Sandy clay loam 0.45 — 0.45
Sandy loam 0.27 0.31 0.29
Silt loam 0.83 0.92 0.85
Silty clay 0.58 0.61 0.58
Silty clay loam 0.67 0.79 0.72
Very fine sand 0.83 1.03 0.96
Very fine sandy loam 0.74 0.92 0.79
Clay 0.47 0.54 0.49
Clay loam 0.63 0.74 0.67
Heavy clay 0.34 0.43 0.38

4.5.3 The slope length-gradient (LS-factor)

The LS-factor is an indication of the susceptibility of an area to erosion based on the steepness
and length of slope in each spatial location compared to a standard site with 9% steepness and
22.13 m slope length (Whichmeier and Smith, 1978). The sediment transport index (STI) is
an equivalence of the LS factor; it accounts for the effect of topography on erosion and reflects
the erosive power of the overland flow. A 30 m spatial resolution, DEM covering the study
area retrieved from ASTER GDEM website was used to prepare the LS map. DEM
hydroprocessing function was used in ILWIS to arrive at the Sediment transport index as
outlined in a manual prepared by Gumindoga (2015).
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Filling Sinks

This operation was performed before determining the Flow direction in the study area in order
to clean up the DEM, so that local depressions (sinks) are removed. The Fill sinks operation
removed depressions that consisted of a single pixel. Any pixel with a smaller height value
than all of its 8 neighbouring pixels was increased to the smallest value of the 8 neighbouring
pixels. The operation also removed depressions that consisted of multiple pixels where a group

of adjacent pixels had smaller height values than all pixels that surrounded such a depression.
Calculation of the Flow direction map

Flow direction (FD) is an indication of the flow of water within the catchment and water always
flow from the highest elevation to the lowest unless if an external force (pump) is used. In this
study, the FD map was computed from the sink-free DEM to determine the flow of water which
would later show the outlet of the catchment. The FD map was calculated for each location on
3x3 pixels comparing the center pixel with the neighbouring pixels. The steepest slope
algorithm was used to calculate the flow direction map where the direction of flow was towards

the steepest pixel in relation to the 8 neighbouring pixel
Calculation of the Flow Accumulation map

The flow direction map calculated in the previous step was used to calculate the flow
accumulation map which extracts the drainage pattern of a catchment. Each individual pixel in
the flow accumulation map shows the accumulated number of pixels that contribute to that
pixel. The values from the flow accumulation map vary spatially with outlets of the largest

streams, rivers having the largest values.

After running the flow accumulation operation, the map was displayed using the logarithmic
stretch function to enable careful and detailed studying of its value. The values represented the
number of upstream pixels contributing to the target pixel or, if multiplied by the pixel area,
each value represented the upstream catchment area in raster format. The flow accumulation
map covered more than the sub catchment extent so it was crossed with the flow direction map
to extract information for only those pixels that fell in the study area. Any map with the correct

catchment boundary could be used but for this study the flow direction map was chosen. The
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resultant map contained information for both the flow direction and flow accumulation so an

attribute map was created and flow accumulation was used as the attribute.
Calculating the Topographic/wetness Index map

The topographic index map was calculated for both slope in degrees and slope in percentages.
Firstly, the filled-sinks DEM map was used to calculate the height differences in the X-
direction and in the Y-direction using the filtering operation in ILWIS. The equations 4-3 and

4-4 were used to calculate the slope in percentages and in degrees respectively.

SP =100 X HYP x % +PS Equation 4-3
SD = RADDEG (ATAN) x = Equation 4-4
Where:

SP = Slope in Percentages

SD = Slope in Degrees

HYP = Internal Map calculator functions

DX and DY = height differences in the X and Y direction respectively

ATAN and RADDEG = internal Map calculator functions.

The next step was to calculate the Contributing area (A) for each pixel using the flow

accumulation map. Equation 4-5 was typed on the command line in ILWIS to produce a map
of the contributing area to be used in computing the topographic index (TI).

A = Flow accumulation x PS Equation 4-5
Where:
A = contributing area (m?)

PS = Pixel size (30 m x 30m = 900m?)
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The LS factor for the Mhlatuzane catchment was then calculated using the equations below,
equation 4-6 for slope thickness less than 21% and equation 4-7 for slope thickness greater than
21% (Toxopeus, 1996).

LS; = (=) X 65.41sin(S) + 4.56 5in(S) + 0.065) Equation 4-6
0.7

LS, = (2;—1) x (6.432sin(5°7) cos(S)) Equation 4-7

Where:

LS = Slope length and slope steepness factor
L = Slope length in metres

S = Slope steepness in radians

4.5.4 The crop/vegetation and management (C-factor)

The C-factor was determined from satellite data imagery from Landsat TM. Normalized
Difference Vegetative Index (NDVI) was used to calculate the C-factor values for the years
1995, 2000, 2005, 2009 and 2015. The NDVI is an indication or vigor in vegetation and it
normally ranges from -1 to 1. It is a numerical indicator that uses the visible and near-infrared
bands of the electromagnetic spectrum, and is adopted to analyze remote sensing measurements
and assess whether the target being observed contains live green vegetation or not. It basically
shows the vigor of vegetation on the soil surface detected by satellites. It is expressed as a ratio
ranging from -1 to 1 with extreme negative values representing water, values around O represent

bare soil and values towards 1 represent healthy green vegetation.

In this study, the normalized vegetative was used as the input in the equation to determine the
crop factor. Bands 3 and 4 (Red and Near Infra-red respectively) were used for images (1995,
2000, 2005 and 2009) downloaded from the Landsat 4-5 TM satellite. For the 2015 Landsat 8
image, bands 4 and 5 were used for Red and Near Infra-red bands respectively. The red and
near infra-red bands were used because vegetation reflects more on the NIR band. The NDVI
for the study area was calculated using equation 4-8.

NIR—-R
NIR+R

NDVI =

Equation 4-8
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Where:

NIR = Pixel reflectance value in the Near Infra-red band

R = Pixel reflectance value in the Red band

The NDVI map was then applied in equation 4-9 by Van der Kniff et al. (2000) to calculate

the crop factor:

NDVI
C = e “B-NDVI Equation 4-9
C = crop management factor
a=2
p=1

4.5.5 Support practice and management (P-factor)

The conservation/support practice factor (P-Factor), in the Universal Soil Loss Equation is the
ratio of soil support practice to the corresponding loss with up and down slope culture.
Experimental data to quantify the P-Factor for non-crop management practices on forested and
rangeland watersheds are usually not available and therefore classification by (Whichmeier and
Smith, 1978) was used in this study to calculate the P-factor map.

The classification used land use and landcover information combined with the slope of that
spatial location (Table 4-2). A slope map in percentages was calculated in Integrated Land and
Water Information Systems (ILWIS) using equation 4-3 presented in sub-section 4.4.3. The
slope was then grouped using the slicing function in ILWIS into the slope ranges in Table 4-2.
The slope map was then crossed with the Land use/Land cover map for each year then P-factor
values were assigned to each pixel (spatial location) with the corresponding slope and land use

type, to produce a P-Factor map for the modeled years.
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Table 4-2: P-Factor Values used in calculating the P-factor map

Land use type Slope P-factor
0-5 0.1
5-10 0.12
. 10-20 0.14
Agriculture
20-30 0.19
30-50 0.25
50 - 100 0.33
Other Land All 1.00

4.6 Selection of the RUSLE Model

The RUSLE model was selected among the many models (Table 4-3) that exist for estimation
of soil erosion and subsequently sediment yield of a catchment. This model was chosen because
it has been used successfully by many researchers to estimate soil loss around the world
including the southern African region (Wall et al., 2002b; May and Place, 2005; Ahmad and
Verma, 2008; Esther, 2009; Andersson, 2010; Breetzke et al., 2013). Therefore there was
enough information available on literature to guide the researcher on how to estimate soil loss
using the RUSLE combined with GIS especially in Swaziland catchments where there have
been limited studies on soil loss with which an already locally approved model could be
selected from. Table 4-3 shows some of the most widely used models for estimating soil loss

potential.
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Table 4-3: Review of the widely used soil erosion risk assessment models

Model Description Strengths Limitations Sources
Universal Soil Empirically -Has been found to work well in determining soil loss  -Not practical in the estimation of soil loss ~ (Renard et al., 2010)
Loss Equation derived model for disturbed land uses on event basis (Whichmeier and
(USLE) -Has been widely used globally to estimate long term  -Soil losses or gains from neighbouring areas Smith, 1978)

soil loss are not considered

-Works well with GIS -Does not perform well in forested lands
Revised Universal Improved version -Incorporates more data than USLE and corrects -Lacks the capability of computing (Renard et al., 2010)
Soil Loss Equation of the USLE errors/fills gaps found in USLE deposition along hillslopes, depressions, (Breetzke et al., 2013)
(RUSLE) Most widely used  -Much more flexible for use in wider range of valleys and channels (Esther, 2009)

model environments (globally)

-Improved to enable applicability in areas such as
forests, rangelands, and disturbed areas

Pan-European Soil Physically based  -Can be used with daily rainfall to estimate soil erosion -Established only for areas related European (Kirkby and Irvine,

Erosion Risk and spatially for one storm event scale environments 2003)
Assessment distributed model  -Can also be used well with GIS to estimate erosion at  -Cannot work with limited amount of data as
(PESERA) grid level that leads to anomalies in the predictions
Soil Loss Zimbabwean -Developed in response to poor applicability of USLE  -Has a weakness of over-estimation of soil ~ (Breetzke et al., 2013)
Estimation Model based Empirical in Zimbabwe loss values resulting from co-linearity of (Smith, 1999)
for Southern model -Widely used in African environments slope length and steepness factors
Africa (SLEMSA) A modelling -Can make use of limited data and also -improves -Soil loss predictions do not address factors
technique or progressive as more data becomes available contributing to rill and gully erosion
framework -Simplistic in nature and relatively easy to use
Water Erosion Physically based  -Based on fundamental hydrologic and soil erosion -Has been applied in the US but not much (Smith, 1999)
Prediction Project Model processes literature is available on its application in (Ampofo et al., 2001)
(WEPP) -Considers both erosion, deposition and also ephemeral African environments (Nearing et al., 1989)

gullies within a field setting
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4.7  Applicability of RUSLE Model in a Climate Variability/Change Environment

Climate change refers to those changes experienced which are additional to natural weather
variability patterns observed over comparative time periods (ECA-SA, 2012). Studies of the
anticipated impacts of climate change on land degradation and soil erosion date back to the
early 90s (Imeson and Lavee, 1998). Climate change is expected to affect soil erosion based
on a variety of factors including precipitation amount and intensity impacts on soil moisture
and plant growth, and direct fertilization effects on plants due to greater carbon dioxide
concentrations among others (Plangoen et al., 2013). According to Wischmeier (1959), the R
factor for any given period is obtained by summing, for each rainstorm, the product of total

storm energy and the maximum 30 minutes intensity (13o).

