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Abstract

Globally, there is increasing concern over the increased damming of rivers, as this has led to
a change in the hydrological regime and transformation of river runoff. There are varying
impacts of dams on river flow regimes depending on how these dams are operated. Damming
of rivers has altered the hydrologic cycle globally, causing severe consequences for streams'
ecological and morphological equilibrium. Reservoir use and its impact on flow regimes have
not yet been linked in a recognizable way. This study assessed Nandoni Dam water resources
in relation to inflow and outflow, and the amount of streamflow required to maintain the
ecological integrity. The inflows and outflows in dam were determined using the traditional
water balance approach. Streamflow data collected at Mhinga station AQH012 downstream of
Nandoni Dam before dam construction was used to calculate environmental flows using the
IHA/RVA methodologies. Inflows trends over the study period were found to be on a downward
trend. Peaks in computed inflow occur during periods of heavy rainfall as excepted for rainfall-
runoff relationships. Abstraction of water from the Nandoni Dam for domestic purposes (i.e.,
to water treatment plants) increases over the study period despite increases or decreases in
dam water storage. The downstream flow of the dam is impacted both positively and
negatively, despite quantitative suggestions regarding streamflow required to maintain
ecological integrity. A range of environmental flow requirements was presented in this study
downstream of the Nandoni dam. Values for selected Environmental Flow Components
(EFCs) parameters are presented as percentiles between 10% and 90%. Different durations
of analysis show significant variations in minimum and maximum flows. High pulse numbers,
as well as the rate at which they rise and fall, have changed significantly. Hydrologic regime
downstream was disturbed, and streamflow variations were directly affected by the
construction of the dam. It is crucial to build a detailed water budget model that considers
climatic, hydrological, and stakeholder interests to optimize dam operation rules. Reservoir
operations must be developed with the participation of riparian communities, engineers,
hydrologists, physical geographers and climatologists and general environmentalists to be

socially, economically, and environmentally sustainable.

Keywords: climate change, ecological integrity, hydrologic alteration, inflows,

Nandoni Dam, water balance.
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CHAPTER 1: INTRODUCTION

1.1. Background
Globally, there is increasing concern about increased river damming, which has resulted in a

change in the hydrological regime and the modification of river runoff (Gierszewski et al.,
2020). According to a 1990 internal World Bank analysis of hydroelectric dam projects, 58%
were planned and completed without any consideration of downstream impacts, even when
these impacts might be projected to create major coastal erosion, pollution, and other
problems (Pottinger, 1996). In-stream dams alter river baseflows and flooding regimes,
affecting river water quality, pollution dilution, and habitat availability, and have resulted in the
fragmentation of more than half of the world's main river systems (Mantel et al., 2017). In
South Africa, 84% of 112'major rivers' (the main channel of a river that connects water
management regions) have been identified as critically endangered or vulnerable due to
human intervention (Mantel et al., 2017). Studies on the Pongolo River floodplain in South
Africa have revealed a decline in forest species variety following damming, and forests along
Kenya's Tana River appear to be slowly dying off due to a reduction in large floods caused by
a succession of dams (Pottinger, 1996). According to Mantel et al. (2010), the cumulative effect
of a large number of small dams is affecting the quality and quantity of water in South African
rivers, and these consequences must be carefully incorporated into the environmental water

monitoring procedure.

The study area is set on the Luvuvhu River in quaternary catchment A91F. The Luvuvhu River
Catchment is in the Luvuvhu/Letaba Water Management Area of South Africa's Limpopo
Province. The Luvuvhu River flows for around 200 kilometers across a variety of landscapes
before joining the Limpopo River near Pafuri in the Kruger National Park (Odiyo et al., 2015).
Dams in the LRC, according to Griscom (2007), have exerted a significantly greater impact
upon dry season flows than changes in land cover and are expected to continue to do so in
the future. The amount of water that is stored, how high the water level fluctuates, how much
silt is caught and released, and downstream flow patterns are all determined by dam operation
modes. Large dams impact downstream flows and change the physiography of catchment
areas all throughout the world (Schmutz and Moog, 2018). Streamflow variability has
increased within the Luvuvhu River Catchment over an 86-year period, indicating that
anthropogenic activities and reservoir construction may be influencing river flow (Ramulifho et
al., 2019).

© University of Venda
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The Luvuvhu River is dammed to form the Albasini Dam, which is located upstream of the
Nandoni Dam. Albasini Dam meets a portion of the irrigation needs of big commercial farms
in the catchment, whereas Nandoni Dam mostly meets domestic water supply needs. It also
promotes recreational and fishing activities (Odiyo et al., 2020). The Luvuvhu River Catchment
is one of South Africa's regions experiencing fast land cover and land use change. The
catchment has been subjected to significant land use change over the past decades as a
result of increased population growth and associated developments in Vhembe District,
causing accelerated environmental degradation and negatively impacting the hydrology and
water availability in the area (Kundu et al., 2015). Water availability for irrigated agriculture,
flow availability for dam water supplies, or water harvesting, and storage are all likely to

change as catchment water flows change (Odiyo et al., 2020).

1.2. Problem statement

The inflow into Nandoni Dam is ungauged. The Nandoni Dam receives inflows from Luvuvhu
River (water releases from Albasini dam) and its tributaries of Mambedi, Latonyanda and
Mvudi (Makhera et al., 2011). The flow contributions from tributaries to Luvuvhu River are
important for ecosystem sustenance, meeting downstream domestic and agricultural water
demand and ecological water requirements particularly in Kruger National Park (Odiyo et al.,
2012). According to Masupha and Moeletsi (2017) since the 1980's, the Luvuvhu River
Catchment had been subjected to arrange of mild to extreme droughts. It has been estimated
that if Nandoni Dam is not managed to maintain ecological flows, the river will dry five times
more than before the dam was constructed (Griscom, 2007). The variability of streamflow has

increased within the Luvuvhu River Catchment (Ramulifho et al., 2019).

1.3. Motivation

Studies that focus on Environmental Flow Requirements (EFR) in the Luvuvhu River are
limited and it is still unknown how the Nandoni Dam is affecting the downstream water users.
River restoration and water resources management could benefit greatly from investigating
and assessing downstream impacts of dams (Li et al., 2012). As a result of damming a river
ecosystem, natural resources, habitat quality, ecosystem integrity, and environmental
sustainability can be lost (WCD, 2000). Due to rapidly changing land use and land cover in
the Luvuvhu River Catchment (Kundu et al., 2015), it is also crucial to estimate impacts of
change in its water yield and water balance for the sustainable management of this water
resource (Adeogun et al., 2014) to ensure water security and environmental sustainability. An
integrated approach is required to manage Nandoni Dam in the Luvuvhu River Government

Water Scheme, supplying water for domestic, industrial, irrigation, and to maintain ecosystem
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health (Maré et al., 2007). Due to potential of Nandoni Dam impacting the streamflow regimes

and downstream water users in the LRC, it is crucial that such a study is conducted.

1.4. Objectives
The main objective of this study is to assess Nandoni Dam water resource pertaining to its
inflow and outflow and evaluate the dam construction impacts on downstream water users.

The specific objectives are to.
¢ Assess Nandoni Dam water resources in relation to inflow and outflow.
e Determining the amount of streamflow required to maintain the ecological integrity.

e Assessing Nandoni Dam impacts on streamflow trends between current and historic

flow conditions downstream.

1.5. Research questions

¢ How much water flows into and out of Nandoni Dam?

¢ How much water is required to meet environmental flow requirement downstream of

the dam?

¢ Does the Nandoni Dam affect the trends of streamflow downstream when compared

to historical flow conditions?

© University of Venda
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CHAPTER 2: LITERATURE REVIEW

2.1. Chapter overview

The goal of this chapter is to review the literature on water resources, downstream dam effects
on water flow requirements at dams, and other topics relevant to the study. Water consumption
and water resources are also discussed in relation to the impact of a variety of factors. A
literature review is also conducted on water availability and distribution in South Africa.
Furthermore, dams' effects on water supplies, flow requirements, and the environment were

discussed.

2.2. Introduction

Climate change and changing land-use patterns are driving global change, putting pressure
on natural water resources worldwide (Perry, 2015). Water quality and catchment water
protection are currently top priorities for policy makers, as well as sustainable water
management policies (Tena et al., 2019). Water from surface sources is an essential resource
in semi-arid regions (Tulbure et al., 2016). In order to secure future water supplies, reservoir
dynamic models should be developed for a river basin of a large size, considering
environmental change and an increase in water demand (Gulntner et al., 2004). Runoff
generation and water consumption need to be considered when evaluating hydrological
dynamics under environmental change (Glntner et al., 2004). There is typically a need to
cover a large area when evaluating a river basin, since any impact on the river basin will affect
downstream areas (Barbier, 2003). To ensure optimal water management, it is necessary to
analyse and measure the hydrologic processes occurring within the area of interest. By
relating runoff and reservoir storage to hydrologic processes within a watershed, flood risk can
be determined, or water availability can be anticipated (Vining and Vecchia, 2007). Flow rate
and catchment balance are key factors in managing water resources at the watershed level.
Managing water resources efficiently requires understanding how water flows through

watersheds and basins (Adeogun et al., 2014).

2.3. Agenda 21 of the Earth Summit in Rio 1992, and the successor reports on
Millennium Development Goals, followed by Sustainable Development Goals.

Since 1992, local governments have been working towards implementing Local Agenda 21,
an agreement made at the Earth Summit in Rio to promote sustainable development. Local
authorities have a crucial role in educating and motivating the public, as well as responding to
their needs, in order to achieve sustainable development (Carter and Darlow, 1997). The

actual implementation of Local Agenda 21 practices does not align with the ideal model. There
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is limited progress in terms of participation and many processes lack long-term planning and
monitoring. This disconnect between intentions and reality can be attributed to limited
resources and decision-making power of local governments, a hierarchical political-
administrative system, and the top-down mindset of local representatives. Despite these
challenges, Local Agenda 21 processes have had a lasting impact on how we approach and

carry out sustainable development (Alvesson and Sveningsson, 2015).

Sustainable development is a concept that considers the environmental, economic, and socio-
cultural needs in a way that is renewable and viable in the long term. Although the idea of
sustainable development is widely accepted, its actual implementation is lacking. At the United
Nations Conference on Environment and Development, a plan called Agenda 21 was
proposed to make sustainable development more practical. This plan included actions at
various levels, including international, national, regional, and local. At the local level, this plan
was referred to as Local Agenda 21 and was given a significant role due to the close proximity
of local authorities to citizens and businesses, their understanding of local needs, and their
influence on local actors (Barrutia et al., 2015). The World Summit on Sustainable
Development in 2002 was supposed to address global poverty and environmental protection
and provide specific targets and timelines for implementing Agenda 21. However, the summit
did not meet these goals. Negotiations were slow and often focused on minor details, and
instead of making significant progress, the summit ended up being more about damage control
(Von Frantzius, 2004).

The Sustainable Development Goals (SDGs) improve upon the Millennium Development
Goals (MDGs) by addressing more comprehensive challenges and emphasizing the need for
global economic reforms. Unlike the MDGs, the SDGs reject the idea that simplicity and
quantification are the best approach to setting global goals. However, the successful
implementation of the SDGs will require ongoing advocacy to ensure that authorities are held
accountable for achieving the targets (Fukuda-Parr, 2016). The Millennium Development
Goals (MDGs) were an effective way for the world to come together and address important
social issues such as poverty, hunger, disease, education, gender inequality, and
environmental problems. By establishing specific goals and measurable targets, the MDGs
helped to raise global awareness, hold governments accountable, improve data collection,
gather public feedback, and create pressure for action. They were seen as a way to evaluate

progress in the fight against poverty over a 15-year period (2000 — 2015) (Sachs, 2012).