The RUSLE model will still be applicable even when conditions change due to climate
variability and change. Bosco et al. (2009) have noticed the flexibility advantage RUSLE has
over other models like the PESERA and WEPP and this allows setting the equation to adapt it
to the environment to be analysed. When applying the RUSLE in changing environment due
to climate change it is imperative to improve the data collection for rainfall and rainfall
intensity. Rainfall intensity data has to be available at meteorological stations as originally the
R-factor is a product of storm energy and 30 minute intensity. The crop factor will also be
affected by climate change as an increase in the carbon dioxide concentrations in the
atmosphere will yield an increase in crop photosynthetic activity hence improving crop vigor
(Plangoen et al., 2013). The crop vigor is remotely sensed by satellites hence any changes due
to climate change will be noted. Other factors of the RUSLE like the LS factor, K factor and P
factor will not be affected much as they are not directly affected by climate variability and

change.

4.8 Determination of Sediment Yield

Not all the sediment generated in a catchment ends up in river channels and reservoirs as some
gets trapped in depressions and vegetation in the area. Therefore, de Vente et al. (2011)
emphasizes that it should not be concluded that estimations of sediment generated in a
catchment equals the deposition in rivers and reservoirs. This then necessitates the use of
Sediment Delivery Ratios (SDRs) that account for the deposition of sediment as it flows from

the point of generation towards streams and reservoirs. The SDR is presented as a fraction from
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0 — 1.0 and when SDR = 1.0, the transport capacity of the sediment flow is not exceeded and
at that point the sediment delivery is directly related to soil erosion (Kinnell, 2004). When SDR
is closer to zero, it means that the transport capacity of the catchment is low, sediment is
deposited in depressions before it reaches the rivers. In this study the SDR was calculated using
the equation 4-10 by the USDA (1983 ).

SDR = 0.5656CA%11 Equation 4-10

Where:

SDR = Sediment Delivery Ratio (dimensionless)
CA = Catchment area (km?)

Other methods for determining the SDR deals with specific sites where sufficient sediment
yield and stream flow data are available (Lu et al., n.d.). Another most widely used method for
determining the SDR is the SDR- area power function which is represented as SDR = aA?¢,
where a and B are empirical parameters (Walling, 1983). The SDR method selected for this
study was that which required only catchment area since there was no historical data on
sediment yield. After determination of the sediment delivery ratio, the average sediment yield

was then calculated using equation 4-11, by Wischmeier and Smith (1978).

SR=SDR X A Equation 4-11
Where:

SR = Sediment yield (ton/ha/year)

SDR = Sediment delivery ratio

A = Average soil loss (ton/ha/year)

4.9  Validation of the RUSLE using soil erosion monitoring plots

GIS and remote sensing provides sophisticated methods of determining sediment yield at pixel
level and also for a varying temporal scale. However, the data that is obtained through these
methods have to be validated with observed ground data. Soil erosion experimentation around
the world commonly uses hydrologically defined runoff plots with runoff and soil loss

measured at the exit of the plot by collection in a tank system (Ciesiolka et al., 2004). In this
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study, runoff plots were used to determine soil loss from each rainfall event from the month of
January 2016 to March 2016 and the data obtained was then compared with the estimates from
GIS and remote sensing using RUSLE. A total of four plots were installed within the catchment
to capture the spatial distribution of rainfall and erodibility factors. A conventional rain gauge
was installed in each plot in order to measure rainfall as erosion begins with soil detachment

by raindrop impact.

In order to ensure safety of the plots and to avoid theft of the material used to set up the plots
the plots had to be set up in protected areas (fenced-off areas). Some sites that could have been
arguably better than those chosen for the plots were abandoned because of lack of protection
for the plots. The sizes of the plots also varied based on the amount of space that was available
for the researcher to erect the plots. Detailed information on the plots and the places that they

were located in the catchment is shown in Table 4-4.

Table 4-4: Characteristics of the soil erosion monitoring plots

. . Area | Flow . Slope | Land use/land
Site Name | Location (m?) | direction Soil type (%) | cover
Sandy 13.9
. 126°49°52.1” S North- Settlements/PI
Luhlanyeni | 31036 00327 |80 | East Loam ot by roadside
(solodized)
Gucuka 26°48°12.0” S 9% North- Drczepsgﬁlt;e 8.9 Forest and
31°41° 32.15”E West grey sai Shrubs
(regosolic)
Geekeni 26°43°48.43” S 12.7 | Sugarcane
Farm 31941 05.94"E | *4 East Red Clay Farm
7.3
Mpompoth 0 cq> ” Deep Red Dense well
a High 260 53, 42.7 S 63 North Loam Maintained
3130’ 46.97” E -
School (Ferrisolic) grass cover
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Figure 4-3: Installation of the runoff plots (top-left), Raingauge (top-right), Sediment collector
(bottom-left) and cover to prevent direct rainfall (bottom-right). (Images taken on 6 January
2016)

The erosion monitoring plots were furnished with 160 litre drums that collected the water and
sediment during a storm event. The outlet of the plot was sited at the lowest point and it was
connected to the drum by a 75 mm plastic pipe. The drums were covered on top to avoid direct
rainfall falling in and diluting the collected samples hence compromising the results by making
the sediment concentration seem less than the actual. To delineate each Erosion Plot, 2 mm
thick galvanized iron sheets were used and dug least 2100mm into the ground and protruded
another 100 mm above surface. 300 mm long round bars were used to reinforce the iron sheets
on either side to enabling them to resist runoff water from flowing into the plot during heavy
storms. Plot 1 (Luhlanyeni site) was installed first as a pilot plot in order to test if it worked
well and if adjustments were to be made they would be incorporated in the installation of the

other three plots.
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Data was collected at the sites after every rainfall event since the make-up of the plots allowed
them to measure soil erosion by rain and not from wind. During data collection, the mixture of
water and sediment was emptied into another empty drum of the same size, covered and taken
to the workshop and allowed 24 hours to settle. After the heavier particles settled, the water
would be carefully poured out of the drum into several small 25 litre buckets depending on
how much sediment was collected. The concentrate at the bottom would be emptied into a
separate bucket then taken to the lab for drying to determine how much soil was eroded from

that rainfall event.

The remaining cleaner water would be stirred to mix the sample well and 3 sub-samples taken
to determine the concentration and noting the volume of water in the buckets. The mixing
ensured that the sub-samples are a representative of the concentration of sediment in the water.
The three sub-samples were also taken to the lab to be filtered and oven dried at 105 °C for 30
minutes to remove any remaining moisture. After drying, the samples were left to cool for 15
minutes then weighed to determine amount of sediment. The sediment from the three
representative samples and the concentrate would be summed up to get the soil loss for that
storm event. Rainfall was also recorded from the conventional rain gauges and information on
when the rain started and when it stopped raining was obtained through informal interviews
with the locals that assisted with the research. Such information was necessary in determining
the rainfall intensity in mm/hr since it has a bearing on the amount of soil lost in a storm event.
A regression analysis was performed in excel using XLSTAT software for the soil loss data

and the rainfall intensity in order to determine if the rainfall intensity can be used to estimate

410 Grab Sampling

Water samples were taken by scooping (using a 500 ml plastic sampling bottle) at a sampling
point, at 300 mm below the water surface as that has an advantage of getting a good mix of
sediment and water as opposed to sampling on the surface (Mavima et al., 2011). The sampling
points were the outlet of the feeder canal and at a gauging station (GS12) upstream of the
Lubovane reservoir. The reason for sampling at a gauging station is that the flow was measured
known hence there would be no need to estimate flow in order to determine the flow of
sediment past that point. A trial sample was taken at Othandweni Bridge which is located at
the point where the Mhlatuzane River discharges into the reservoir and it was found that the
sediment concentration differs with a big margin from that of GS 12 upstream. This then
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necessitated continued sampling at that site. Flow at that point was estimated using the float
method of determining velocity and the area was estimated by measuring the depth and the
distance from the right bank and left bank for each sampling. The discharge was then calculated

using equation 4-12.

Q=AxV Equation 4-12

Where:

Q = Discharge (m®/s)
A = Cross sectional area (m?)

V = Stream Velocity (m/s)

4.10.1 Sampling in the Mhlatuzane River

Sampling at GS 12 was done downstream of the weir since the water was turbulent as it flowed
across the weir allowing a good mix of water and sediment as recommended by Mavima et al.
(2011). Samples were taken weekly from the month of January 2016 to end of March 2016.
The samples were then taken to the lab for processing. They filtered first using a filter paper to
remove excess water then weighed the filter paper was put in a petri-dish of known mass and
oven dried for 30 minutes in a laboratory to remove the moisture. After 30 minutes they were
removed from the oven and then left to cool for 15 minutes then weighed to get the sediment
weight in mg. The sediment concentration was then determined by comparing the sediment
weight with the volume of water that was removed by filtering and drying (mg/500ml). The
data obtained from the samples taken in the Mhlatuzane River at the Othandweni Bridge was
then compared with the observed soil loss and GIS based RUSLE model for estimating the
sediment that passes through that point, allowing the RUSLE with the GIS inputs to be

applicable in determining sediment that has settled in the Lubovane reservoir.
4.10.2 Sampling in the Feeder Canal

In the canal, samples were taken using the same sized equipment explained in sub-section 4.8
and following the method explained. The sampling in the canal was done to determine the
amount of sediment conveyed by the feeder canal from the Great Usuthu River, so that when
added to the sediment from the catchment the resultant sediment load flowing into the

Lubovane reservoir could be estimated. Suspended sediment was sampled in the canal since
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there was no equipment available for sampling bedload. Daily discharge data for the FC was
obtained from SWADE so as to be able to calculate the concentration of the sediment with the
flow that was going into the reservoir. Once samples were taken, the procedure for determining
the sediment load was followed as outlined in sub-section 4.8. The sediment concentration
obtained from processing the samples in the lab was presented in mg/l. The sediment discharge,
Qs (kg.s!) was obtained by multiplying the instantaneous discharge, Q (I.s™!) by the
Suspended Sediment Concentration (mg.I™!), (Equation 4-13) which, integrated over time,

provided the sediment yield (SY) in tonnes per year (Didoné et al., 2015).

Qs =CsxQ Equation 4-13

Where:

Qs = sediment discharge (kg.s™)
Cs = the concentration of sediment in the grab sample (mg.I%)

Q = Stream/canal discharge from the rating curve (m3s?)