The United Nations adopted the Sustainable Development Goals (SDGs) in 2015 as a

successor to the Millennium Development Goals. The SDGs encompass a wide range of
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objectives, including energy, climate, water, food, health, poverty, and innovation. This is a
significant improvement from the MDGs, which did not address these issues comprehensively.
The seventh SDG focuses on ensuring access to affordable, reliable, sustainable, and modern
energy for all. This goal is supported by three specific targets. By 2030, the goal is to make
sure everyone can access energy that is affordable, reliable, and up-to-date. Additionally, there
should be a significant increase in the use of renewable energy sources worldwide, and the

rate at which energy efficiency improves should be doubled (McCollum et al., 2018).

Mthembu and Nhamo (2021) discussed how South Africa has been adopting and
implementing the United Nations' Sustainable Development Goals (SDGs). The study found
that South Africa has made progress in aligning its initiatives with the SDGs, particularly
through its National Development Plan (NDP) Vision 2030. However, there are still some
challenges, such as uncertainty about funding for the SDGs. Overall, South Africa has taken
steps to domesticate the SDGs, but there is still work to be done (Lince-Deroche et al., 2016).
The "barometer for inclusive sustainable development in South Africa" is one way of
summarizing national SDG status. Using 20 critical indicators of environmental stress and
social deprivation, the barometer downscales global social and planetary boundaries.
Compared to the national average, provinces need different approaches to dealing with
environmental stress (Cole et al., 2014). However, there are some areas where environmental
stress is decreasing, including marine harvesting. In terms of social deprivation, historically
disadvantaged provinces show a greater degree of deprivation overall, with high levels of
unemployment, income and safety. Despite general decreases in deprivation, there are
notable exceptions, including food security in six provinces. The regional barometers and trend
plots provide comparisons of environmental and social indicators for all South African

provinces over time, which is unique (Cole et al., 2017).

2.4. Water resources availability in South Africa

Almost 260 million people in Sub-Saharan Africa suffer from undernutrition, while 600 million
in Africa lack access to clean water (Faramarzi et al., 2013). Various factors contribute to the
scarcity and difficulty of accessing and using water. Among these elements are variable
weather, uneven distribution of water resources, unexpected rainfall patterns, and human
factors like population growth and conflict over shared water resources (Yang et al., 2013).
Water resources in developing countries could be impacted significantly by climate change.
Dams and reservoirs have been built throughout the North African region in order to ensure
the steady flow of water in the face of significant interannual precipitation changes (Tramblay

et al., 2018). Water resources management and domestic water provision remain formidable
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challenges for many countries, especially in Africa. It is no exception for South Africa, despite

its relatively high economic development relative to its neighbours (Dungumaro, 2007).

South Africa is one of the driest nations in the world as a result of its semi-arid climate. Unless
the nation manages its current reserves and use patterns well, it will experience severe water
shortages (De Wet, 2010). South Africa, which has 450 mm of annual rainfall, falls short of the
global average of 860 mm (Botai et al., 2018). It is almost exclusively arid or semi-arid in the
interior and western parts of the country, with the exception of a tiny area along the south-
eastern coast. There are parts of the country that receive less than 500mm of rainfall per year,

while there are parts of the country which receive less than 200mm (Mukheibir, 2007).

Compared to other rivers in South Africa (Inkomati, Pongola, Limpopo, Orange), the Zambezi
River is the longest and most navigable. With a combined annual flow of only 49,000 m3/a,
the Zambezis contain more than twice as much water (Thopil and Pouris, 2016). South African
rivers are commonly dry throughout most of the year due to low stream flows. In view of this
physical characteristic, only a small proportion of stream flow is usable (Mukheibir and Sparks,
2003). According to Hanson and Basson (2003), Approximately 49 200 million m? of surface
water are available annually in South Africa, with the amount being highly variable in the drier
regions, which requires large reservoirs for relatively low yields. It is estimated that 50% of
water runoff in South Africa comes from strategic water source areas, despite only covering
8% of the land. It is estimated that these regions contribute to the economy and population of
South Africa by at least 51% and 64%, respectively (Nel et al., 2017). The growing population
and expansion of the economy in South Africa are putting a strain on freshwater resources
(Oberholster and Ashton, 2008).

In order to store more than two thirds of the average rainfall in the country, the government-
built dams. There are more than 500 dams registered in the country based on the 2016 dam
database (Mwendera and Atyosi, 2018). Physical water scarcity is predicted to severely impact
South Africa by 2030. In order to avoid a future water crisis, conventional schemes involving
impounding rivers need to be reduced (Fisher-Jeffes, 2017). Several parts of South Africa
depend heavily on groundwater for their freshwater, so protecting and allocating it has become
a key issue (Knuppe, 2011). Due to the country's hard rock geology, only 20% of its major
aquifer systems are exploitable at large scales (Thopil and Pouris, 2016). Several parts of the
country depend heavily on groundwater to sustain their livelihoods (Abiye and Bhattacharya,
2019). Ebrahim and Villholth (2016) report that groundwater has become an important water

resource in South Africa for multiple purposes. Aside from drinking, irrigation, and numerous
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industrial processes, it is frequently used in its natural state because of its good quality
(Edokpayi et al., 2018).

South African government officials have identified rainwater harvesting as a sustainable
alternative source of water for households (Strauss et al., 2016). Agricultural and domestic
activities can benefit from rainwater harvesting systems that collect, concentrate, and store
runoff (de Kwaadsteniet et al., 2013). A changing climate makes rainwater harvesting a viable
option for supplementing surface and groundwater supplies (Singh et al., 2017). Its
affordability and ease of operation and maintenance make rainwater harvesting (RWH)

superior to other sources of water supply (Ndiritu et al., 2014).

2.5. Water demand and supply in South Africa

In South Africa, the water crisis is being exacerbated by a decreasing water supply and
declining water quality (du Plessis, 2017b). Water supply within the country is under pressure
from increasing demand (Jacobs-Mata et al., 2018). Over 51 million people live in South Africa,
and 60% of them live in urban areas. Around 77% of the South African population depends on
surface water resources due to the uneven distribution of water resources. More than 60% of
Africans lack improved sanitation facilities and 40% lack improved water supply (Molekoa et
al., 2021). Approximately 70% of South Africans' drinking water is surface water, originating

from, streams, rivers, springs, lakes and ponds (George et al., 2010).

Water resources in South Africa are already at their limit after 97% of the supply has been
allocated. 60 percent of the water available for use is allocated to agriculture, 27 percent to
domestic use, 3 percent to industry, 3 percent to mining, and 2 percent to power. Other smaller
consumers make up the remainder (Ahjum et al., 2018). The consumption of water by South
Africans per month exceeds 6 kilolitres (Jacobs-Mata et al., 2018). Many large urban areas
are predicted to face water shortages, which will require interventions (Du Plessis, 2017b). In
order for a country to develop socio-economically, it must have access to water for food
security, industrial production, ecosystem maintenance, and industrial production. South
African suburban families consume approximately 300 liters of water per day, according to
Jacobs-Mata et al., 2018.

2.6. Dams/reservoirs as a source of water supply
The development of water resources worldwide has evolved in various ways and directions
throughout history. For a long time, humans have been trying to find ways to manage

freshwater resources in order to reduce their dependence on unpredictable river flows and
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rainfall (Gleick, 2000). To ensure a consistent water supply for human activities, it is necessary
to build dams and reservoirs to store water during rainy seasons and use it during droughts.
Dams are barriers that collect and raise the water level, while reservoirs are artificial bodies of
water created in river valleys for water storage (dos Anjos Luis and Cabral, 2021). There are
several factors that engineers consider when categorizing dams, including their size, purpose,
and age. Dams come in different sizes and the size of a dam can have significant
environmental impacts (Hansen et al., 2021). However, the criteria used to classify dam size
by government agencies and organizations do not accurately reflect this variation and are not
consistently applied. For example, the US Army Corps of Engineers considers dams to be
large if they pose a high risk to human life, are taller than 7.6 meters with a storage capacity
of over 18,500 cubic meters or are taller than about 1.8 meters with a storage capacity
exceeding 61,700 cubic meters. Other organizations have different criteria, such as classifying
dams as large if they are taller than 15 meters or have a reservoir capacity greater than 3 x
106 cubic meters (Poff and Hart, 2002).

Civilization built dams for flood control, irrigation, storage and during the development of
civilization. In addition to generating hydropower, dams are used as recreational facilities,
waste disposal sites, and for generating water for mills (Okyereh et al., 2019). Many countries
with seasonal rainfall regimes benefit from the installation of small dams to increase water
reliability for agricultural production (Hughes and Mantel, 2010). A dam can ensure a
dependable supply of water by storing freshwater during seasons and years of abundance
(Niasse, 2005). As a result of these dams, industries, municipalities, and farms gain increased
access to water, flood control is improved, and hydropower is produced. As a result of these
dams, industries, municipalities, and farms gain increased access to water, flood control is

improved, and hydropower is produced (Li et al., 2012a).

There are over 45,000 large dams in more than 140 countries, with the majority being in China,
the United States, India, Spain, and Japan (Tannahill et al., 2014). During times of water
stress, South Africa relies on storage reservoirs for water. Boardman and Foster (2011) report
that over 98% of the country's water resources have already been allocated to the use of their
citizens. Until after Apartheid, South Africa rarely constructed dams within or near homelands
(Mettetal, 2019). There are about 0.33 million people who receive a significant portion of their
livelihoods from surface water in the Mogalakwena River catchment area, where agricultural
livelihoods, industrial operations, and everyday use are highly dependent on surface water.
(Molekoa et al., 2022). 16 km southeast of Thohoyandou lies the Nandoni Dam of the Luvuvhu
River South African Government Water Scheme. Pumping stations, bulk water distribution

pipelines, and two water treatment plants make up the system. In addition to supplying water
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for domestic purposes, the scheme is also designed to supply irrigation water and water for
forestry (Fouche et al., 2013). South Africa's Eastern Cape province, at the mouth of the Tsitsa
River, two dams are being built as part of the Mzimvubu Water Project (MWP). (Ntabelanga
and Laleni dams). Rural, underdeveloped, and poor regions of this region will benefit

significantly from this investment (Bester et al., 2019).

2.7. Factors affecting downstream water uses.

The availability of water is fundamental to the survival of life, societies, and livelihoods. Both
managers and users face extraordinary challenges as water resource availability changes
(Okyereh et al., 2019). It is essential to understand the current challenges and to develop
innovative approaches to manage water resources effectively (Goonetilleke and Vithanage,
2017). Some of the difficulties cited by Connor (2015) include socioeconomic inequalities and
the lack of policies to address them effectively, chronic poverty, and discrimination and
inequalities in access to water and sanitation (Despite the fact that water services play a
significant role in human and economic development, they remain low on the policy priority
list)). Increasing air pollution and climate change increase the challenges associated with
environmental degradation, particularly water resources. (Okyereh et al., 2019). The
movement of terrestrial water is influenced by climate as well as human intervention, including
the operation of dams and withdrawal of water. The water cycle will be impacted by climate
change, which will affect how much water is available and how much water is demanded
(Haddeland et al., 2014; Oberholster and Ashton, 2008).

2.7.1. Climate change

In the past century, increased greenhouse gas emissions have greatly impacted global and
regional hydrological cycles (Hagemann et al., 2013). Temperature and precipitation
fluctuations have increased as a result of climate change. It is predicted that these changes
will both persist and accelerate in the future (Misra, 2014). When more stress is applied to a
shrub or woodland, evapotranspiration increases, water is used more efficiently, and
precipitation is intercepted more frequently. Surface water balance will be affected by this,
along with evapotranspiration, runoff, and groundwater flows (Garca-Ruiz et al., 2011).
According to most climate models, temperatures will rise, and precipitation will fall by the end
of the 21st century (Garca-Ruiz et al., 2011).

The quality, availability, and accessibility of water resources in Africa are under threat due to
climate change (Ziervogel et al., 2010). It is becoming increasingly evident that climate change
is adversely affecting nearly every aspect of human life in southern Africa. This includes

agricultural productivity, energy consumption, flood control, water supply to municipal and
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industrial facilities, as well as wildlife management and conservation. Throughout the region,
rainfall patterns vary greatly, as well as variations in rainfall over time and space (Kusangaya
et al., 2014). As a result of climate change, most climate models predict a 20% decrease in
precipitation for southern Africa by the 2080s. These changes are predicted to result in a

decrease in water availability and crop yields (Conway et al., 2015).

The South African government is one of the most concerned nations about climate change.
Extreme rainfall occurrences have increased, and global warming has increased by 1.5°C over
the past fifty years Ziervogel et al. (2014). climate change may create an increase in variability
in the availability and demand of water resources in South Africa, according to Cullis et al.
(2011). These dangers exist throughout the Orange River Basin in southern Africa because to
agrochemical runoff, population growth, farming pressure, and extreme weather. Climate
change, according to Sullivan (2011), is a factor in these risks because it is leading to higher

temperatures and shifting water availability.

2.7.2. Land use

Population and economic activity are growing in the Limpopo region (Cullis et al., 2011).
Afforestation, irrigation, and domestic use of water to supply the LRC large population, as well
as the construction of large dams in the catchment, negatively affect the flow of the Luvuvhu
River, especially in Kruger National Park (Maré et al., 2007). In addition to dams constructed
to store water, humans also withdraw water for industrial, agricultural, or domestic use.
(Haddeland et al., 2014) The region is growing in population as a result of migration from
outside South Africa and as a result of agriculture and mining (Todes et al., 2010). A recent
United Nations report predicts that nearly 6 billion people will lack access to clean water by
2050. In response to dramatic population growth and economic growth, water demand is on

the rise, resources are being depleted, and pollution is increasing (Boretti and Rosa, 2019a).

2.8. Impact of dam on downstream water uses.

Riparian communities are at risk of losing many environmental and social benefits as a result
of dam construction. Water competition and the livelihoods that depend on them can be
adversely affected by altered natural flow regimes downstream (Okyereh et al., 2019). There
are varying impacts of dams on river flow regimes depending on how they are operated.
Studying the impacts of dams on downstream ecosystems has gained worldwide attention in
recent years (Li et al., 2012a). As a result of damming, the hydrologic cycle has been altered
globally, causing severe consequences for streams' ecological and morphological equilibrium.

Reservoir use and its impact on flow regimes have not yet been linked in a recognizable way.
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The increase in water supply, on the other hand, promotes regional heterogeneity and

streamflow variability (Ferrazzi and Botter, 2019).

Water and other resources that depend on dams are often negatively impacted by their
presence. Multiplication of dams results in more withdrawals and altered flow regimes due to
fragmentation of river courses caused by dam construction (Niasse, 2005). Climate change,
unpredictability, and increased water withdrawal have all led to a decrease in water availability
in West Africa. The growth of huge dam projects has increased tensions and conflict risks due
to the interdependence of water supplies, which is at a high level (Niasse, 2005). Several
characteristics of the Yangtze River's flow regime have changed as a result of human activity
like dam construction. Different water users' water allocations and instream biological water
needs may not be guaranteed at certain times of the year, particularly during reservoir storage

phases, as a result of dam-induced changes in Yangtze River flow regimes (Li et al., 2012a).

2.9. Environmental impacts of the dam

Because they provide food, water, and other ecosystem services, rivers play a crucial part in
determining the physical and ecological landscapes of the planet (Beck et al., 2012). Dams,
artificial lakes, and large reservoirs on rivers are built to meet a large portion of a society's
water demand (Manouchehri and Mahmoodian, 2002), which may cause significant changes
to ecosystems. A growing number of people are concerned that dam projects will result in
irreversible environmental changes (Manatunge et al., 2008). During the construction phase
and after the completion of construction, dams cause many negative impacts on the
environment and society, but their most severe impacts last for thousands of years during the
operational phase (Alla and Liu, 2021). Adam can negatively affect the environment upstream,
downstream, and in a reservoir (Beck et al., 2012). It, however, has adverse effects on, aquatic

ecology, air quality, vegetation, wildlife, land, and water quality (Alla and Liu, 2021).

2.9.1. Impacts on Water Quality

There are many factors affecting water quality from dams, including their size, where they are
located in the river system, their altitude and latitude, and how long they are in operation
(Wang et al., 2014). Agricultural activities on floodplains are hampered owing to limited
nutrient-rich sediments in the reservoir, which limits its storage capacity and at the same time
limits sediment flow downstream (Manatunge et al., 2008). As a result of the reservoir's large
amount of nutrients, algae can grow freely. There is a possibility that this will lead to

eutrophication (Wang et al., 2012).
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Water quality has been investigated in the sub-catchments of the Vaal Dam and Wilge River
as part of the Lesotho Highlands Water Project. Water quality in the upper Vaal River reaches
has improved due to this management, and there have been no adverse effects on the Vaal
Dam. Despite this, the greater flow of water into the system could harm the environment of
the river due to the soil erosion caused by increased water flow (Wright, 2008). It was
determined that the Steelpoort River still has the same water quality as before the construction
of the De Hoop Dam and bulk water transfer pipeline, which was based on an assessment of
the impacts of both the dam and bulk water transfer pipeline just downstream of the dam.
However, sediment loads added during construction deteriorated the water quality in
Steelpoort River (Magala, 2015).

2.9.2. Impacts on Aquatic Ecology

In addition to altering natural flow regimes, dams adversely affect aquatic biodiversity in
several ways, including fragmenting habitat, reducing habitat quality and complexity, and
nutrient cycling, disrupting erosion, sediment transport and channel scouring (Beatty et al.,
2017). There are certain migratory patterns that aquatic species follows in rivers throughout
their life cycle. During different stages of their lives, such as spawning, juvenilehood, or sexual
maturity, species move between different reaches of a river.Many species may be driven to
extinction because of dams blocking their migratory paths and reducing their populations
(Wang, 2012). As a result of reservoir formation, water temperature, salt distribution, and
oxygen distribution may change vertically. Consequently, various species may emerge, and
the original environment may be replaced (Dwivedi et al., 2010). A dam's construction may
alter sediment charge, flows, temperatures, water quality, food availability or other water

physicochemical parameters affecting planskton (Wu et al., 2019).

Heath and Plater (2010) Identified sediment composition within two floodplain pans of the
Pongolo River floodplain, KwaZulu-Natal. The hydrological regimes of Bumbe and Sokhunti
pans differ due to their connection to the main Pongolo channel. According to the results, the
sediment composition and variability of the two pans are similar in their lower parts, but in
Bumbe pan, fine-grained mineral supply and nutrient influx are increased while in Sokhunti
pan, nutrient status is enhanced resulting in increased biogenic productivity. As a result of a
change in hydrology, flood frequencies have reduced, and baseline flows are more regular

resulting in a reduction in average flow velocity.
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2.9.3. Impacts on Land Use

Land use patterns may be impacted by reservoir inundation. Locals may be required to shift
upward so that new cropland can be cleared where forest originally covered the region.
Furthermore, this change in land usage may worsen soil erosion, endangering biodiversity
(Wang, 2012). Large dam developments have a negative impact on agricultural production on
various levels. The most direct and substantial effect that dams have on agriculture is flooding
of farms (Wang, 2012). Millions of people have been uprooted or relocated due to dam building
throughout the world, which has caused the ruin of innumerable archaeological and cultural
sites, the loss of more than a million dwellings, and substantial ecological impacts (Dwivedi et
al., 2010).

Following the construction of the Pongolapoort Dam on the Phongolo River in KwaZulu-Natal
in 1973, it drastically changed the hydrological response of the downstream floodplain. (2015)
(Dube et al.). The socioeconomic importance of wetlands and floodplains has been impacted
by the shifting flooding regime. Based on the rhetoric of economic opportunity and poverty
relief, it was investigated if the Nandoni dam would produce economic opportunities, reduce
poverty, and whether its development would develop rural areas. The Nandoni Dam benefits
the wealthy, powerful, and influential at the expense of the local community, with long-lasting

negative effects on their lives and livelihoods (Sinthumule, 2021).

(Kibret et al., 2021) four river basins in sub-Saharan Africa, the effects of minor and large dams
were examined (i.e., Omo-Turkana, Limpopo, Zambezi and Volta). Findings indicate that
dams' influence on malaria is far bigger than previously believed. Future disease control efforts
should be heavily focused on small and large dams because they are malaria hotspots. On
the Mngeni River near Durban, in the province of KwaZulu-Natal, this study looked at how the
relocation affected the quality of life for more than 1300 rural households with community
("tribal") tenure, settlement options, and barriers to effective adaptation. The dam generally
had a detrimental impact on the displaced households' quality of life. Even though people may
have access to amenities like electricity and water pipes, the lack of sufficient homes and land
overwhelm these advantages. There is an increase in monetary-based livelihoods due to an
inaccessibility to common property resources. In addition to internal constraints, external
factors also limit adaptability. People are moving to locations with bad economic conditions, a

lack of environmental resources, and an unfavourable political climate (Ninela, 2002).
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2.9.4. Impact on Vegetation/Terrestrial livings

As a result of damming, plants and other biota are impacted, which decreases bird populations
and diversity (Wu et al., 2019). When reservoirs are built, terrestrial plants are most affected
by flooding. However, animals emigrate far away from reservoirs as habitats are destroyed,
food habitats disappear, and activity spaces are diminished. In addition to regulating the local
climate, the reservoir fills with water and has a variety of vegetation types surrounding it.
Waterfowl habitats can also be created by irrigation development due to its wet climate (Wang
et al.,, 2012). A dam's impact on downstream river ecosystems was assessed in Limpopo
Province, South Africa. An assessment of five dams was conducted (Damani, Albasini,
Mambedi, Vondo and Nandoni) (Mokgoebo et al., 2018) incorporating aerial photography,
orthophotos, and fieldwork. It was observed that riparian vegetation decreased at Mambedi
and Vondo dams, indicating that they were more fragile and less resilient (Mokgoebo et al.,
2018).

2.10. Assessment of water resources in relation to inflow and outflow

The water balance is a basic principle in hydrology that is used to predict streamflow, soil
moisture, and groundwater availability (Al-Sudani, 2020). The balance of water in a catchment
area is mainly influenced by the overall climate conditions, with local factors playing a role as
well (Han et al., 2022, Makhtoumi et al., 2020). It is represented by an equation that considers
water inputs, outputs, and storage in a watershed. Inputs can be rainfall, snowmelt, or
imported water. Outputs include evaporation, transpiration, and sublimation, as well as
streamflow and water diversions. Water storage can be in the form of snow or ice, surface
water bodies, or underground (Kampf et al., 2020). The water budget equation explains how
water moves between the land, ocean, and atmosphere. If we can accurately calculate the
water budget, it means we can confidently study the changes in the water cycle and its

components over time and space (Lehmann et al., 2022).

Various hydrological models have been created with differences in their approach and
methods for calculating water balance components. These models also vary in complexity and
their suitability for different areas and time periods. The interconnected nature of the
hydrological cycle necessitates complex mathematical techniques and the use of
hydrometeorological and geophysical data (lvezic et al., 2017). The several models available
for assessing the water balance, including the WBalMo Model, SWAT, SEl's WEAP, and
CaWAT. These models are used to manage water resources, determine hydrologic

components, and plan for water allocation. Among these models, WEAP is widely used
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globally for accounting water balance on a monthly basis and can be applied to various scales

of water management (Phue and Chuenchooklin, 2020).

The WEAP model was used to evaluate and examine the management of water resources in
western Algeria's watersheds. The WEAP program provides planners with a strong foundation
to make recommendations for future water resource management by highlighting actionable
hotspots (Hamlat et al., 2013). WEAP was used to assess the water resource management
plans in Binhai New Area (BHNA). Several suggestions were made as a result of these
findings to help decision-makers organize water management to satisfy future demands in the
BHNA region (Li et al., 2015). The WEAP model was tested in the Steelpoort sub-basin of the
Olifants River in South Africa. The model may simulate and assess a range of water allocation
scenarios, but most significantly, user behavior scenarios, according to study by Lévite et al.
(2003a). WEAP was utilized to evaluate, analyse, and project prospective future
circumstances as well as the current balance and contribution of treated wastewater to the
Nablus and Tulkarm watersheds. The WEAP program provides a solid framework for planners

to use when making suggestions for managing water resources (Yaqob et al., 2015).