From the sediment concentration the annual deposit of sediment (ADS) was calculated in order
to estimate the impact of sediment in the lifespan of the reservoir. The factors that affect the
ADS include the gross mean annual runoff (GMAR), the measured sediment concentration
(SC), trap efficiency (TE) and the density of sediment (d). Equation 4-14 was used to calculate
the ADS (Tumbare, 2013). The trap efficiency for the reservoir was calculated from equation
2-9 in Chapter 2.

GMAR XSC XTE

ADS = S Equation 4-14
dXx 10

GMAR = CA X MAR Equation 4-15

Where:

CA = Catchment Area (km?)
MAR = Mean Annual Runoff (mm/yr)

D = Assumed to be 1.55 ton.m™ where measured values are unavailable.
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The MAR of the Mhlatuzane river was obtained from the Hydrology section of the report on
the proposed impacts of the LUSIP project on Usuthu and Mhlatuzane downstream flows by
Vakakis-International (2000). The potential MAR of the Feeder canal was calculated from the
13.5 m®/s which is the full conveyance capacity of the canal. Water users downstream of the
abstraction point are entitled to 10.8 m?/s. This allocation was removed from the Usuthu MAR
as it is water that is not available for abstraction by the canal. According to the LUSIP water
management study by Coyne-et-Bellier (2012), the canal would only be able to abstract water
from November to May so the MAR was calculated assuming 7 months of abstraction and 6%
losses to evaporation and seepage. The GMAR for Mhlatuzane and the calculated MAR for the

canal were added to determine the annual inflow into the reservoir.

411 Bathymetric Survey

The soil erosion modeling provided information on the annual average yield of the catchment
but not all the sediment generated ends up in the reservoir. Due to the complex process of
sediment transportation, some of the sediment ends up in depressions, some trapped by
vegetation, buildings and other land surface features (Kinnell, 2004). Also the sediment loading
in the dam comes from both the river and the feeder canal. Hydrographic or Bathymetric
surveys were then conducted in the reservoir in order to determine the changes in the capacity
and geometry of the reservoir due to sedimentation. Hydrographic surveying in reservoirs is a
key activity in order to collect data for a variety of purposes like estimation of storage capacity,
rate and pattern of sediment deposition, movement of underwater sediment delta and reservoir
routing (Munir et al., 2014). Data collected through hydrographic surveying plays a pivotal
role in decision making for short and long term planning, operation and management of the
reservoir. The Lubovane reservoir is mostly used for agricultural and domestic water supply to

the rural communities of the Siphofaneni area.

Depth sounding of the Lubovane reservoir was carried out using a Garmin GPSmap 720 series
model Echo-sounder with an inbuilt GPS and a transducer/sonar mounted at back lower parts
of the boat. Days when wind was calm and the weather was good were chosen for the survey
to avoid excessive waves so that accurate readings were obtained. The device had a display
and control touch screen on the dashboard of the boat and it was supplied power from within
the electrical system of the boat. The display screen would show the relative position of the

boat in relation to prior surveyed points. The mark function was used to mark points along the
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survey lines from bank to bank. Survey lines were kept at around 50 metres and 10 metres
between each marked points. Each marked point recorded the coordinate of that particular point
in Latitudes and Longitudes, water depth at that particular point, date and time that point was
collected. The marked points and survey parts were stored in an SD card installed in the device
so that on the next survey date the survey parts would be displayed to take note of paths that

have already been survey so they are not repeated.

The southern African region was hit hard by an EI-Nino drought on the hydrological year that
the research was conducted. This saw a reduction in the water levels of the Lubovane reservoir.
During the days of conducting the study, the dam fluctuated between 66 % and 75% to full
capacity which meant that it was covering less area than the area covered at full capacity. On
the first day of the survey the reservoir was at 66% to FSL, containing 103.6x10® m® of water
and it covered 10.3 km?2. When full, it covered 13.9 km?, which meant that there was an area
(3.6 km?) not covered by water. That area could not be covered by the survey since the boat
could not measure depth in the dry portions. This is why the survey points in Figure 4-4 do not
cover the whole reservoir. The reservoir boundary was digitized when the reservoir was spilling

hence the boundary is covering an area greater than 13.9 km?.

3270 points were taken in total and in very high density in order to limit interpolation errors as
much as possible because if the points are sparsely related, the depths between is assumed to
be linear during the interpolation. The points were then entered into Microsoft office excel for
proper arrangement and exploration of the data. Three columns were created containing the
data on latitudes, longitudes and water depth. The sonar is 0.3 m on average below the water
surface in calm waters hence that was subtracted from the depths. The readings were then
reduce using the dam level on that specific day to determine the elevations of the points below
the water surface. Then the data now had X, Y and Z coordinates. A point map was created in
ArcGIS software with the new elevations as the Z attribute. The points were explored for
consistence and outliers which signaled incorrectly recorded points due to typing errors were

corrected to bring the points within the boundary.
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Figure 4-4: Depth points surveyed during the bathymetric survey

The point map was then exported to Quantum GIS software for creation of contours in order
to use them for the calculation of the new reservoir volume. The point map was imported into
QGIS together with the shapefile for the Lubovane reservoir. The grid interpolation method
was used to interpolate the elevations between the different points within the reservoir
boundary. The extent of the interpolation was set to be bigger than the reservoir boundary in
order to enable coverage of the whole boundary when the contours were created. The
interpolated surface was then clipped/masked using the Lubovane reservoir boundary as the
mask layer to extract only those pixels falling within the reservoir. The raster extraction tool
was used to extract the contours from the boundary which showed the new elevations of
different points within the reservoir boundary. Equation 4-16 was used to calculate the different
volumes in the areas enclosed by each contour in ArcGIS 10.2 and in turn the cumulative

volume to the full supply level.
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A1+ (A1 X A,)%5+ 4
V== (41 32) z Equation 4-16

Where:
V = Volume for each contour or Elevation (m®)
Azand Az = Area 1 and Area 2 respectively (m?)

4.12 Water availability assessment

The key impact of sediment accumulation in reservoirs is the capacity loss which ends up
affecting the annual reservoir yields because the amount of water lost through spillway
discharges increases as storage capacity is lost (UNESCO, 2011). Reservoir yields refer to the
volume of water that can be drawn from the reservoir annually at that specified reliability level.
The Lubovane reservoir was constructed to store excess water during the rainy season in order
to supply LUSIP farms throughout the dry season (Mhlanga et al., 2012; Vakakis-

International, 2000), so storage capacity is a vital part in the operation of the reservoir.

4.12.1 Storage loss projections

The average sediment load used in the assessment was that obtained from the bathymetric
survey because it accounted for sediment deposited by both the river and canal. Sediment load
from the grab sampling/sediment concentration method was not used because only suspended
load was analysed so bedload was not accounted for hence it underestimated the annual
sediment loading. The sediment loading from RUSLE Model was also not used for the
projections of storage loss because it only considered sediment generated only from the

Mhlatuzane catchment.

Moreover, Estigoni et al. (2014) argues that bathymetric surveys provide a more accurate
method of assessing sediment deposition compared to other methods. The annual capacity for
the successive years was obtained by subtracting the annual sediment volume deposited in the
reservoir from the capacity of the previous year. The accumulation of sediment in the reservoir
was assumed to be constant for ease of analysis and prediction. The period chosen for analysis
was from 2009 when the reservoir was commissioned to 2080 when the reservoir is expected

to silt up if no measures are taken to combat reduce sediment loading.
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4.12.2 Calculation of annual loss in yields due to reduction in storage

In this study, the effect of sediment accumulation on storage capacity and yield of the reservoir
was predicted using the TB Mitchel method established by Mitchell (1982). This method was
developed in Zimbabwe for use in estimating reservoir and catchment yields for semi-arid
regions. It was selected because the Usuthu basin, in which the Mhlatuzane micro-catchment
is situated, falls under the semi-arid category and. It was developed using reservoirs in Southern
Africa so the conditions are similar. The method utilizes the Mean Annual Runoff (MAR),
Storage ratio (SR), Evaporation Factor (EF), Volume/Capacity of the reservoirs in the
catchment as well as the coefficient of variation (CV). The curves were developed for CVs
ranging from 60% to 120% (see Appendix 6). The MAR and CV for the Mhlatuzane catchment
and larger Usuthu basin measured at Bulungapoort was obtained from the from the original
documents detailing on the designs and feasibility studies of the reservoir (Vakakis-
International, 2000). The EF was calculated using equation 4-17 from daily evaporation data

obtained from the Big Bend Meteorological station (Appendix 3).

78513 .
078 ] Equation 4-17

— 2
L [(E XA)

Where:

EF = Evaporation factor (Dimensionless)

S = Reservoir storage capacity (10° m®)

E = Annual evaporation (m)

A = Reservoir Surface area at full supply level (10°m?)

The curves in the TB Mitchel method were each calculated from multiplying the EF and the
MAR. Therefore, the CV and the product of MAR and EF were used to select the appropriate
curve from which the yield was estimated. Evaporation is part of the water budget as it
contributes to losses hence it is vital in yield assessments. The TB Mitchell curves give a yield
ratio which is given by equation 4-18. The potential yield at the appropriate level was then
calculated through substituting for the YR and MAR in equation 4-18, leaving Qg as the only
unknown in the equation. The MAR used was the sum of the MAR for Mhlatuzane River and
the MAR for the FC.
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YR = 25 Equation 4-18
MAR

Where:

YR = Yield Ratio obtained from the TB Mitchell curves (Dimensionless)

Qc = Annual yield that can be obtained from the reservoir at reliability level (G)
MAR = Mean Annual Runoff (106 m?)

Since the TB Mitchell curves were designed for a 10% risk level (Mitchell, 1982), the obtained
yield had to be converted to a 20 % risk level which is normally used in water supply for
agriculture in Swaziland and the Lubovane reservoir is primarily used for irrigation. The 20 %

yield was calculated from the 10 % yield using equation 4-19.

Qc20=1.18Qc10+ 0.05(MAR) Equation 4-19
Where:

Qcioand Q20 = Annual yields at 10% and 20% risk levels respectively (10° m?)

MAR = Mean annual Runoff (10° m?)