The hydrologic cycle in the SWAT model utilizes the water balance equation, which includes
the unsaturated zone and shallow aquifer as a single unit above the impermeable layer. water
balance equation is a crucial equation used in SWAT to forecast hydrology in a watershed
(Ghoraba, 2015). The water balance equation is a useful tool for understanding and studying
the water cycle in a river catchment. It has been used in various studies to explain changes in
hydro-climate, validate model estimates, and estimate components of the water cycle
(Lehmann et al., 2022). The advantage of this method is that it can help calculate unknown

components of the water balance equation (Maswanganye et al., 2022).

A study by Maswanganye et al., 2022, was conducted in pools located along the Touws River
in the Karoo region of South Africa. It examines water storage changes in pools along non-
perennial rivers in the semi-arid Karoo environment. To determine how water fluxes impact
pool dynamics, the study uses the water balance equation. By using water balance equations
and meteorological data, Al-Sudani (2020) estimated lIraq's water surplus and natural
groundwater recharge. In a study conducted in Southern Burkina Faso over two years, a small
reservoir was monitored. Reservoir fluxes were estimated using a simple approach based on
the mass conservation equation (Fowe et al., 2015). Water levels in Lake Victoria, which spans
Uganda, Kenya, Tanzania, Rwanda and Burundi, are determined by the water balance of
precipitation, evaporation, inflow from tributaries and outflow from the lake, which is controlled

by two hydropower dams (Vanderkelen et al., 2018). This surface water balance approach has
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the benefit of not needing in-depth groundwater modelling or evaluation and does not rely on

data or assumptions about lateral groundwater flows (Ahmad et al., 2020).

2.11. Environmental flow requirements

Due to the growing demand for water in communities, humans have built several water
structures over the past few decades. In recent years, reservoirs, especially multiple
reservoirs, have become increasingly popular because of their effects on river flow regimes
and ecosystems (Zhou et al., 2020). Globally, governments are reducing these impacts
through environmental flows requirements (Weber et al., 2017). Freshwater ecosystems,
human livelihoods, and human well-being are supported by environmental flows in quantities,
quality, and timing (Partel, 2019). According to Hughes and Hannart (2003), international
recognition is growing for the importance of retaining some elements of a river's natural flow
regime for sustainable development. The conservation of river systems with high biodiversity
profiles is a global priority. Water supply, nutrient cycling, and disturbance regulation are all

benefits of functioning river systems to society (Watson et al., 2019).

The water availability and ecosystem resilience have been severely strained in a number of
perennial river systems in South Africa due to excessive abstractions (Gokool et al., 2019).
Different catchments of the South African Lowveld have faced water shortages over the past
century (Pollard and Du Toit, 2011). The recently enacted Water Law of South Africa
emphasizes that low flows are crucial to aquatic and riparian ecosystems. In order to protect
aquatic and riparian ecosystems, meet rural community water demands, and fulfill
international obligations where rivers cross borders, an 'ecological reserve' must be
maintained at all times (Dye and Croke, 2003). Flow regimes of rivers include low flows as

part of a seasonal phenomenon (Smakhtin, 2001).

Environmental flow requirements must be considered when managing water resources in
South Africa. Our method simulates natural flow conditions using near-real-time rainfall
observations and operating rules. To ensure that downstream environmental flow objectives
are met, the operating rules define curtailments in water use supply and reservoir releases
(Hughes and Mallory, 2008). The characteristics of river flow must therefore be evaluated
before and after a river's flow regime is altered (Ali et al., 2019). As a result of dams and other
infrastructure, water flow regimes are altered in magnitude and pattern as a result of
hydrological alteration (AH) (Ali et al., 2019).
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The practice and science of environmental flow assessment (EFA) should guide water
managers or regulators in choosing the best approach for their context (Opperman et al.,
2018). A holistic approach to hydrological flow, habitat simulation, hydraulic flow, and rating
flow methodologies are currently the four major environmental flow methodologies (Partel,
2019). The relative simplicity and the ease of application of hydrological methods across the
globe make them widely used across the globe (Damiani, 2018). The Montana Method, the
Range of Variability Approach, etc., are several common classification methods (Hao et al.,
2016). River width, depth, and discharge are used to determine a hydraulic rating method
(Damiani et al., 2018). This classification is based on the Wetted Perimeter Method (Hao et
al., 2016). The use of habitat simulation methods is used in addition to hydrological and
hydraulic approaches for quantifying potential suitable habitats. Instream Flow Incremental

Methodology represents this classification best (Hao et al., 2016).

Water resources management relies heavily on hydrology, so hydrological methods are
frequently used to estimate EF. Many places provide time series of river flow data, from which
indices can be calculated (Jain, 2012). Water flow data from a daily or monthly basis is
analysed as part of an integrated hydrologic desktop approach, along with the basic principles
of river biophysical processes, which are linked to riverine resources through flow regimes
(Opperman et al., 2018). EFR estimates for the remaining categories call for in-depth research
at a specific location, which, depending on the methodology, can take weeks or even years.
When a specific project is being reviewed at a location along a river, these methodologies are
more appropriate (Mazvimavi et al., 2007). A thorough desktop hydrological analysis can be
facilitated using the Indicators of Hydrologic Alteration (IHA) (Ali et al., 2019). Since its
introduction by experts in the field of ecological hydrology in the 1990s, the IHA/RVA technique
has been successfully used in many basins throughout the world (Lin et al., 2016). The most
efficient way to evaluate hydrological alteration is to use IHA/RVA, which evaluates
hydrological alteration thoroughly and extensively based on 33 indicators in five groups
(Richter et al., 1996).

2.12. Assessing Dam impacts on streamflow trends between current and
historic flow conditions downstream.

Changes in the flow and availability of water along a river can have negative impacts on both
the environment and those who rely on the river downstream (Zhang et al., 2019). The way
dams are operated, and rivers are modified has led to changes in the riparian vegetation
dynamics in many river floodplain systems (Benjankar et al., 2012). Managing rivers by
building dams can change the way water flows, impacting the environment (Zimmerman et al.,

2010). These effects include disrupting ecological systems, reducing sediment delivery,
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changing water temperature, and interfering with the life cycles of aquatic species (Grill et al.,
2015). Dams are a significant factor in changing river systems, as they impact the ecology of
the water and surrounding areas by altering the flow of water downstream in terms of quality,

quantity, and timing (Aguiar et al., 2016).

It is important to study changes in river flow to understand the impact of dams on aquatic and
riparian species. Changes in the frequency, magnitude, and predictability of flow fluctuations
caused by dams have negative effects on the survival, reproductive success, and abundance
of these species (Zimmerman et al., 2010). The relationship between a river and its floodplain
is crucial for many environmental processes, but human activities have disrupted this
connection. Recent research suggests that we need to consider the natural processes
involved in order to maintain a healthy ecosystem (Stone et al., 2017). In order to achieve
sustainable dam development globally, there is a need for new methods and approaches to
better predict the impact of future dam construction on biodiversity, ecosystem functioning,

and river geomorphology (Grill et al., 2015).

A review by Mianabadi et al. (2021) identifies and examines three major categories of harm,
namely health, environmental, and economic harm. The exploitation of the Kamal Khan dam,
which is shared between Iran and Afghanistan, is being studied as a case. To do this, a model
that combines the Soil and Water Assessment Tool (SWAT), Indicators of Hydrologic Alteration
(IHA), dust storm events (DST), and crop production is being used to simulate the effects of
the dam under both past and future conditions. Marak et al. (2020) propose a methodological
framework for generating natural streamflow from postimpact data used in the Umiam
Watershed when prior impact data are unavailable. For simulating streamflow in the presence
of a reservoir as well as water transfer out of a watershed, the Soil and Water Assessment
Tool (SWAT) model is used. Changes in streamflow were analyzed using the Indicators of
Hydrologic Alteration (IHA) method.

The impact of the "Wtoctawek" dam on the flow of the Vistula River was assessed using the
IHA and RVA methods. The study found that the operation of the hydroelectric power plant
significantly alters the frequency and duration of low and high-flow pulses, as well as the rate
and frequency of flow changes (Gierszewski et al., 2020). The Mekong River basin's
hydrologic patterns were analysed by measuring 33 IHA parameters to determine the effects
of reservoir operations and climate change scenarios. Mean values of each IHA parameter
were calculated for pre- and post-impact periods for every downstream dam. The pre-impact
flow data, which represents the natural flow regime, were obtained from SWAT simulation runs

using historical climate data from 1986-2005. The post-impact flow data were obtained by
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simulating reservoir operations and climate change scenarios using HydROR for the period
2051-2070 (Shrestha et al., 2020).

Singh et al. (2022) attempt to assess the impacts of climate change on the discharge regime
of the Godavari River based on multidimensional flow characteristics. 32 indicators of
hydrologic alteration (IHAs) and flow duration curves (FDCs) were used to assess how climate
change is impacting river flow regimes. A monsoon-dominated mesoscale river basin in India
was investigated for the alteration of its hydrology caused by dam construction and for the
potential effects on its hydrology caused by expected climate changes. The natural flow of a
river was analyzed using 15 years of data before a dam was built. A hydrological model called
Soil and Water Assessment Tool (SWAT) was used to simulate future river flow based on
climate models for the near future. The Indicators of Hydrologic Alteration (IHA) method was
used to measure changes in the river's flow characteristics before and after the dam's
construction (Mittal et al., 2014).

A study conducted by Kim et al. (2016) looked at the impact of climate change and a new
water resource project on future runoff in the region. A rainfall-runoff model was created for
the Geum River, which recently underwent large-scale construction. Climate change scenarios
were generated using the HadGEM3-RA RCM model, and the SWAT model was used to
construct daily runoff series. The variability of runoff during two future periods was compared
to a reference period using the IHA program. The study conducted by El Jeitany et al. in 2023
examines how climate change impacts river ecosystems in the Upper Arno River basin. They
used a combination of methods to analyze the changes in streamflow and its effects on water
ecosystem services. Twenty hydrological models were used, specifically the Soil and Water
Assessment Tool (SWAT), along with different climate models and emission scenarios. The

researchers analyzed the streamflow data using the IHA method.

IHA has been used to study the effects of dam construction on environmental flows. For
example, Yang (2016) used IHA to examine the impact of dam construction on the Trinity and
Brazos rivers. Similarly, Zuo and Liang (2015) studied how the construction of a dam on the
Shaying River in China would affect its environmental flows (Mianabadi et al., 2021). (Taylor,
2001) found that the IHA methodology was applied by (Jewitt, 1999) for the evaluation of its
applicability to South African conditions. Streamflow gauging station C9H008 at Schoolplaats
downstream of the Vaalharts Dam, streamflow gauging station X2HOIO on the Noordkaap
River in the Northern Province, and IFR Site 2 on the Mkomazi River, which compares
naturalised streamflow’s generated at the IFR site with those generated by Rughes et al., are

the three sites where case studies were conducted by (Jewitt, 1999) when there was sufficient
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(1997). The three case studies showed that there were significant variations in streamflow in
South African rivers. Because of this, (Jewitt, 1999) thought the non-parametric analysis
(based on percentile data) option of the IRA technique was more appropriate for South African
contexts than parametric analysis (based on Gaussian statistics such as the mean). Moreover,
(Jewitt, 1999) pointed out that other criteria, like the Julian dates of annual severe
occurrences, were not well suited to semi-arid conditions even if this will rely on the amount

and timing of rain throughout the year (Taylor, 2001).