4.12.3 Population projections and Water Demand

Upon completion of the LUSIP, a total of 6500 ha and 5000 ha of land will be put under
irrigation for LUSIP | and LUSP Il respectively. The Lubovane reservoir was designed to
supply water for both phases of the project. Apart from provide water for irrigation, the LUSIP
water supply system provides potable water for the residents of the benefitting chiefdoms. The
chiefdoms include KaShongwe, Gamedze and Ngcamphalala under LUSIP | and
Gamula/Mahlabaneni for LUSIP II. Lesibovu and Mpumakudze potable water scheme were
left out in the analysis as they have they use boreholes. The combined population for these
chiefdoms was 27 234 in 2012 with a growth rate of 2.9% for the project area (Fatoyinbo et
al., 2011). The population was projected up to 2080 using the empirical equation 4-20. The
growth rate was assumed to be constant throughout the period for ease of analysis.
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P,= Py(1+71)t Equation 4-20
Where:

P:= Population at time t

Po = Present/Initial population

r = Growth rate

t = time incremental (years)

In the simulations of the water demand, the demand for irrigation was kept constant for the
projected years, only the domestic water demand changed because domestic water demand
responds to changes in the population. The water demand for irrigation was obtained from the
water management study and the feasibility study reports of the LUSIP prepared by Coyne-et-
Bellier (2012). The project was divided into four blocks which are the Weir block, Bovane
North block, Bovane south block, St. Phillips block and Matata block. The water demand for
phase | is 33.7x10°m3, 57.5x10® m®and 23.2x10® m® for Bovane north, Bovane south and St.
Phillips block respectively with Matata block having an annual demand of 78.5x10° m? in the
second phase of the project. Irrigation is expected to begin in 2019 in the Matata block so its
water demand was included in the water demand assessment. The water demand for domestic
use was calculated using the World Health Organization guidelines of 50 litres per capita per

day (WHO, 1997) for drinking water since Swaziland does not have drinking water standards.

4.13 Data Analysis

Data was analysed using various GIS softwares as well as SPSS and XLSTAT in order to
generate useful information from the Data. ILWIS was used mostly to compute the maximum,
minimum and average soil loss potential as well as the standard deviation of the data. Quantum
GIS was used to perform Grid interpolation and to generate contours for the determination of
the capacity of the Lubovane reservoir. Trend analysis was performed on the rainfall data in
SPSS to determine whether the rainfall was reducing or increasing with time. Linear regression
analysis was done on the rainfall data comparing each station against the other in order to test
if the station can be used to fill gaps in the data for the other station. The station in Sithobela

had lots of gaps in its data then the Bigbend station was used to predict the rainfall for those
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missing months. The Bigbend rainfall measuring station was found to have a good relationship
with the Sithobela station with an R? of 0.98. Equation 4-21 was derived from the regression
analysis and it was used to predict the missing values in the rainfall data from the Sithobela

rainfall station.

S = 1.1073 (S) + 4.8266 Equation 4-21

Where:
S = Predicted monthly rainfall for the Sithobela station (mm)

B = Observed monthly rainfall for the Bigbend station (mm)
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CHAPTER FIVE

S. RESULTS AND DISCUSSIONS

This chapter presents the results that were obtained in the study in order to achieve the
objectives. The main objective of this study was to determine the sediment yield of the
Mhlatuzane sub-basin; hence the sedimentation rates of the Lubovane reservoir so as to
determine its implications on the lifespan of the LUSIP with respect to continued availability
of water for irrigation and domestic use. The results presented in this chapter include temporal
variation of rainfall in the Mhlatuzane micro-catchment assessment of land use and land cover
changes, results from sediment concentration for the Mhlatuzane river and the Feeder canal,
Results from 3-months of monitoring soil loss through erosion plots, results from the RUSLE
model which was used to model soil loss in the catchment as well as results from a bathymetric

survey conducted in the reservoir.

5.1 Historical rainfall trends in Mhlatuzane

Figure 5-1 shows observed rainfall trends for the Mhlatuzane micro-catchment for the period,
1981-2015. Historical observed rainfall for the individual stations is presented in Appendix 6b.
The Thiessen weights calculated in ArcMap showed that Khubutha rainfall measuring station
had the most influence (59%) in the study area, followed by Sithobela with 41% and the
Bigbend station was found not to be contributing in the study area in as far as rainfall is
concerned. This means that rainfall recorded at the Bigbend station has no bearing on the

rainfall received anywhere within the study area.

The rainfall for the two stations (Khubutha and Sithobela) was then considered for the trend
analysis. The null hypothesis (Ho) of the analysis was that there is no trend in the data series
and the alternative hypothesis was that there is a trend in the data series (see Appendix 6). The
p-Value obtained from the analysis was 0.309 which was higher than 0.05 thus we failed to
reject the null hypothesis which said there is no trend in the data series. Figure 5-1 visually
shows a decreasing trend in the rainfall but according to the Mann-Kendal trend test, the

decreasing trend in the data is not significant.
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Mhlatuzane Rainfall

1600 -
1400 -
1200 1
1000 -
800 {fF--F----FH--o___
600 -
400 -
200 -
0.

Annual Rainfall (mm)

O B

N S
b
S99

A 5
b 5D S
9

S P HF N DD DD I NNDD D
O O D P DN DD NN RN
ROURS LIRS LR LAIRC L S S SN SN DD

A A A A A D

mmm Annual Rainfall = = = Linear (Annual Rainfall)

Figure 5-1: Rainfall trends in the Mhlatuzane catchment

The moving average results (Table 5-1) show rainfall averaged for five year intervals (two
years before and two years after the year of interest). The years of interest in these study were
1995, 2000, 2005, 2009 and 2015 (as shown in Table 5-1) as they were the years for which
sediment yield was modelled using RUSLE. The 5-year moving averages also show that
rainfall has been reducing slightly in the micro-catchment with the period around 2005
receiving the lowest rains. It must be noted though that for the year 2015, the average was
computed from 2013, 2014 and 2015.

Table 5-1: Five-year moving averages of rainfall in Mhlatuzane micro-catchment

1995s 2000s 2005s 2009s 2015s

Moving average

. 827 814 607 614 622
rainfall (mm/yr)
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5.2 Land use Land cover Assessment

5.2.1 Validation of the Land cover Classification

Land cover classification, even though supervised, may possess some errors in the

classification where pixels are assigned a class that they do not represent in the real image

(Anderson et al., 2001). These errors are increased when classifying images of low resolution.

Landsat images that were used in this study are 30m spatial resolution which means that the

satellites can only identify land surface features more than 30m and be able to distinguish

between the features. Below that, it sees the features as the same. To attain near-perfect

classification, images with higher spatial resolution are to be used (e.g. SPOT 5 images which

can have a resolution of 5m) but those are purchased as opposed to Landsat images which are

free. Tables 5-2 & 5-3 present the confusion matrix that was prepared in ArcGIS to assess the

land cover classification accuracy.

Table 5-2: Confusion matrix for Land cover classification

W | SL | IRR| cu | F&s | BL |sum | Producers
accuracy
Water (W) 52 0 1 0 0 0 53 98.1
Settlements (SL) 8 24 1 8 19 17 77 31.2
Irrigation (IRR) 0 0 59 0 0 0 59 100.0
Cultivation (CU) 0 2 0 14 0 0 16 87.5
Forest and Shrubs
(F&S) 0 0 0 5 24 0 29 82.8
Bare land (BL) 0 3 0 3 0 6 12 50.0
SUM 60 | 29 61 30 43 23 246
User's accuracy 86.7 | 82.8 | 96.7 | 46.7 | 55.8 | 26.1 72.4
Table 5-3: Class and Overall Accuracy
Class Accuracy Overall
(%) Accuracy (%)
Water 92.4
Settlements 57.0
Irrigation 98.4
Cultivation 67.1
Forest and Shrubs 69.3
Bare land 38.0
Average 70.4 72.8
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The results show that water, irrigation, cultivation, forests and shrubs were well classified
whilst bare land and Settlements were poorly classified. Water, irrigation and cultivation were
probably easy to identify and classify especially in the 2015 image because of the reservoir and
the large areas under sugarcane production downstream of the Lubovane reservoir which fall
in the same tile. The Mhlatuzane catchment is predominantly composed of rural settlements
which have sparse homesteads as opposed to clustered high density settlements patterns. Some
of the homesteads are made of thatched, stick and mud houses which reflect solar
radiation/light almost in the same way as bare land. That made it difficult to distinguish
between most settlements and bare land hence the poor classification between the two classes.
The fortunate part is that in the P-factor calculations in soil erosion assessment, the two classes
both encourage overland flow hence they are related so they do not greatly affect the P-factor
maps. According to van Vliet et al. (2011) accuracy of land cover assessment is considered to
be poor below 50%, fair above 50% and good above 70%. The Land cover classification

performed in this study was good according to the above mentioned classification.

5.2.2 Land use/Land cover changes

There were some noticeable changes in the land cover and land use patterns over the mapped
period (1995, 2000, 2005, 2009 and 2015). Some of the changes have a direct impact on soil
erosion and subsequently sedimentation and these include forest coverage, changes in bareland
and changes in farming activities. The results showed low coverage of water bodies from 1995
— 2005 and significant amount of water started showing in the 2009 assessment since that is
when the dam had started impounding water. The areal coverage of water increased from
0.05% coverage in 2005 to 3% percent coverage in 2009. In 2015 the areal coverage of water
decreased to 1.9% of the total catchment. This was because in 2009, the dam was still not
utilized since the irrigation infrastructure downstream had not been completed so there was
very low drawdown (to compensation flows) as compared to 2015 when the dam now irrigates
over 6 500 hectares of land. The decrease in water coverage in 2015 can also be articulated to
the low rainfall in 2015 as compared to 2009 which may have resulted in low inflows into the

reservoir hence the low water levels in 2015 as compared to 2009.

Forest and shrubs covered about 27% of the total catchment area in 1995 and had a 3% decrease
in 2000 and decreased again by 4% consistently towards 2009. There was a 2% increase in
forested areas from 2009 to 2015. This might be partly due to that when the reservoir started
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impounding water, some forested areas were covered by water and also some of the homesteads
that were falling within the Probable maximum flood (PMF) of the reservoir were resettled
upstream of the dam thus causing deforestation on those areas to allow construction of houses.
In 2009, a project Global Environment Facility (GEF) office was opened at LUSIP and as part
of their work they implemented a land rehabilitation programme which involved planting trees
in the study area (IFAD, 2013) hence that also may have led to the increase in forest and shrubs
from 2009 to 2015. The 2009 and 2015 images in Figure 5-2 show that although forest might
have been seen to slightly increase but there was a decrease in the concentration of forests in
the areas around the water body with settlements and bare land increasing in those areas which

is a threat to siltation of the reservoir.

Bare land was covering about 38% of the total catchment area in 1995 and it was moderately
increasing towards 2005. It dropped to 29% in 2009 had an alarming increase towards 2015
when it covered about half of the land (49% of total area). This relates to the decrease in
forested areas from 27% in 1995 to 19% in 2015 due of deforestation. Since the catchment
mostly contains rural settlements, firewood is the common source of fuel that is used hence the
deforestation increases. An increase in the population also leads to an increase in the demand
for fuel hence increased deforestation. Figure 5-3 shows a summary of the changes in land

cover over the years.
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Figure 5-2: Land cover Maps for Mhlatuzane catchment
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Figure 5-3: Land use and land cover changes in Mhlatuzane micro-catchment
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5.3  Soil Erosion Modelling using RUSLE
5.3.1 Validation of RUSLE — Soil erosion monitoring plots

The results (Appendix 7a and 7b) show that observed soil loss had a positive relationship with
rainfall, i.e. when rainfall was high, soil loss was also relatively high. However, in some rainfall
events, there was relatively high rainfall but soil loss rates were low. These events include plots
2 and 3 (09 March 2016) and also for plot 4 in the last event. This can be attributed to that even
though rainfall was high, not much of the rainfall was converted to runoff because of the dense
vegetative cover in plot 4 and the gentle slope (Table 4-4). Plot 4 had the least observed soil
loss (see Appendix 7b) compared to the other plots mainly because its features encouraged
infiltration as opposed to runoff. A test of the relationship between rainfall intensity and soil
erosion rates was performed and the results showed an R? value of 0.9036 at 95% confidence
level (Figure 5-4) which means they had a strong positive relationship. This generally means
that an increase in rainfall intensity would lead to an increase in soil erosion. The relationship
was not perfect due to the other factors which affect soil erosion other than rainfall erosivity
which are the LS factor and C-factor. The analysis considered soil loss recorder in all the four

plots distributed within the micro-catchment, sited in areas with varying land cover, slope and

soil type.
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Figure 5-4: Relationship between rainfall intensity and Rates of soil erosion
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Plot 1 had higher soil loss on average followed by plot 2, plot 3 and plot 4. This was due to the
varying features of the plots in terms of slope and ground cover which affect overland flow.
The variations of the plots were meant to capture the different characteristics of the catchment
in terms of slope, cover, and soil type and rainfall variability. One factor that had not been
linked to the soil loss is the soil type (erodibility class). Plot 1 and plot 2 were placed on sandy
loam soils and deep pale grey sand (plaster sand) respectively which are relatively highly
erodible soils because of the low cohesion between the particles and yet the particles are too
small to allow maximum infiltration as opposed to coarse sand. This then encourages overland
flow thus erosion. Plot 3 and 4, placed in Gcekeni farm and Mpompotha had Red clay and

Deep red loam soils respectively which are not as erodible as the soils in the other two plots.

Figure 5-5 shows the comparison of the observed and modelled soil loss at pixel level. The
2015 map was chosen for the comparison because it is the one closest to the observed period.
The results show that the observed soil loss was lower than the modeled soil loss for 2015 but
there was a positive relationship in the observed soil loss and the modeled. The Root Mean
Square Error (RMSE) method was used to assess the performance of the model and the RMSE
was found to be 2.48. According to Mashingia et al. (2013), the RMSE ranges from 0 to infinity
and a perfect score is 0. This means that the model prediction in this study was relatively poor.
The differences may be attributed to errors in computing some of the parameters of RUSLE,
particularly the P-factor which is subject to errors in landcover classification. Also the fact that
the modeled soil loss used data for annual basis as the RUSLE model was developed to model
annual soil loss (Whichmeier and Smith, 1978), yet the observed soil loss was per storm event
and the period of observation was only three months. Increasing the observed data through
increasing the number of plots in the catchment and the observation period can enhance model

calibration and hence overall model performance.
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Figure 5-5: Observed and modeled soil loss at pixel level

The average soil loss that was obtained in the catchment when all the data from all the plots
was put together and averaged was 4.02 t.hat.yr. The observed soil loss relates with the
modelled soil loss using RUSLE combined with GIS and Remote Sensing as most of the area
(around 80%) in the catchment was dominated with modelled soil loss in the 0 — 10 t.hat.yr?
category. In Ethiopia, where sediment yields are amongst the highest in Africa, a survey of 33
catchments varying in area from 49 to 1622 km? was carried out to determine sediment yield
of the catchments the range of sediment yields varied from 0.35 to 12.50 t/ha/year with an
average value of 3.69 t.ha™.yr! (Vakakis-International, 2000).

5.3.2 RUSLE Model Results

The results obtained from the soil erosion modeling using the RUSLE model are presented in
this section. The subsections below first present results for the different inputs into the model
and the last subsection presents final results of the soil loss hazard maps produced for the

successive periods.
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53.2.1 R-Factor

The rainfall erosivity factor is the measure of the erosive power of rainfall or the potential of
raindrops to detach soil particles and cause soil erosion. Figure 5-6 shows the spatio-temporal
variations of the R-factor for the study area. The rainfall erosivity calculated from the observed
rainfall ranged from 178 to 487 MJ.mm.ha™.hr.yr considering all the years. The individual
years observed also had spatial variations in the R-factor depicted by the difference in the
minimum and maximum R-factor. The highest variation was experienced in 1995 with a
difference of 251 MJ.mm.hat.hrlyr and 2015 had the lowest variation depicted by the

difference of 19.4 MJ.mm.ha.hr.yr between the maximum and minimum R-factor values.
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Figure 5-6: Rainfall Erosivity in the Mhlatuzane micro-catchment

Highest erosivity values are in the high altitude areas of Khubutha and Mpompotha where high
rains are usually experienced in the micro-catchment and lowest values are on the lower part
towards the outlet of the catchment in the North East direction where the Lubovane reservoir
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is located. The area with high rainfall erosivity also coincided with areas that are steep and the
combined effect of the high erosivity and steepness leads to high soil erosion potential. There
were temporal variations as well in erosivity values with 1995 having the highest average
rainfall erosivity factor of 235.5 MJ.mm.ha™t.hr.yr followed by 2000, 2005 and 2009 that had
the similar averages of around 243 MJ.mm.hat.hrl.yr, with the latest year 2015 receiving the
lowest rains and hence low R-factor values on Average (199.9 MJ.mm.ha*.hr.yr). Figure 5-7
shows a graphical representation of the temporal variation of the maximum, minimum and

average R-factor values within the Mhlatuzane Micro-catchment.
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Figure 5-7: Minimum, maximum and average R-Factor values calculated from observed

rainfall (Sithobela and Kubuta measuring stations)

5.3.2.2 K-factor

Figure 5-6 shows a K-factor map with the spatial distribution of soil erodibility in the
Mhlatuzane micro-catchment where there is a large concentration of sandy loam soils and some
alluvial soils (soils with a lot of silt) which are highly erodible. According to the weighting by
Stone and Hilborn (2012) that was done to attain the soil erodibility values, 40.5% is covered
by soils of low erodibility which is below 0.25 t.h"X.MJ"2.mm™. Soils in the moderate category
of 0.25 — 0.5 cover only 19.7% of the catchment and 39.8% is covered by highly erodible soils

with K-factor of above 0.5 t.h™t.MJt.mm™.
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Figure 5-8: Spatial variability of the soil erodibility factor (K)

Highly erodible soils are found in the areas surrounding the reservoir in the Mahlabatsini,
Mganyaneni and Othandweni settlements (see study area map in Figure 3-1) and some gullies
exist in those places proving that there are signs of severe soil erosion and this poses a great
threat to the Lubovane reservoir in as far as sedimentation is concerned. Areas like Sithobela
also contain some soils that fall in the high erodibility category while high places like
Khubutha, Kaphunga, Mpompotha and those towards Hlatikhulu have soils that are more
resistant to soil erosion as shown by the low erodibility values in Figure 5-8.
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5.3.2.3 LS-Factor

Minimum and maximum LS-factors in the Mhlatuzane were found to be 0 and 9.7 respectively
with an average of 4.8. The results (Figure 5-9 shows low LS factor values around the dam and
along the Mhlatuzane River channel. Generally, the results show that the catchment does not
have a high concentration of steep areas and most of the areas are gentle undulating. Relatively
high LS factor values are found on areas around the mountains of Kaphunga on the far north-

western part of the catchment.

LS - Factor
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Figure 5-9: The spatial variability of the Slope length and Steepness factor (LS) in the

Mhlatuzane micro-catchment
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5.3.24 C-Factor
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0.39
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Figure 5-10: Spatial and temporal variations of the Crop cover and management factor in
the Mhlatuzane Catchment

Sithembiso Mkhonta — MSc IWRM Page 71



Assessing the rate of sedimentation of the Lubovane reservoir and the implications on
the lifespan of the LUSIP in Siphofaneni, Swaziland

Average C-factor values over time

0.18 -
0.16 -
0.14
0.12
0.1 4
0.08
0.06 +
0.04 +
0.02

0

C-factor

1995 1997 1999 2001 2003 2005 2007 2009 2011 2013 2015
Observed Period

Figure 5-11: Temporal variation of C-factor in the Mhlatuzane micro-catchment

The results (Figures 5-10 & 5-11) of the calculated C-factor values show that the average C-
factor in the catchment has been increasing over time from 1995 to around 2008 then it started
decreasing through the years towards 2015. This means that the soil was becoming less and
less protected from 1995 towards 2008 and then vegetative cover began to increase from 2009
to present. The variations of the C-factor can be attributed to the variations in annual rainfall
for the observed years as crop vigor is affected by how much water, crops have received. As
the rainfall decreased from 1995 towards 2008, the C-factor increased resulting from the

decrease in the NDVI which is a measure of vegetation health and vigor.

Disappearance of vegetation can also be attributed to deforestation as forest and shrubs were
noticed to be decreasing from 1995 to 200 (10% decrease) due to clearing of land to allow for
settlements and also trees are usually cut to provide wood for fuel. Irrigated areas in the micro-
catchment have been low and increasing gradually from 1995 to 2015 hence they contribute

less to the C-factor as they account for a very small portion of the micro-catchment.
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5.3.25 P-Factor

Slope (%)
Blo-s

B s- 10
[ 10-20
[ 20-30
I 30-50
B s0- 100

Figure 5-12: Spatial variation in slope measured in percentages within the Mhlatuzane

micro-catchment

The slope map result (Figure 5-12) shows the spatial variation of slope in percentages in the
Mhlatuzane micro-catchment. Gentle undulating areas are found towards the northeast
direction where the reservoir is located. The map shows that steep areas of slope exceeding
50% exist in the micro-catchment and they are concentrated around the Khubutha and
Hlatikhulu areas. These are the same areas that are forested (Figure 5-2) in the catchment. The
slope map was used with the land cover maps in Figure 5-2 to calculate the P-factor maps

shown in Figure 5-13.
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Figure 5-13: Spatial and temporal variations of the support practice factor in Mhlatuzane

The results show that there were a high concentration of P-factor values closer to 1 in 1995
which means there was little being done to prevent soil loss. As the years progressed towards
20009, the concentration of p-values closer to 1 decreased, showing that there were increases in
support practices that were being done to prevent soil loss. Such practices in the area include

mostly contour ploughing as opposed to ploughing up and down the slope. However, there has
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been an increase in the p-factor values closer to 1 and it can be attributed to the sudden increase
in settlements in the catchment due to the economic activity brought about by the presence of

the reservoir.