The SWAT model is a hydrological model that can simulate how water processes are affected
by different climate conditions and human actions using various types of data. It has been
commonly used in studies to evaluate the impact of dam and sluice operations on the
hydrological regime and ecological flow by incorporating the IHA (Luo et al., 2023). SWAT
does not simulate environmental flows directly. To overcome this limitation, researchers have
connected it with the hydrologic alteration model (IHA) in several studies (Mianabadi et al.,
2021). The SWAT model was used to simulate runoff in the Luvuvhu River watershed in South
Africa. In this architecture, QSWAT served as the interface between QGIS and SWAT. With
the exception of the validation results, the SWAT model's calibration generated results that
were acceptable. In the Luvuvhu River basin, the model is more appropriate for evaluating
general water resources than hydrological extreme analysis (Thavhana et al., 2018). The
Olifants Basin in South Africa was investigated using the SWAT model. The model's
calibration, validation, and uncertainty analysis were the main areas of focus. The SWAT
model can be used to recreate the hydrology of the Olifants Basin, making it a Decision
Support Tool (DST) for water managers and other decision-making organizations. This DST
may have an impact on policy priorities for managing watershed processes, particularly water

resources (Gyamfi et al., 2016).

2.13. Water resources assessment techniques

Computer technology has changed water resource management and hydrologic systems
(Jayakrishnan et al., 2005). Finding the most important components is the focus of water
sciences more and more. Many water assessment models have been developed as a result
of the mentioned issues (Abdollahi et al., 2018). Water resources studies and hydrologic
modelling have been supported by several computer-based hydrologic models (Jayakrishnan
et al., 2005).
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2.13.1. IHA and /RVA Models

The IHA allows for quick analysis of daily hydrologic records and was initially created to
characterize natural flow conditions and evaluate changes to flow regimes brought on by
humans (Mathews and Richter, 2007). We can use comparative statistical analysis to compare
before-and-after changes using the IHA variables (Ali et al., 2019). Hydrologic recordings of
daily flow measurements are used to construct 67 ecologically significant flow statistics
(Richter et al., 1996). Two categories are used by the IHA to analyze changes: first, a
hydrological perspective with 33 parameters. 34 environmental indices are also included in
the environmental parameters (Kim et al., 2011), which are shown in Tables A1 and A2 of the
appendices, respectively. The 33 hydrologic parameters that make up the IHA are divided into
five groups: the magnitude and duration of annual extreme water conditions, the magnitude of
monthly water conditions, the frequency and duration of high and low pulses, rate and
frequency of water condition changes and the timing of annual extreme water conditions
(Cheng et al., 2018).

Users can evaluate inter-annual variability and trends for selected time periods or for the full
period by evaluating each of the 33 components for each year of data (Mathews and Richter,
2007). Users can either do a trend analysis of more gradual changes in hydrologic conditions,
such as those brought on by the conversion of a landscape from forest to agricultural usage,
or they can conduct an impact study utilizing data from before and after an impact, such as
the construction of a dam. It is simpler to assess changes in hydrologic parameters over time
thanks to the tabular summaries and graphical output of IHA software (Mathews and Richter,
2007). Several environmental flow components, such as RVA and Environmental Flow
Components (EFC), have developed as a result of the IHA (Ma et al., 2014). The Range of
Variability Approach was created by Richarder et al. (1997) based on the intrinsic variability of
ariver's flow (RVA). The IHA software now includes the RVA. Based on the IHA, the RVA adds
hydrological variability and river ecological integrity. This tool assists river managers in setting
early flow management goals prior to the production of definitive, long-term ecological
research findings Taylor et al (2003). To effectively assess RVA's ability to capture natural

variability, 20 years of daily hydrological data are needed (Linnansaari et al., 2012).

Daily flow records obtained over a time period representing the natural flow regime can be
used to determine target values for each of the 33 parameters of the IHA (Richter et al., 1997).
Using quartiles, recommend three target ranges: lower targets are below the first quartile,
middle targets are 25-75th quartiles, and upper targets are above 75th quartiles (Richter et
al., 1998). Data points fall into both low and high target ranges for half of the data points. If the

flow is relatively unaltered, the altered flow regime should result in about the same number of
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data points as the natural flow regime. In natural, pre-development flow regimes, the targeted
flow range is not reached every year. Management objectives are to achieve it as frequently
as possible. The goal range for RVAs in the 25th and 75th percentiles should be reached by
only 50% of RVAs. Hydrological alteration can be measured by determining whether the RVA

target range has not been reached (Richter et al., 1998).

2.13.2. SWAT (Soil Water Assessment Tool)

The Soil and Water Assessment Tool (SWAT) is a model that assesses soil water using
physical-based methods at a river basin or watershed scale. It operates on a daily time step
and uses a command structure to route runoff and chemicals through the watershed (Adnan
et al.,, 2019). SWAT is a model created by the United States Department of Agriculture that
uses GIS technology to estimate how land management practices affect water flow, sediment
movement, and contaminant transport in large and intricate watersheds (Dhami et al., 2018,
Akoko et al., 2021). SWAT is a model that uses hydrological response units (HRUs) to
represent the different characteristics of land use, soil types, and slope within a watershed. It
divides the watershed into subbasins based on the size of the tributaries, and then further
divides these subbasins into smaller units called HRUs for more detailed modelling (Himanshu
et al., 2017).

The main benefit of SWAT is its ability to simulate large watersheds without needing a lot of
monitoring data. It can also predict how hydrological factors will change under different
management practices and environmental conditions. To run simulations, SWAT requires data
on elevation, land use, soil, and climate for the study area. These inputs are used to analyse
surface runoff and groundwater recharge. SWAT divides the simulation into two phases: the
land phase, which controls the amount of water and pollutants in each sub-basin, and the
routing phase, which considers how water and pollutants move through the channel network
(Nasiri et al., 2020).

A water balance equation (1) is used in SWAT to model the land phase of the hydrologic cycle:

t
SW, = SWy + Z 1[Rday = Qsurf — Eq — Wseep — ng] (1)
1=

where, SW, is the final soil water content (mm); SWj is the initial water content (mm).; t is the
time (days); R4y is the amount of precipitation on day i (mm); Qs is the amount of surface
runoff on day i (mm); E, is the amount of evapotranspiration on day i (mm); wg,,, is the amount
of water entering the vadose zone from the soil profile on day i (mm); : Q,,, is the amount of

return flow on day i (mm) (Nasiri et al., 2020). Surface runoff occurs when precipitation
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exceeds infiltration, and the precipitation does not get intercepted, infiltrated, or evaporated
(Ayivi and Jha, 2018).

2.13.3. WEAP (Water Evaluation and Planning system)

A model called WEAP was created by the Stockholm Environment Institute (SEI). The water
balance accounting principle calls for using a monthly basis. When a system is represented,
a variety of sources of supply and withdrawals are considered, along with water demands and
ecosystem requirements (Lévite et al., 2003a). These sources and withdrawals include things
like rivers, groundwater, and reservoirs. A sizable database must be entered for each
component of the network in order for the WEAP model to function. Because they may be
quickly modified, data structures and levels of detail can serve as a reflection of the restrictions
imposed when data is scarce (Hamlat et al., 2013). In a WEAP model, linkages that transport
water from the resource node to the demand site connect water resources and demand sites.
An essential part of the WEAP network is the water return flows from demand regions to
wastewater treatment plants (WWTPs) (Li et al., 2015). The physical hydrology of the region
and water management infrastructure are seamlessly integrated by the WEAP model to
determine how to allocate the available water resources to suit a variety of water needs
(Mounir et al., 2011).

The components of the water demand-supply system and their spatial relationships are
provided for the catchment under consideration in order to simulate water allocation. A
system's reservoirs, water sources, water demands, withdrawals, transmission, and
wastewater treatment facilities are all displayed. Surface water, groundwater, desalination,
and water reuse are some of these sources (Mounir et al., 2011). Under various assumptions
and management practices, WEAP forecasts demand and supply structures. Which supports
decision-making and planning, enables the design of resource allocation strategies to meet
future demands (Hollermann et al., 2010). Due to its simplicity of use and user-friendly
interface, this model is especially beneficial for stakeholder conversations on water resource
management. It can be helpful in increasing public comprehension and awareness of
significant issues (Lévite et al., 2003b). The WEAP model is also made to adapt to changing
user requirements, such as better knowledge, a change in policy, planning specifications, or
regional restrictions and conditions (Lévite et al., 2003a). WEAP is one of the most widely
used tools for worldwide integrated water resource management (IWRM) (Tena et al., 2019).
Several countries have utilized the WEAP model to investigate and simulate various water
systems, including Massachusetts, California, Southern Africa, Georgia, North Africa, and
many in Asia (Li et al., 2015).
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2.13.4. Water balance equation

The water balance can be calculated for any part of the hydrological cycle, regardless of its
size or shape, in order to determine an unknown aspect of the water balance. It is a way of
keeping track of all-important factors in a basin or reservoir over a specific time period (BENIN,
2016). The hydrologic balance for water bodies involves controlling the amount of stored water
and inflows from the surrounding area. It is calculated using a simple mass balance equation,
where the sum of all outflows is subtracted from the sum of inflows to determine the change
in the stored volume over a specific time period (Kahil et al., 2016). The equation used to
calculate the water balance of a system can be expressed as the basin continuity equation
(2):

Input — output = change in storage (2)
The daily runoff of the reservoir can be calculated by using information about the volume of
inflow and outflow, spillway capacity, precipitation, evaporation, seepage, reservoir area, and
other related factors. This information can be obtained from daily measurements of the
reservoir levels, an elevation-area-capacity table, a spillway capacity table, and records of
outflows such as irrigation release, seepage loss, and transfers to other reservoirs (Jaiswal et
al., 2020). Figure 2.1 summarizes the components of water balance in a reservoir (The arrows

indicate the input and output):

Evaporation

Luvuvhu River Inflow

DR and US

Luvuvhu River Outflow
DA

Figure 2.1: A conceptual diagram for Dam water balance.

The classical method of water balance calculation considers precipitation as the input and
factors such as runoff, evaporation, and infiltration as the output. Its goal is to provide the most
accurate estimation of these components using a simple formula and the least amount of input

data. The water balance equation can be written as follows (Al-Sudani, 2020).
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The inflow to a reservoir is important for determining its optimal operation policy. However, in
many cases, the inflow is not directly measured. Instead, the reservoir level is measured at
regular time intervals (Turner et al., 2021). The working table for the reservoir on a particular
day provides information on the reservoir level, releases, spillage, evaporation loss, and
rainfall inputs. To analyze the reservoir's operation, it is necessary to know the amount of water
entering the reservoir within a specific time interval (Edalat and Stephen, 2019). This can be
estimated using the water balance equation and the elevation-area-capacity table for the
reservoir. The net inflow to a reservoir is usually calculated based on the outflows, losses,
rainfall, and changes in storage. Reservoir storage is estimated using data on the reservoir
level and the elevation-storage curve. Ideally, inflows to a reservoir should be positive or at
least zero, but sometimes the calculations result in negative inflow estimates, which can be
due to various reasons (Fowe et al., 2015).

e The estimation of reservoir volume can be affected greatly by small errors (of the order
of mm) in the measurement and recording of reservoir level data. Further, strong winds
may result in incorrect measurements of reservoir levels at dam sites if they blow over
the surface of the reservoir

e A lack of elevation-area-capacity curves after sedimentation has led to a wrong
calculation of reservoir capacity at particular elevations.

¢ Negative inflows can occur if there is an error in the observations or data entry of
variables such as storage capacities, releases, losses/gains, and spill from a reservoir.

The water balance model of a reservoir explains how water levels change in response to
different inflow and outflow situations. It assumes that groundwater has little impact on the
reservoir over a long time period, so its contribution is considered negligible compared to other

inflows and outflows (Maswanganye et al., 2022).

2.14. Trend analysis

For rivers to be protected and developed efficiently, socioeconomic development needs to be
quantified in terms of water quantity and quality (Luo et al., 2019). The post-bias correction
method mixed with a hydrological model was proposed to estimate how dam construction
impacts hydrological indicators (Lu et al., 2018). Since correlations and regressions are
relatively simple theories, they are often used to assess the significance of the relationship

between two factors (Gan et al., 2014).
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2.14.1. Correlation analysis

The correlation between two variables serves as a gauge for their linear relationship. It is used
by academics to explain the strength and direction of correlations between two typically
continuous variables, according to O'Brien and Scott (2012). There are many applications for
correlation tests, including exploratory data analysis, data engineering, structural modelling,
and other applications (Makowski et al., 2020). The correlation coefficient, which ranges from
-1 (signifying a perfect negative correlation) to +1, indicates the "unitless" relationship between
two variables (indicating a perfect positive correlation). Hence, neither variable is used to

predict nor determine the outcome (Crawford, 2006).