5.3.3 Potential soil loss in the Mhlatuzane micro-catchment

The results showed that the potential soil loss in the micro-catchment mostly fell in the minimal
soil loss potential class (between 70-80%) which ranged from 0 — 10 t.hat.yr? (see Table 5-4).
However, from 2005 onwards, the concentration of soil loss potential in the minimal class
began decreasing as the area with inactive soil loss potential started increasing (Figure 5-14).
The second class to dominate was the Moderate soil loss potential which ranged from above
10 to 50 tonnes per hectare per year. The area dominated by the moderate soil loss potential
was fluctuating between 17% and 20% over the years. In the year 2015, the inactive area
increased to a 10% coverage from 1.4% in 2009 and this can be articulated to the low rains
received in the year 2015 because of the EINino drought that hit Southern Africa in the 2015/16
hydrological season. The R-Factor in this study was calculated based on the observed rainfall
hence a decrease in rainfall results in the decrease in rainfall erosivity and subsequently a low

potential for soil loss.

Table 5-4: Areal coverage in percentages of different potential soil loss classes

Potential Soil loss  Range Area covered (%)
Class (t.halyr?)
1995 2000 2005 2009 2015

Inactive Lessthan0  0.04 0.06 0.06 1.42 9.95
Minimal 0- 10 81.14 78.42 81.94 77.16 70.36
Moderate 11-49 18.43 20.67 17.74 18.00 18.62
High 50-100 0.37 0.73 0.25 2.85 1.06
Extreme >100 0.03 0.12 0.00 0.56 0.00
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Figure 5-14: Spatial and Temporal changes in potential soil loss
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5.3.4 Sediment yield in the Mhlatuzane Micro-Catchment

The SDR for Mhlatuzane micro-catchment was calculated using equation 16 and was found to
be 0.3. The SDR is fairly low (closer to 0) meaning that sediment transport in the catchment is
inhibited by the transport capacity of the micro-catchment. This suggests that there is an
existence of depressions where sediment is deposited before it reaches river and the reservoir.
Figure 5-15 shows the temporal variations in modeled sediment yield from the Mhlatuzane

micro-catchment.
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Figure 5-15: Sediment yield variations from 1995 — 2015

The results show that the highest sediment yield occurred in 2009 where the maximum soil
loss was 146.48 t.ha.yr! with an average of 30 t.hat.yr. The average sediment yield was in
the moderate potential soil loss and the maximum soil loss falls in the extreme range. Sediment
yield was high in 2009 because of the occurrence of high c-factor values which resemble a
decrease in vegetation vigor meaning that the soil was becoming less and less protected. The
year 2009 had the highest c-factor on average of 0.16 against 0.08 (1995) and 0.13 for 2000
and 2005. In the year 2015, the average c-factor values were low (0.04) but the c-factor map
(Figure 5-10) which shows both spatial and temporal variation in the c-factor values shows an
increase in the concentration of high c-factor values around the Lubovane reservoir and that is
a threat to the reservoir as diminishing vegetative cover around those areas leaves the reservoir

prone to siltation due to soil erosion.
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The sediment yield showed a positive relationship with rainfall on most of the years modeled.
As rainfall decreased from 2000 to 2005, the sediment yield also decreased in the Mhlatuzane
micro-catchment. However, rainfall remained almost constant for 2005 and 2009 yet sediment
yield was high in 2009 and this was because of the decrease in crop vigor, as shown by the
high c-factor in 2009 (Figure 5-11), leaving the soil prone to erosion. In 2015, rainfall was low
due to the EI Nino drought hence the sediment yield was also low. Another reason for the low
sediment yield in 2015 was that there was a land rehabilitation project implemented in 2010 by
the Global Environment Facility (GEF) in the catchment and it involved afforestation among
other activities (IFAD, 2013). The land cover maps (Figure 5-2 and 5-3) have shown a 2%
increase in forest and shrubs from 2009 to 2015 and also the c-factor values decreased rapidly
towards 2015 from 2009 showing an increase in photosynthetic activity hence crop vigor. The
combined effect of increased vegetative cover and low rains contributed largely to the low
sediment yield in 2015.

The average sediment yield for the micro-catchment when considering all the mapped years
together was 17.64 t.ha.yr™. It is to be noted that this value is highly affected by outliers, as
most of the area is dominated sediment yield ranging between 0 and 10 t.hat.yr®. Tamene et
al. (2006) in their study where they analysed the factors that determine sediment yield
variability in the highlands of north Ethiopia found sediment yields ranging from 3 — 49 t.ha’
1 yrl. The mean annual sediment yield in Ethiopia stood at 19 t.ha.yr which was above the
global average according to the study. The annual sediment loading (considering a 98% TE) to
the reservoir from Mhlatuzane micro-catchment sediment yield modeled by RUSLE was found
to be 890 800 t.yr* and the sediment volume when considering a sediment density of 1.55 t.m"
3 stood at 0.56x10° mS. If the Mhlatuzane River were the only source of water for the reservoir,
the sediment loading would lead to a 0.36% loss in storage due to sedimentation according to

the results from RUSLE modeling.

5.4 Sediment concentration

As part of the methodologies to attain the objectives of the study, monitoring of sediment
concentration was carried out in the Mhlatuzane River and the Feeder canal as these two
channels feed into the reservoir. This subsection presents and discusses sediment concentration

results obtained from the three sampling sites.
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Figure 5-16: Suspended Sediment concentration from the three sampling sites

The results from the grab samples (Figure 5-16) show that sediment concentration (SC) was
highest in the Feeder canal outlet when compared to the other two sites in the Mhlatuzane
River. The highest sediment concentration observed was in the Mhlatuzane River at
Othandweni Bridge (OB) where about 7000 mg/| of sediment was sampled and that was in the
morning after a night storm (see Appendix 8). The overall trend on average shows a decrease
in SC from January to March. This is mainly because highest rainfall in the micro-catchment
is received between December and January and it starts to decrease from February towards the
dry season (see Figure 3-2). However, the OB sampling point showed a different trend in the
SC where the lowest concentration of sediment on average was in February and then SC
increased towards March. This is attributed to that the flows in Mhlatuzane reduced because of
rainfall absence such that water was flowing sub-surface hence there was zero concentration in
that period and that is what caused the average concentration to go below that of gauging station
(GS) 12 in February. On average, FC had the highest sediment concentration of 3436 mg/I
followed by sediment concentration at OB and then GS 12 with 2231 and 789 mg/I
respectively. GS 12 is about 20 kilometres upstream of the reservoir hence a smaller catchment
drains to it as opposed to the OB sampling site which is at the tail of the reservoir and that
explains why the sediment load is far less in GS 12. Sediment concentration has been

decreasing from January to March.
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5.4.1 Mhlatuzane River sediment loading

The Mhlatuzane River had two sites where sediment concentration was monitored, one at a
gauging station upstream (GS 12) and another at the point where the river discharges into the
dam (Othandweni Bridge). At first the sampling was to be limited to only GS 12 which is about
20km upstream of the Dam, because of the gauging station, it was easy to obtain the flow data
for the sampling days. Trial runs were however done on the Othandweni Bridge to compare
the sediment and flow and it was found that the flow and the sediment concentration varied

greatly when compared to that of GS 12 upstream.

The sediment concentration at the bridge point then became very important as that was the
point where the tail of the reservoir was. The sediment concentration observed in the river was
2230.64 mg/l on average. The sediment was then converted from milligrams per litre to
kilograms per cubic metre. The MAR for the Lubovane reservoir/Mhlatuzane catchment was
then used to calculate the sediment load passing that point annually. The sediment load was
found to be 2.98 t.ha.yr which was lower than the 17 t.ha.yr! modeled using RUSLE. This
was somehow expected since the study focused on measuring suspended load due to lack of
appropriate equipment and adequate time to measure bedload so the difference can be attributed
to sediment that was flowing as bedload during the periods of measurement. Sediment
concentration from grab samples using a water bottle is usually 25% less than that determined
using integrated suspended samplers (FAO, 2000). The sediment load from the Mhlatuzane
river translates to 156 093 t.yr! and when converted to volume using a mean sediment density
of 1.55 t.m™, the result shows that about 0.10x10° m? of sediment enters the reservoir each year
through the Mhlatuzane river on average.

5.4.2 Feeder Canal sediment loading

The Feeder canal conveys water from the Great Usuthu River and discharges in the Lubovane
reservoir. It has three off-takes, all of which are equipped with head control structures meant
for two purposes. The main purpose is to allow damming of the water so that it can flow into
the off-take pipe even in low flows and the other reason is to trap sediment, mainly bedload.
While working with the canal for about 2 years it was noticed that the sediment trapped by this

structures gets carried by fast moving water when the canal is flowing at full supply so the
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structures are not as efficient as they ought to be. Figure 5-17 shows the observed flows in the
canal from 2010 to 2015
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Figure 5-17: Annual Inflow volume for the Feeder canal (January 2010- December 2015)

The annual load of sediment in tonnes per year was computed and found to be 1 121 215.62
tons/yr. The annual deposit of sediment (ADS) from the canal was calculated using the
sediment density of 1.55 t.mand it was found to be 0.72x10° m3, which is higher than the
ADS from the river. When the sediment load from the canal was combined with that from the
Mhlatuzane River it resulted in sediment loading of 0.82x10® m® of sediment per year leading

to an annual loss in storage capacity of 0.52%.

The trap efficiency of the reservoir was calculated using the Brune’s method (Brune, 1953) and
was found to be 98.3%. In Zimbabwe, reservoirs of storage ratio of more than 0.1 are assumed
to have a 100% trap efficiency and the storage ratio of the Lubovane reservoir when
considering the MAR for both the river and the canal is 0.51. According to the data from the
sediment concentration, if the sediment loading remains constant, the reservoir will silt in in
about 190. It must, however, be noted that the sediment concentration was based on suspended
load and not bedload, so the actual sediment loading is expected to be higher than that observed
in the study because sediment is transported both along the river bed and in suspension

depending on the size of particles.
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The sediment loading in the feeder canal constituted more than 80% of the total sediment
loading estimated from the suspended sediment concentration observations. This is because,
apart from the observed high suspended sediment concentration in the FC, the flows in the
feeder canal are also higher than those at Mhlatuzane River hence the flow of sediment in kg/s
is higher as well.