It is useful to conduct correlation analyses when researchers are attempting to establish if
there is an association between two variables (O'Brien and Scott, 2012). It is the correlation
between systems that underlies their interaction in systems research. A strong correlation
between two systems increases the likelihood of them interacting with each other (Luo et al.,
2019). Statistics often use correlation analysis in many fields. In correlation analysis, two
numerical variables are compared to determine their degree of correlation. Considering the
study objective when estimating the sample size for correlation analysis is important (Bujang
and Baharum, 2016). In data analysis and methodological research, associations between
variables are often of interest. To measure monotone relationships, the Pearson's,
Spearman's, and Kendall's correlation coefficients are frequently used, with the latter two
typically being advised for data that are not normally distributed (Chok, 2010). The Pearson
correlation method is the most popular correlation methodology. Essentially, it is the
covariance between the two variables divided by the sum of their standard deviations
(Makowski et al., 2020).

Linear regression is the process by which an independent variable determines the value of a
dependent variable. It involves predicting one or more independent variables based on a
dependent variable (Kumari and Yadav, 2018). Analysis of regression is a statistical technique
used for building models based on two or more variables. In linear regression, two variables
are assumed to change proportionally when one changes (Bazdaric et al., 2021). As a result
of regression analysis, the value of dependent variable 'y' is calculated based on the range of
independent variable values 'x' (Maulud and Abdulazeez, 2020). Based on the mathematical

equation y = mx + ¢ (Kumari and Yadav, 2018)

Historical trends in global floods and streamflows were determined using a linear regression.
As a result, streamflow and flood timing impact the management of water resources and the

environment. From 1950 to 2016, changes in monthly, seasonal, and annual rainfall series in
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Bihar, India, were analyzed using non-parametric Mann-Kendall and parametric linear
regression tests. During the majority of the year, rainfall is projected to decline in the study
area, except for May (Zakwan and Ara, 2019). An investigation of the rainfall trend (mm/year)
in 13 districts of Uttarakhand State, located in the Central Himalayan region of India, was
conducted using Theil-Slope Sen's (TSS) and Simple Linear Regression (SLR). There are
both negative and positive tendencies in the rainfall time series of Uttarakhand's 13 districts
(Malik and Kumar, 2020). Mann-Kendall, Sen's slope estimator, and linear regression were
used to examine changes in annual and seasonal rainfall in the Udumalpet region of Tamil
Nadu. Both the Mann-Kendall test and Sen's slope estimator showed little difference between
the parametric (linear regression) and nonparametric techniques. Mann-Kendall Z statistics of
yearly and seasonal rainfall and Sen's slope estimator of yearly and seasonal rainfall showed
a trend based on a linear regression analysis (Thenmozhi and Kottiswaran, 2016). Four well-
known models for forecasting short-term streamflow were evaluated in the Heihe River basin
in North China and the Pearl River basin in South China, and each model was integrated with
the wavelet transform. An ANN, an autoregressive model, a regression model, an
autoregressive moving average, and a regressive moving average are all models that can be

used to develop each model (Sun et al., 2019).

2.15. Measures of model performance

Model performance is divided into four categories, each with a corresponding set of
quantitative thresholds: very good, good, fair, and poor (Da Silva Lelis et al., 2020).
Performance evaluation criteria (PECs) and performance measures (PMs) are necessary for

the calibration and validation of hydrologic and water quality models (Moriasi et al., 2015).

2.15.1. Model calibration

In calibration, input parameter values are adjusted along with boundary conditions to ensure
that the simulated and observed results are as close as possible (Moriasi et al., 2015).
Calibration consists of adjusting parameters to ensure that model solutions best fit
observations (Hamlat et al.,, 2013). Nowadays, it is normal practice to study the natural
hydrological laws and answer practice questions using distributed hydrological models.
However, its usefulness is constrained by the definition of the model parameters (Li et al.,
2012b). Due to the numerous parameters that must be simultaneously estimated, manual
calibration is time-consuming and challenging. As an alternative to manual calibration,
automatic calibration could provide users with an independent and time-saving method for

estimating model parameters (Perin et al., 2020).
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The IHA software allows users to change the settings of the algorithm by resetting the
calibration parameters. In Version 7.1, there are more options for calibrating the algorithm.
The default calibration now uses a single fixed threshold to separate high flows from low flows.
To effectively use the EFC outputs, it is important to calibrate the parameters used in the EFC
calculation algorithm. The best way to calibrate the algorithm is to view the graph of daily flow
data with EFC type coding, adjust the EFC parameters in the Analysis Properties window, and
save the changes. The IHA will then automatically rerun the Analysis and display the results
on the daily EFC graph. The graph can be evaluated to determine if the IHA is accurately
distinguishing between high and low flows, achieving the desired return interval for floods, and
other desired flow characteristics. The calibration parameters can also be displayed on the

graph.

The calibration of the Environmental Flow Components (EFC) algorithm involves two steps.
In the first step, the algorithm is adjusted to correctly split the hydrograph into low flows and
high flows. Only the parts of the hydrograph influenced by surface flow should be classified as
high flows. This can be done by adjusting the high flow threshold parameter in the non-
Advanced Calibration method, or by adjusting up to four parameters in the Advanced
Calibration method. The Advanced Calibration method provides more flexibility in calibration
but is more complex. It is recommended to experiment with adjusting these parameters to
understand how they control high flow events. The classification of high flows can vary
depending on the calibration method used. Multiple peaks can be classified as one long event
if they are above the high flow threshold, but individual peaks will be classified as separate
events if the classification is governed by rate thresholds. If it is desired to treat all high flow
events as separate events, the high flow threshold can be increased to a large value. The
choice of calibration method depends on the ecological needs of the study. If the focus is on
flow above a certain threshold, relying on the high flow threshold is recommended. If individual

flow peaks are ecologically significant, treating them as separate events may be better.

Step 2 involves calibrating the separation of high flows and low flows in the hydrograph. This
calibration is done by determining the desired number of high flow classes and extreme low
flows, and adjusting the minimum peak flows for small floods, large floods, and extreme low
flows. The bottom two boxes in the Environmental Flow Components tab of the Analysis
Properties window contain parameters. It would be helpful to have data on the flow rate that
causes floods, as well as the flow rates necessary for specific ecological functions, in order to
calibrate the return interval thresholds and the EFC algorithm. This calibration could be based
on floods that promote cottonwood recruitment, fish spawning, or other functions. Similar

considerations can be used to calibrate extreme low flows.
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2.15.2. Model validation

A model is validated when it reproduces field observations or predicts future conditions with
little adjustment (Moriasi et al., 2015). Model calibration takes place when the simulated and
observed outcomes nearly coincide (Khalil et al., 2018). Model validation, which is a
continuation of the calibration process, is necessary for every model application. It guarantees
that all factors and circumstances that may have an impact on model outcomes are considered
and makes it possible to forecast future behavior (Fonseca et al., 2014). A hydrological model
is evaluated by analysing observed and simulated variables. In most cases, simulated and
measured flows are compared (Waseem et al.,, 2017). Various approaches have been
employed, ranging from statistical and numerical comparisons to expert assessments of
similarity between observed and estimated variables (Willmott et al., 2015). Hydrological
models are automated and calibrated using performance criteria to minimize misfits between
observations and simulations (Wohling et al., 2013). Methods and metrics can be used to
assess the performance of hydrological models (Steyerberg et al., 2010). Model performance
has been evaluated widely using correlation-based methods, However, peak flows are
sensitive to these measures, while low flows are not. It is possible for Nash-Sutcliffe to produce
better agreement despite these limitations by improving its efficiency and coefficient of

determination (Waseem et al., 2017).

2.15.3. Coefficient of determination and Nash-Sutcliffe efficiency

A coefficient of determination, whose value ranges from 0 to 1, is a measurement of how much
variance is explained by observable data (Waseem et al., 2017). As R2 approaches 1, its
goodness of fit improves. In general, a result larger than 0.5 is regarded as acceptable
(Yaykiran et al., 2019). Although its shortcomings have been publicly publicized, Nash-Sutcliffe
efficiency is still commonly employed. When normalized by the variance of the actual
discharge, an observer's discharge deviates from his projected discharge in order to remove
bias. The range is specifically 1 to -, with 1 being perfect (Waseem et al., 2017). The approach
performs well when NSE values range from 0.0 to 1.0. Values below this make it impossible
to use the model since the simulated value will be lower than the mean observed value
(Yaykiran et al., 2019).

2.16. Chapter summary

To effectively manage water resources, it is important to consider the creation of runoff and
the amount of water being used. Studying hydrologic processes in a specific area can help
predict flood risks and determine water availability by analyzing runoff and reservoir storage.

Managing water resources at the watershed level involves understanding the rate of water
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flow and the balance of water collected. A thorough understanding of how water moves
through watersheds and basins is crucial for efficient water resource management. Agenda
21 was proposed at a United Nations conference to promote sustainable development. At the
local level, this plan was known as Local Agenda 21 and was considered important due to the
influence of local authorities on citizens and businesses. The Sustainable Development Goals
(SDGs) improve upon the Millennium Development Goals (MDGs) by addressing more
comprehensive challenges and emphasizing the need for global economic reforms. However,
ongoing advocacy is necessary to ensure that authorities are accountable for achieving the
SDGs.

The management of water resources has varied over time. Constructing dams and reservoirs
is essential for ensuring a consistent water supply for human activities. Dams have been built
for different reasons, including flood control, irrigation, storage, and hydropower generation.
They are also used for recreational activities, waste management, and providing water to mills.
South Africa has a dry climate and is at risk of experiencing water shortages unless it manages
its water reserves effectively. To address this, the government has built over 500 dams to store
rainfall. However, if steps are not taken to reduce the reliance on traditional river impoundment

methods, the country could face severe water scarcity by 2030.

Building dams can cause long-lasting damage to the environment, affecting aquatic life, air
and water quality, vegetation, wildlife, and land. The water balance, which is influenced by
climate and local factors, is important in predicting streamflow, soil moisture, and groundwater
availability. Different models can be used to calculate water balance components. Assessing
environmental flow is crucial for water managers and regulators, and the Indicators of
Hydrologic Alteration is a widely used tool for this. Introduced in the 1990s, this technique
evaluates hydrological alteration using 33 indicators in five groups, providing an efficient way

to assess water flow.
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CHAPTER 3: MATERIALS AND METHODS

3.1. Chapter overview

This chapter describes the study area which is Nandoni Dam in the LRC and its
characteristics. The different datasets required to achieve the objective of study are also
described. Also discussed are the sources and methods of collecting the data, as well as the
lengths of the hydro-meteorological variables. A detailed outline of the methods used to

accomplish the study's objectives concludes the chapter.

3.2. Study area

The study area lies between Nandoni Dam downstream of Thohoyandou, with coordinates
22°59'20"S and 30°36'27"E, and Kruger National Park about 58.84 km downstream. Nandoni
Dam is situated in quaternary catchment A91F on the Luvuvhu River (Figure 3.1 and 3.2). The
Luvuvhu River Catchment (LRC) is one of the South African places where floods have caused
significant damage and severe harm to fauna and vegetation. It is located in the Limpopo
Province of South Africa, in the Luvuvhu/Letaba Water Management Area. In this catchment
area, 5941 km? are subdivided into 14 quaternary catchments (Masupha and Moeletsi, 2017).
The catchment area of Nandoni Dam covers 169 233 hectares. Luvuvhu flows along the
southern edge of the Soutpansberg mountain range before meeting the Limpopo River, which
eventually reaches the Indian Ocean near the border with South Africa, Zimbabwe, and

Mozambique in Kruger National Park.
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Figure 3.1: Nandoni Dam in the Luvuvhu River Catchment, Vhembe district in Limpopo
South Africa.
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Figure 3.2 The downstream area of Nandoni dam includes Mhinga station (A9H012) and

Kruger National Park.