55  Bathymetric Survey

Water level records for the reservoir date back to 24 November 2008 when first level recorded
as 209.37 metres above sea level which was about 27% to full capacity. So, effectively the dam
has been in operation for about 7 years. Figure 5-18 presents a Triangulated Irregular Network
(TIN) of the reservoir which shows the variance in observed elevations from the deepest point
to the spillway level. The deepest point surveyed was 45 m and it was found near the
Mhlatuzane Dam. The Golome dam also had deeper portions compared to the other sections in
the reservoir. Shallow areas were noticed towards the tail of the reservoir and at the discharge

point of the Feeder canal.
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Figure 5-18: Depth profile of the Lubovane reservoir
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The results obtained in the study show that there is siltation occurring in the reservoir. The
current volume at 224 metres above sea level from the bathymetric survey was found to be
140.14x10° m® and the original design capacity at full supply level is 154.83x10° m®. This
means that there has been a loss of 14.69x10° m® in storage due to sedimentation over the 7
years that the reservoir has lived. There is then an annual loss rate in capacity of 2.10x10° m3.yr
1 which is 1.36 % loss in storage capacity annually. At this annual sedimentation rate, if no
measures to reduce sediment loading are implemented, the Lubovane reservoir will now have
a new reduced lifespan of 81 years after which it will have silted up. The design life of the
reservoir and the estimated lifespan of the LUSIP is 100 years. A Mid-term evaluation report
prepared by Vasudeva (2006) during the construction phase of the dam embankments
mentioned the availability of excess trees within the area that would be inundated and
recommended that they be removed but they were not removed. This might have tempered with
the depth sounding results as the surface of the debris from those trees might have been wrongly
assumed to be sediment. This probable error can be identified and corrected after a second
bathymetric survey has been conducted and the annual sediment loading is compared with that

obtained from the first survey.

Figure 5-19 shows a comparison of the original reservoir level-capacity curve and the new one
that has been calculated in light of the sedimentation of the reservoir. Figure 5-20 shows the
new level-capacity and level-area curves and they reveal that sediment accumulation does not
only affect the capacity but it also causes a reduction in the surface area at each contour (see
also Appendix 10a and 10b). The study found that as sediment accumulated at the rate of 1.36%
of the total capacity, there has been an annual loss in area at FSL of 0.71%. The loss in area
can be articulated to that deposition of sediment starts at the tail of the reservoir where the river
discharges hence the more the sediment settling around those areas, the more area is lost.
However, with time some of the area at full supply is regained as the sediment subsides and is

pushed by the water towards the dam wall.
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Figure 5-19: Original and New level-capacity curve for the Lubovane Reservoir
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Figure 5-20: The new storage curve for Lubovane Reservoir
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The analysis of the sediment concentration data showed that the feeder canal discharges about
three quarters of the sediment in the reservoir. The canal conveys water from a larger Usuthu
river which has a catchment area of about 12 000 km? (Manyatsi and Brown, 2009), with flows
that can reach 100 m®/s hence the sediment concentration and transportation in the Usuthu
differs greatly from that of Mhlatuzane river. Table 5-5 presents a summary of the three

methods used in the study to assess sedimentation of the Lubovane reservoir.

Table 5-5: Summary of results from all the methods

Grab Sampling Bathymetric

(River + Canal) RUSLE Survey
Design Storage Capacity (*10® m? 154.83 154.83 154.83
Current Storage Capacity (*10°m?3) 149.09 150.66 140.13
Designed Lifespan (years) 100 100 100
Current Lifespan (years) 100 100 81
Time remaining until reservoir is silted 181 253 74
up (years)
Design Storage ratio 0.51 0.51 0.51
Current Storage Ratio 0.49 0.50 0.46
Annual Deposition of Sediment 0.82 0.56 2.10
Percentage storage lost to sediment to 3.71 2.53 9.49
date (%)
Annual percentage loss (%0) 0.53 0.39 1.36
Specific Sediment yield (t.km=2.yr?) - 1764.00 -

The Bathymetric survey method showed high annual sediment deposit determined when
compared with the grab sampling method and the RUSLE. This method considered sediment
that has already settled in the reservoir, over the years the reservoir has lived, both from
sediment loading from the canal and the Mhlatuzane River. This sediment includes particles
transported as suspended load and that transported as bedload. The grab sampling method in
this study considered only suspended sediment which is partly why the annual sediment loading
obtained from the grab sampling method is lower than that from the Bathymetric survey. When
comparing the sediment loading from the Mhlatuzane catchment obtained from RUSLE and
grab sampling at OB, the grab sampling method also showed lower sediment loading. This then
shows that in overall, the grab sampling method underestimated sediment loading because

bedload was not sampled. Moreover, sampling with the water bottle might also contributed to
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the low sediment loading from this method. A study that was conducted by the FAO (2000) to
analyze different grab sampling methods found that sampling using a water bottle usually
yields sediment concentration that is 25% less than other sophisticated methods like depth

integrated samplers.
5.6  Yield Projections and Water Demand

The annual volume of sediment obtained from the bathymetric survey was used to project the
available storage up to 2080. If sediment proceeds to accumulate at this rate and no measures
are put in place to reduce sedimentation, by 2080 storage will have reduced to about 5.7x10°
me. The results from the yield projections (Figure 5-21) show that, due to the loss in storage
capacity of the reservoir, reservoir yields at 20% risk level have been projected to decline by
1.23% annually on average. The changes in yields of the reservoir are variable from year to
year. The storage ratio of the reservoir has also been predicted to decline from 0.51 which is
the design storage ratio to 0.02 by 2080. The yields of the reservoir are higher than the storage
because yields are a function of both storage and MAR, so even if storage reduces, much can
still be harvested from the flows in the river and canal.

This reduction in storage ratio means that there will be an increase in losses through spillway
discharges during the wet season and thus, the water available for use in the dry season will be
reduced. The impacts of the storage loss will even be more felt when the inflows decrease due
to climate change and increased evaporation due to temperature increases. In a study conducted
by Carlos de Araujo et al. (2006) in Brazil to determine the loss of reservoir volume by
sedimentation and its impact on water availability in semi-arid regions of Brazil, storage loss

on average was found to be 0.56% annually and the reduction of annual yields was 0.37%.
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Figure 5-21: Projected impacts of storage capacity loss on reservoir yields against projected
water demand

Water demand was analysed and projected into the future in order to determine how it will be
affected by the decline in yields. Water demand for both domestic and agricultural use was
considered for the analysis. Currently the domestic water demand contributes for less than 1%
of the total demand but with the projected population it is expected to contribute about 1.8%
by 2080. The water demand for agriculture was kept at a fixed level under the assumption that
there will not be addition of land to be irrigated other than the land for which the project was
designed for. The results (Appendix 12) show that population will be over 180 000 by 2080,
demanding over 3.5x10° m? of water annually, assuming that the growth rate remains constant.
That means there will be an increase in the water demand from the LUSIP water supply system

and the Lubovane reservoir is the major component in the water supply.

In light of sediment accumulation, reduction in annual yields and the gradual increase in water
demand, from 2030 the available water will not be able to satisfy the critical demands. This
means that there will be need to start reducing the amount of land being irrigated. The yield
projections for this study were made under certain assumptions in order to enable ease of
analysis. The water demand for irrigation is assumed to be constant in the sense that no
additional land will be added for irrigation other than the land considered during design.
Another assumption was that no measures will be put in place to mitigate sedimentation rates

and that human impacts on soil erosion will not increase or decrease sediment yield of the
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Mhlatuzane micro-catchment significantly. The increase of temperatures due to global
warming was also assumed that it will not significantly affect evaporation rates in the micro-

catchment, even though this is highly unlikely as the micro-catchment is in semi-arid regions.

The annual sedimentation rates (1.36%) obtained in this study are quite high, even above the
1% global average according to the ICOLD (2009). It is therefore very important that sediment
reduction measures are implemented in order to ensure reliability of supply. The land
rehabilitation efforts by GEF already in place have to be accelerated to reduce sediment yield
in the Mhlatuzane micro-catchment. Silt traps also need to be constructed in the upstream
tributaries of the Mhlatuzane River and those areas can then be dedicated to sand mining. The
sandtrap of the feeder canal has to be seriously optimized, or better yet construction of another
sand trapping structure downstream is necessary to reduce sediment loading into the reservoir.
It is imperative to also update data by means of continuous bathymetric surveys in order to
assess the efficiency of sediment reduction methods.
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CHAPTER SIX

6.1 CONCLUSIONS

The main objective of the study was to determine the sediment yield of the Mhlatuzane sub-
basin and hence the sedimentation rates of the Lubovane reservoir so as to determine its
implications on the lifespan of the LUSI project with respect to continued availability of water
for irrigation and domestic use. Several methods were employed to meet the specific objectives

of the study and the following conclusions were drawn from the study:

e Significant changes were observed from the study over the years, and those relating
directly to soil erosion are changes in bare land and forested areas. There was a 10%
decrease in forest and shrubs on average from 1995 to 2015 and also an increase of 11%
in bare land. Validation of the land cover classification was done using the confusion
matrix and an overall accuracy of 72.8 % which is acceptable, was obtained.

e Sediment yield using RUSLE was found to be 17 t.hat.yr! on average with minimal
soil loss (0 - 10 t.ha™.yr) covered about 70-80% of the entire catchment in all the years
modeled. The observed soil loss from the soil erosion plots was found to be 4.02 t.ha"
1 yrton average and it was comparable with the modeled soil loss as the observed soil
loss was within the class that dominated in the catchment. The sediment yield from the
suspended sediment concentration in the Mhlatuzane River was 2.98 t.hal.yr?, still
within the class range which was dominant in the modeled sediment yield.

e The observed soil loss had a strong positive relationship with rainfall intensity, with an
RZvalue of 0.902

e More data on observed soil loss is required to calibrate the RUSLE model in order to
make it suitable for use in combination with GIS and remote sensing to model soil
erosion in the micro-catchment in future.

e The suspended sediment concentration results showed an annual sediment loading in
the reservoir of 1 121 215.62 tons/yr which translated to 0.72x108 m3, from the feeder
canal which had higher sediment concentration and subsequently sediment loading than
the Mhlatuzane river. The annual volume of sediment deposited in the reservoir from
the sediment concentration (river and canal) was found to be 0.82x10° m?, leading to

0.53% of storage capacity lost to sedimentation.
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e The results from bathymetric survey showed that storage capacity of 14.69x10° m*
(9.5%) has been lost to sedimentation to date, with an annual loss of 1.36%. The
lifespan of the reservoir will be reduced to 81 years from the designed 100 years if no
measures are implemented to reduce sediment loading.

e The study established that the canal is the main contributor of sediment loading into the
reservoir hence the sediment load reduction measures have to be concentrated on it.

e Sediment accumulation was projected and found to decrease reservoir yields at 20%
risk level by 1.23% annually and from 2030 onwards, the available water will not be
enough to meet critical demands at that risk level if no interventions are effected to
reduce sedimentation of the Reservoir.