The Luvuvhu River serves a number of purposes, including domestic and agricultural water
needs, as well as ecological water needs for Kruger National Park. Odiyo et al. (2012)
estimated the flows that Latonyanda River contribute to Luvuvhu River downstream of Albasini
Dam. The Nandoni Dam has been chosen for this study in order to evaluate the impact it has
on the Luvuvhu River downstream. The Department of Water Affairs and Forestry (DWAF)
constructed the Nandoni dam in the Luvuvhu River to supply raw water supplies for 1.3 million
people in the Vhembe and portions of Mopani districts, Limpopo province, as well as controlled
releases downstream to supply water for wildlife in Kruger National Park (Gumbo et al., 2016).
The dam has a 1446 km catchment area and is made up of concrete and earth fill (Nthunya
et al., 2019). The dam has a storage capacity of 166,200,000 m? (Sinthumule, 2021).

The study area's climate is characterized by warm, humid summers and cold, dry winters
(Masupha and Moeletsi, 2018). Winter temperatures range from 9°C to 17°C, while summer
temperatures range from 22°C to 37°C (Kom et al., 2020). Between October and April, the
area receives 95% of its rain, and geography has a significant impact on the climate (Nemaxwi
et al., 2019). According to Odiyo et al. (2015), the distribution of precipitation is highly varied,
with the top portions of the catchment receiving the majority of precipitation and the lower
reaches around the Kruger National Park receiving the least. The annual average rainfall
ranges from 750 mm in dry years to 1500 mm in wet years (Louw, 2017). For quaternary
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catchment A91F, the mean annual precipitation, mean annual evaporation, and mean annual

runoff are 676 mm, 1647 mm, and 136 mm, respectively (Village and Town, 2017).

Floods have occurred in the basin over the years as a result of high rainfall related with the
ITCZ (Singo et al., 2012). Extreme occurrences in the watershed, according to Mathivha et al.
(2021), have an impact on groundwater resources, with a declining trend in groundwater
levels, streamflow, and rainfall over the study area. Several catastrophic floods and droughts
have been observed in the LRC, with significant negative impacts on agriculture and rural
people (Mathivha et al., 2021). According to Odiyo et al. (2015), the distribution of precipitation
is highly varied, with the upper regions of the catchment receiving the most amount of

precipitation and the lower reaches around the Kruger National Park receiving the least.

The dam is flanked by the Nandoni Game Park Resort and a Golf Estate, both of which provide
a variety of activities and services for the surrounding people (Bassey et al., 2012). Several
waterfront villages near the Nandoni dam are typical examples of emerging rural communities
with poor service delivery, a high unemployment rate, and poverty. The Nandoni dam provides
these villages with access to water for domestic needs such as bathing, washing, drinking,
and cooking. Many unemployed men in the area now make a living by catching fish and selling
them to local communities (Gumbo et al., 2016). Along the Nandoni dam and Levuvhu
riverbanks, soil is frequently mined for construction purposes as well as for the profitable brick-

making sector (Musakwa et al., 2020).

3.3. Data requirements, sources, and collection

Daily rainfall, evaporation station AOE004 and Downstream flow releases station AAH030 were
selected because are within Nandoni dam area (Figure 3.1). Dam water level, Downstream
flow releases, Uncontrolled spills and Domestic abstractions data were measured directly from
the dam stations, together with daily rainfall and evaporation data were used for assessing
Nandoni Dam water resources in relation to inflow and outflow. The streamflow gauging station
A9HO012 at Mhinga is the most downstream pointon the Luvuvhu River where flow
observations are taken. With the Kruger National Park (KNP) downstream of this flow gauging
station, any attempt to estimate flows into the park would have to be based on the flows
measured at this gauging station (Kagoda et al., 2010). The streamflow data from gauge
station A9H012 was used for determining the amount of streamflow required to maintain the
ecological integrity and assessing Nandoni Dam impacts on streamflow trends between

current and historic flow conditions downstream. Table 1 below summarizes all data gathered
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for this study which were requested and obtained via email from their respective departments

or organisations.

Table 1: Datasets requirements description and sources.

Data Description Gauge station Duration Sources
Rainfall A9E004 2009 - 2021 Department of water and
Climatic data Evaporation A9E004 2009 - 2021 Sanitation
Streamflow AQHO012 1987 — 2021
Dam water level A9R004 2007 — 2021 Department of water and
Hydrological | Downstream  flow A9H030 2007 — 2021 | Sanitation
data releases
Uncontrolled spills A9R0041 2006 — 2021
Domestic 2017 — 2021 Lepelle Northern Water
abstractions

Preliminary data scanning and cleaning found that there was missing data for different years
for different selected variables. About 23% of rainfall data from 2017 to 2020, 30% of
evaporation data from 2017 to 2020, 11% of downstream release data from 2017 to 2020 and
1.92% of streamflow data from 2017 to 2020 were missing. There were no missing data of
Dam Water level from 2017 to 2020 and Spill way data from 2017 to 2020. Domestic
abstractions by the treatment plant were obtained from the Lephelle Northern Water and this
was available from 2017 to 2020 with no missing data. In this study, the closest station to
station A9EQ004 is station A9E003. However, station AOQEO03 does not have reliable data
(Odiyo et al., 2020). Therefore, missing data in the study were filled in using the average
monthly data and, when applicable, the average between consecutive days of station AOE004.
The same principle was also implemented at station AQHO30 since dams have varying
discharge rates. In the case of missing data in station A9H012, the IHA software automatically

implemented an interpolation method to fill in the gaps.

3.4. Determination of trends and variability of hydroclimatic variables in the
study area

To demonstrate long-term changes and variability, the mean, standard deviation, and
skewness of each station were computed using Microsoft Excel's Data Analysis tool. The
standard deviation is a statistical parameter that has been widely used to examine rainfall
and/or streamflow variability (Odiyo et al., 2015). The mean, standard deviation, and skewness

uses the mathematical Equation, (3); (4); and (5), respectively.
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D Tk

U = T xer (5)

where: x= The mean value of the data set, x;=Value ofthe " pointin the data set,

n=The number of data points in the data set, o= standard deviation and #i; = skewness

Over the study period, using Microsoft Excel's Data Analysis tool, regression analysis was
conducted to determine trends in daily mean rainfall, streamflow and volume of dam storage.
This method fits a regression line to time series data, and the slope shows whether or not the
trend is strong. The null hypothesis states that the line's slope is zero. A number of trend
analysis studies have used linear regression (Odiyo et al., 2015). The linear regression

analysis uses the mathematical Equation (6), i.e.,

y = mx + C (6)

Linear regression analysis uses Y' as the outcome variable (dependent variable), ¢ as an
intercept, and m as the slope (regression coefficient) of X (Bazdaric et al., 2021). When Y
increases as x increases, "m" is positive. The value of "m" becomes negative as x rises and Y
falls. If Y did not alter with x, one would anticipate that "m" would be 0. In addition, the higher
the magnitude of "m", the steeper the change in Y with the change in x (Aggarwal and
Ranganathan, 2017).

3.5. Assess Nandoni Dam water resources in relation to inflow and outflow.

In order to balance the difference between inflow and outflow, the mass conservation principle
is used, or the storage equation (Goel et al., 2018). The components of the water balance
considered in this study were shown in Figure 2.1. Based on the availability and length of the
data period, the study selected a five-year study period (2017-2021) to accommodate the
amount of water abstracted from the dam to the water treatment plant. Equations (7) and (8)

were used to evaluate the dam's water resources based on inflows and outflows.

Inflow — Outflow = + Astorage (7)

S = +AStorage — R+ E + DA+ DR+ US (8)

where: Rainfall (R), Streamflow (S), Evaporation (E), Domestic abstractions (DA),
Downstream flow releases (DR) and Uncontrolled spills (US). Data from Nandoni dam storage,

rainfall, evaporation, uncontrolled spillway releases, and downstream flow releases were
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imported into Excel Spreadsheets, while domestic water abstractions were manually entered

into Excel Spreadsheets to compute Nandoni Dam's inflows.

3.6. Determining the streamflow required to support the ecological integrity
downstream of the Nandoni Dam

Indicators of Hydrologic Alteration (IHA) are 67 parameters that are grouped into two groups
for determining hydrological alterations and environmental flow requirements. There are 34
parameters that indicate natural environmental flow types and the ecological integrity
components of those flows (e.g., duration, magnitude, timing, frequency, and rate of change)
(Richter et al., 1996, Richter et al., 1997, Richter et al., 1998). This study determined
environmental flow components on the Luvuvhu River downstream of Nandoni Dam using
only these Environmental Flow Components (EFC) parameters. Determination of ecological
integrity was conducted using IHA software (Version 7.1) provided by The Nature Conservancy
(TNC). Within the software, there are threshold values that identify natural flow and are
characteristic of each EF component. This software requires data on natural streamflow’s on
a daily basis. The data from 1988 before the dam was constructed to 1998 was used as natural
streamflow. For the EFC calculations in Luvuvhu River downstream of Nandoni Dam,

threshold values presented in Table 2 were used.

Table 2: Percent of changes in the flood free season lengths of target sites in the Luvuvhu

River downstream of Nandoni Dam (adapted from, Ozcan, 2021).

EFC name Threshold defined to the software

Extreme low flows | 10% of daily flows for the period

Low flows 50% of daily flows for the period

High flow pulses | 75% of daily flows for the period

Small floods 2-year return interval value

Large floods 10-year return interval value

As shown in Table 2, an extreme low flow event is defined as a low flow peaking below 10%
of the average daily flow for the period (i.e., minimum) and ending when the next flow peak
exceeds this threshold value. In contrast, a low flow event is characterized by flow values
below 50% of the period's daily flows. A low flow should be above a threshold value for extreme
low flows. High flow pulse events occur when daily flows exceed 75% but peak below the
threshold for small floods. Initiation of a high flow occurs at a rate of 25% per day, and it ends

at a rate of 10% per day. An event is defined by the initial high flow exceeding its threshold,
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which for small floods is a 2-year return flow and for large floods is a 10-year return flow
(Conservancy, 2009, Ozcan, 2021).

The data were prepared in a format that suits the IHA software model input data requirements.
The process involved in set up for calibration and validation of streamflow are illustrated below

based on IHA Version 7.1. The default calibration in this study has been used (Figure 3.3).

perties for 25 =1k
Analysis Tite /Options | Analysis vears | Anahisis Days | Statistics Environmental Flow Componsnis | Flow Duration Cur\resl

Environmerital Flow Componert (EFC) analysis computes statistics for up o five different low components:
Extrerne Low Flows, Low Flows, High Flow Fulses, Small Floods, and Large Floods. fyouwish, this anaksis may
be perfformed for two separcte seasons (see Analysis Days tab).