6.2 RECOMMENDATIONS

e The study recommends that more soil erosion monitoring plots be set up in order to
monitor the changes in soil erosion with time, not only in the Mhlatuzane micro-
catchment but also in the broader Usuthu catchment to generate useful information for
future development.

e |t is also recommended that the Department of Water Affairs in Swaziland employs a
sediment monitoring program in the main rivers in the country in order to provide
information on the sediment flows in the rivers to generate useful information for
assessments of sediment loading and future developments.

e Sand trapping in the feeder canal should be optimized in order to reduce the transfer of
sediment from the Usuthu River to the reservoir. The current sand trap is not efficient
in trapping the silt as the water is turbulent throughout the stretch to the outlet (flow
regulating gates). The turbulence results from the force of the water coming in through
the pressure channel which is always fully open, as per the recommendations of the
operation manual.

e The study recommends the construction of another smaller sand trap about 10km
downstream where the velocity of the water would have reduced, allowing adequate
settling of larger particles hence reducing the sediment loading into the reservoir.

e It is recommended that the finer material of the sediment removed from the canal be
used in the canal servitude to promote grass growth in order to protect the canal and

side drains from erosion. The material being transported is mostly from eroded nutrient
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rich top soil. The coarser material can be as aggregates to create mortar for repairing

cracks, side drains and culverts along the canal stretch.
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LIST OF APPENDICES

APPENDIX 1: Silt deposits upstream of the Lubovane reservoir in the Mhlatuzane River (left) and the FC discharge point (right)

*Images taken of 5 February 2016
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APPENDIX 2: Annual Average rainfall distribution in the Mhlatuzane micro-catchment

Mhlatuzane Average Annual Rainfall (1981 - 2015)
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APPENDIX 3: Monthly evaporation rates from the Big Bend Met. Station

Month Eto (mm/day)
January 5.8
February 4.8
March 4.3
April 3.2
May 25
June 1.9
July 2.4
August 2.9
September 3.7
October 4.2
November 4.2
December 5.8
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APPENDIX 4: Annual Rainfall for Khubutha and Sithobela measuring rainfall stations

Annual Rainfall for Stations in Mhlatuzane Catchment
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APPENDIX 5: Thiessen polygons showing areal influence of rainfall stations

Areal influence of Rainfall Mhlatuzane Stations
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APPENDIX 6: Rainfall Trend analysis results from XLSTAT

XLSTAT 2016.02.27942 - Mann-Kendall trend tests - Start time: 6/19/2016 at 3:08:30 PM

Time series: Workbook = Sithobela Rainfall Data - Annual.xlsx / Sheet = Combined Rainfall / Range = '‘Combined Rainfall''$B$1:$B$36 / 35 rows and 1 column
Date data: Workbook = Sithobela Rainfall Data - Annual.xlIsx / Sheet = Combined Rainfall / Range = 'Combined Rainfall''$A$1:$A$36 / 35 rows and 1 column
Confidence interval (%): 5

Confidence interval (%)(Sen's slope): 5

Summary statistics:

Obs. with missing Obs. without Std.
Variable Observations data missing data Minimum Maximum Mean deviation
Annual Rainfall 35 0 35 345.654 1450.860 753.973 224871

Mann-Kendall trend test / Two-tailed test (Annual Rainfall):

Kendall's tau -0.123
S -73.000
Var(S) 0.000
p-value (Two-tailed) 0.309
Alpha 0.05

The p-value is computed using an exact method.

Test interpretation:

HO: There is no trend in the series

Ha: There is a trend in the series

The risk to reject the null hypothesis HO while it is true is 30.93%.

Sithembiso Mkhonta — MSc IWRM Page 103



Assessing the rate of sedimentation of the Lubovane reservoir and the implications on the lifespan of the LUSIP in Siphofaneni,

Swaziland

APENDIX 7a: Sediment collected per individual storm event from the four erosion monitoring plots

PLOT | Dimensions | Plot Date Rainfall | Duration | Sediment | Sediment | Erosion | Erosion | Erosion Comment
ID (m) Area | collected (mm) (hrs.) collected | collected | rates rates rates
(m?) (9) per mm of | (kg/km?) | (tkm?) | (t/ha/storm)
rainfall
(g/mm)

Plot1 | 10x 8 80 15-Jan-16 72 10 6986.90 | 97.04 87336.25 | 87.34 | 0.87 Pilot

Plot1 | 10x 8 80 26-Jan-16 24 24 1609.36 | 67.06 20117.05 | 20.12 0.20

Plot1 | 10x 8 80 22-Feb-16 |7 36 0.00 0.00 0.00 0.00 0.00 No Run-off/Soil
loss

Plot2 | 12x 8 96 22-Feb-16 | 11 24 239.20 21.75 2491.67 | 2.49 0.02

Plot3 | 11x 4 44 22-Feb-16 |2 12 0.00 0.00 0.00 0.00 0.00 No Run-off/Soil
loss

Plot4 | 9x7 63 22-Feb-16 |9 48 0.00 0.00 0.00 0.00 0.00 No Run-off/Soil
loss

Plot1 | 10x 8 80 09-Mar-16 | 53 10 4981.39 | 93.99 62267.38 | 62.27 0.62

Plot2 | 12x 8 96 09-Mar-16 | 38 14 2169.23 | 57.09 22596.15 | 22.60 | 0.23

Plot3 | 11x 4 44 09-Mar-16 | 32 12 505.3 15.79 11484.09 | 11.48 0.11

Plot4 | 9x7 63 09-Mar-16 |0 0 0 0.00 0.00 0.00 0.00 No Rain

Plot1 | 10x 8 80 15-Mar-16 | 36 60 1268.3 35.23 15853.75 | 15.85 0.16

Plot2 | 12x 8 96 15-Mar-16 | 20 20 1475.4 73.77 15368.75 | 15.37 0.15

Plot3 | 11x 4 44 15-Mar-16 | 9 9 107.9 11.99 2452.27 | 2.45 0.02

Plot4 | 9x7 63 15-Mar-16 | 65 48 95 1.46 1507.94 | 1.51 0.02
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APPENDIX 7b: Observed soil loss from the soil erosion plots (January — March 2016)

Erosion Rates vs Rainfall per Individual storm
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APPENDIX 8: Observed sediment concentration in the Mhlatuzane River and Feeder canal

Sediment Concentration
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APPENDIX 9: Sample of the 3270 Bathymetric points collected in the reservoir

Waypoint Lat Lon Elevation (m.a.s.l)
532 31.7141 -26.7563 219.18
533 31.71373 -26.756 218.68
534 31.71348 -26.7558 218.08
535 31.71318 -26.7556 217.18
536 31.71303 -26.7554 215.98
537 31.71287 -26.7553 215.28
538 31.71268 -26.7551 214.98
539 31.71242 -26.7549 214.38
540 31.71222 -26.7547 214.18
541 31.71202 -26.7545 213.18
542 31.71188 -26.7543 205.88
543 31.71157 -26.754 212.68
544 31.71125 -26.7537 211.58
545 31.71082 -26.7534 211.38
546 31.71063 -26.7532 209.58
547 31.7104 -26.7531 209.38
548 31.7102 -26.7528 208.38
549 31.70985 -26.7525 206.18
550 31.70953 -26.7522 210.38
551 31.70915 -26.7518 210.78
552 31.709 -26.7516 206.68
553 31.7088 -26.7514 199.28
554 31.70858 -26.7512 199.58
555 31.70838 -26.7509 196.58
556 31.70818 -26.7507 195.08
557 31.70798 -26.7504 192.98
558 31.70778 -26.7502 192.48
559 31.70758 -26.7499 190.78
560 31.70737 -26.7497 191.88
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APPENDIX 10a: Original Area-Level-Capacity relationships for the Lubovane Reservoir

Reservoir Level Reservoir Area | Reservoir Storage Comment
(m) (km?) (Mm®)
184 0.00 0.000
185 0.01 0.005
186 0.02 0.020
187 0.02 0.045
188 0.03 0.075
189 0.04 0.110
190 0.05 0.155
191 0.10 0.230
192 0.15 0.355
193 0.20 0.530
194 0.25 0.755
195 0.30 1.030
196 0.45 1.405
197 0.60 1.930
198 0.76 2.610
199 0.91 3.445
200 1.00 4.400
201 1.33 5.565
202 1.60 7.030
203 1.87 8.765 Dead Storage
204 2.15 10.775
205 2.42 13.060
206 2.85 15.695
207 3.27 18.755
208 3.70 22.240 Minimum Operating level
209 4.13 26.155
210 4.56 30.500
211 5.11 35.335
212 5.66 40.720
213 6.21 46.655
214 6.76 53.140
215 7.31 60.175
216 8.01 67.835
217 8.71 76.195
218 9.40 85.250
219 10.10 95.000
220 10.79 105.445
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221 11.57 116.625

222 12.35 128.585

223 13.12 141.320

224 13.90 154.830 Full Supply Level
225 14.68 169.120

226 15.54 184.230

227 16.40 200.200

228 17.37 217.085

229 18.13 234.835

230 18.99 253.395 Crest Level

APPENDIX 10b: New Area-Level-Capacity relationships for the Lubovane Reservoir

Elevations (m) New Area New Capacity Comment

184 0.000 0.000

185 0.002 0.002

186 0.004 0.005

187 0.007 0.011

188 0.011 0.020

189 0.015 0.032

190 0.020 0.049

191 0.029 0.073

192 0.083 0.128

193 0.138 0.236

194 0.233 0.417

195 0.363 0.709

196 0.498 1.138

197 0.608 1.688

198 0.743 2.359

199 0.904 3.179

200 1.097 4.173

201 1.351 5.388

202 1.632 6.875

203 1.910 8.644 | Dead Storage
204 2.200 10.700

205 2.509 13.045

206 2.862 15.723

207 3.233 18.765

208 3.617 22.186 | Minimum Operating Level
209 3.989 25.983

210 4.382 30.163
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211 4.804 34.750
212 5.231 39.758
213 5.681 45.211
214 6.162 51.128
215 6.669 57.535
216 7.186 64.456
217 7.677 71.885
218 8.116 79.778
219 8.540 88.101
220 9.064 96.883
221 9.760 106.280
222 10.629 116.459
223 11.814 127.636
224 13.217 140.141 | Full Supply Level
225 14.660 154.080
226 16.210 169.508
227 17.895 186.550
228 19.647 205.327
229 21.288 225.807
230 22.744 247.833
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APPENDIX 11: T.B. Mitchel Yield Curves used for estimating yields

Storage ratio SHAR
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APPENDIX 12: Projected population in the LUSIP project development area

Projected Population
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APPENDIX 13: Projected annual domestic and agricultural water demand

Total Annual water Demand
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