The parametzrs used 1o define EFCs can be set below,

| High flow threshold ‘ ¥ Use agvanced Calibration Perameters
rlnitial High Flaw/Low Flow Separatan i
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Figure 3.3: The Environmental Flow Components tab
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3.7. Assessing changes in streamflow trends between current and historic flow
conditions downstream of Nandoni Dam

The IHA was used to assess hydrologic changes associated with dam construction. Mhinga
A9HO012 station downstream of the Nandoni Dam on the Luvuvhu River was used to achieve
this. Pre-impact (i.e., the period before construction of the dam) and post-impact (i.e., the
period after construction of the dam), were taken into consideration when conducting the
analysis. Pre-impact was considered 1988-1998, while post-impact was considered 2005-
2021. Analyses were not conducted during the period 1998-2005, which corresponded to the
actual construction of the dam. Non-parametric analysis was used as suggested in the IHA

manual (Conservancy, 2009). A middle Range of Variability Approach (RVA) zone upper and
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lower boundary is defined by the 25th percentile and 75th percentile of each IHA parameter.
Low and high RVA zones are automatically defined. The occurrence frequencies within each
RVA range were calculated based on the determination of these two boundaries. In order to
determine the number of occurrences of these flow events during altered conditions, the same
calculations were performed. Using these natural and altered frequency information, we
calculated the hydrologic alteration degrees within each RVA zone. As a result of Equation (9),

the hydrologic alterations were calculated as follows:

__ Obeserverd—Expected

HA

(9)

Expected

Hydrologic alteration percentage (HA) represents the hydrologic alteration percentage,
expected is how many years annual statistics fall within RVA limits before impact, and
observed is how many years they fall within RVA limits after impact. When the observed
frequency of post-impact annual values that fall within the RVA target range equals the
expected frequency, HA equals zero. A positive deviation value implies that the annual
parameter values occur more frequently than expected; a negative value suggests that the
annual values occur less frequently than expected. Richter et al. (1998) developed a simple
three-class grading approach for individual IHA, with degrees of HA defined by minimal or no
alteration (0%-33% as indicated by L), moderate alteration (34%-67% as indicated by M), and
high alteration (68%-100% as indicated by H) (Richter et al., 1996, Richter et al., 1997, Richter
et al., 1998).
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CHAPTER 4: RESULTS AND DISCUSSION

4.1. Chapter overview

This chapter presents the findings of the study and further discuss the impacts of Nandoni
Dam construction on downstream water resources. These impacts are presented through
assessing Nandoni Dam water resources in relation to inflow and outflow. In addition, this
include determining the amount of streamflow required to maintain ecological integrity and
evaluating Nandoni Dam impacts on streamflow trends between current and historic flow

conditions downstream.

4.2. Hydrometeorological data analysis

4.2.1. Rainfall

Average daily rainfall in station ASE0O04 at Nandoni Dam was 1.8 mm, with maximum and
minimum of 182.1 mm and 0.1 mm, respectively, as it can be seen in Figure 4.1 the daily
rainfall varies throughout the study period. The standard deviation of 7.05 shows that there is
high rainfall variability over time in the study area. The skewness of 9.94 shows that rainfall
series have right-skewed distributions with sharp peaks near the mean. It can also be seen
that the slope of the trend line is positive which indicate that the value of rainfall is slightly
increasing with time, with equation of y = 1E — 04x — 2.3196, although there are small

changes between time and amount of rainfall.
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Figure 4.1: Daily average rainfall Time Series for station AQE004 at Nandoni Dam (2009 —
2021).
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The average monthly and annual observed rainfall are shown in Figures 4.2(a) and 5(b).
Figure 4.2a showed that most rainfall is received in the summer months compared to winter
months in the Nandoni Dam sub-catchment. Nandoni Dam experiences hot, humid summers
and cool, dry winters as has been reported by Masupha and Moeletsi (2018). The month of
January experienced the highest rainfall average of 5.58 mm and June having the lowest daily
rainfall average of 0.08 mm. For annual rainfall as shown in Figure 4.2(b), excluding the year
2021, 2020 recorded the highest annual rainfall of 5.05 mm and the year 2012 recorded the
lowest annual rainfall of 0.77 mm. The highest rainfall in 2020 occurred after two consecutive
droughts that harmed water supplies in the LRC (i.e., 2014/15 and 2015/16), whereas the
lowest rainfall occurred in 2012 due to a drought (Odiyo et al., 2020).
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Figure 4.2: (a) A9E004- Monthly average Rainfall (2009 — 2021), (b) ASE004- Annual
average Rainfall (2009 — 2021).

According to Odiyo et al. (2020), rainfall trends in the LRC are affected by the rise in extreme
events. Historically, the wettest period has been the 1999/2000 rainfall season, which was
characterized by the landfall of tropical cyclone Eline in February 2000, which caused major
devastation in the northern region of South Africa (Odiyo et al., 2020). This occurred during
the construction period of the Nandoni Dam, therefore, did not have impact on the dam water
storage. In February 2012, tropical cyclone Dando caused flooding in the lower Luvuvhu River
Catchment. As a result of a tropical continental low in 2013, heavy rainfall was experienced,
and tropical cyclone Dineo was just north of the Limpopo River. As of March 2019, tropical
cyclone ldai was the strongest in the Southern Hemisphere since records were kept. The years
2014/15 and 2015/16 were two of the most severe drought seasons in the catchment's history
(Odiyo et al., 2020)
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4.2.2. Streamflow

The average daily streamflow at station AQH012 in Luvuvhu River downstream of the Nandoni
Dam was 6.252 m3s. An 86-year study suggests anthropogenic activities and reservoir
development may be affecting river flow in the Luvuvhu River Catchment (Ramulifho et al.,
2019). As shown in Figure 4.3, daily streamflow varies throughout the study period with a
standard deviation of 17.47. Skewness of 10.18 shows that streamflow series have right-
skewed distributions with sharp peaks near the mean. Furthermore, the slope of the trend
showed slightly decrease of streamflow over the period of the study, with the equationy =
6E — 05x + 4.00535. Matsika and Kruger stations are more likely than Mhinga station to cross
the zero-flow intercept in the near future (around 2030) as their streamflow data indicate

declining trends (Ramulifho et al., 2019).
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Figure 4.3: A9H012 - Daily average streamflow time series (1987 — 2021).

Figures 4.4(a) and 7(b) shows streamflow variation on a monthly and annual scale,
respectively. For Figure 4.4a, summer months register the highest streamflow’s, whereas
winter months record the lowest, and this is a similar behaviour to that showed by the rainfall
time series over the study period. February recorded the highest average streamflow of 20.7
m?3/s and June recording the lowest at 1.44 m?¥s. On an annual basis (Figure 4.4b), average
annual streamflow was 6.25 m3s. About 1.21 m®s was recorded as the lowest annual
streamflow in 1996, while the highest annual streamflow of 18.77 m?s in 2019. The high
annual streamflow in 2019 resulted from tropical cyclone Idai which was the strongest tropical

cyclone ever recorded in the Southern Hemisphere (Odiyo et al., 2020). For the year 2000 at
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Mhinga station, the station has the highest missing data and this is as a result of the heavy

downpour caused by tropical cyclone Eline's when it made landfall in 1999/2000.
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Figure 4.4: (a) A9H012- Monthly Average Streamflow (1987 — 2021), (b) A9H012- Annual
average Streamflow (1987 — 2021).

4.2.3. Temperature

Average maximum daily temperature in station AF91 (07236646) at Thohoyandou AWS was
27.16 °C, with maximum and minimum of 43.2 °C and 9 °C, respectively, as it can be seen in
Figure 4.5 that daily temperature varies throughout the study period. The skewness of -1.32,
shows that evaporation series have left-skewed distributions with low peaks near the mean
with standard deviation of 5.67 which shows that there is minimal evaporation variability. The
slope of the linear trend showed slightly increase of temperature over the period of the study
with the equation y = -5E-05x — 29.202.
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Figure 4.5: AF91 (07236646)- Daily average maximum temperature time series (1987 —
2021).
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The average monthly observed maximum temperature in Figure 4.6a showed that high
temperature is received in the summer months compared to winter months. The month of
January and February experienced the highest maximum average temperature of 29.46 °C
and July having the lowest maximum average temperature of 23.23 °C. Figure 4.6b shows the
maximum average annual temperature variation over the study period., the year 2005
recorded the highest annual maximum average temperature of 28.46 °C and the year 2017
recorded the lowest annual maximum average temperature of 21.47 °C (with a lot of missing

data), followed by the year 2000 with annual maximum average temperature of 25.87 °C.
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Figure 4.6: (a) AF91 (07236646) - Monthly average maximum temperature (1997 — 2020),
(b) AF91 (07236646) - Annual average maximum temperature (1997 — 2020).

4.2.4. Evaporation

Figure 4.7 shows the variation of daily evaporation rates in the study area over the study
period. The average daily evaporation for the Nandoni Dam sub-catchment was found to be
4.4 mm, with maximum and minimum of 14.5 mm. The skewness of 0.82 shows that
evaporation series have right-skewed distributions with low peaks near the mean with
standard deviation of 2.11 which shows that there is minimal evaporation variability around
Nandoni Dam. A study by Kundu et al. (2015) report that the evaporation rates in the Luvuvhu
Catchment are highly variable during the summer (October to March) and gradually decline
during the winter (April to September). Furthermore, the slope of the linear trend showed a
slightly increase of evaporation over the period of the study with the equation y =
0.0002x - 3.9321.
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Figure 4.7: AOE004- Daily average evaporation time series (2009-2021).

Figures 4.8 (a) and 11(b) shows the variation of monthly and annual evaporation over the
study period, respectively. The summer months have the highest evaporation compared to
winter months, with November having the highest average evaporation of 5.85 mm and June
having the lowest average evaporation of 2.82 mm. On an annual basis, the year 2009 had
the highest annual evaporation of 5.72 mm with an average annual evaporation of 4. 38 mm.
The lowest annual evaporation was recorded in 2013, with an average of 3.48 mm. A high
evaporation rate significantly reduces effective rainfall and runoff in the catchment (Singo,

2018). Due to its impact on water resources, evaporation is an important factor in the study.
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Figure 4.8: (a) A9E004- Monthly average of evaporation (2009— 2021), (b) A9E004- Annual
average of evaporation (2009- 2021).
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4.3 Analysis of Nandoni Dam water resources

4.3.1. Dam water storage

Figure 4.9 shows how the average daily dam storage varies throughout the study period. The
average daily dam storage was 157 845.84 M.L, with the maximum and minimum values being
192 463.369 M.L and 76 724.044 M.L, respectively over the study period. Based on the
skewness of -2.59, dam storage series have left-skewed distributions with low peaks near the
mean with standard deviation of 18 030.52, which shows that there is high storage volume
variability within Nandoni Dam. The slope of the trend line decreases with y = —2.328x +

164046, which indicate that the dam storage is decreasing over the period of the study.
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Figure 4.9: AOR004 — Nandoni Dam daily average water level time series 2007 — 2021.

Figures 4.10(a) and (b) shows the monthly and annual Nandoni Dam water storage for the
study period, respectively. As can be seen from Figure 4.10(a), the dam storage level
decreased from March to December, with March having the highest level of 162 919.38 M.L
and November having the lowest level of 150 584.66 M.L. The rainy season begins in the third
week of October and ends in the first week of April in the catchment area with high rainfall
(Tshililo, 2017). The slope of the trend line decreases with y = —952.87x + 164168, which
shows that the dam storage volume is decreasing over the period (months) of the study. On
an annual basis, Figure 4.10(b) shows the amount of dam storage water level of different years
with an average annual water storage of 157 845.84 M.L. The year 2011 had the highest
annual storage water of 168 178.98 M.L and the lowest annual storage water level was
recorded in 2016, with an average of 101096.24 M.L. This means that the amount of water
stored in dams is influenced by the amount of rainfall received. In 2011/2012, heavy rainfall

caused by tropical cyclone Dando led to an increase in dam storage in the Luvuvhu River
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Catchment. However, the catchment experienced two extremely dry seasons in 2014/15 and

2015/16, resulting in severe drought conditions (Odiyo et al., 2020). The slope of the linear

trend line decreases with y =-338.52x + 161797, which shows that dam storage is decreasing

over the period (years) of the study.
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Figure 4.10: (a) A9R004 — Monthly average of Nandoni Dam water level (2007 — 2021), (b)
A9R004 — Annual average of Nandoni Dam water level (2007 — 2021).

4.3.2. Uncontrolled spillway
As shown in Figure 4.11, the daily spillway varies throughout the study period. Average daily

spillway was found to be 4.02 m?®s and the maximum at 588.23 m?/s. The skewness of 20.91

shows that uncontrolled spillway series have right-skewed distributions with sharp peaks near

the mean and standard deviation of 14.92 indicate that the is high uncontrolled spillway

variability. The slope of the linear trend line increases with y = 0.0007x + 1.9493 , which

shows that there is slightly increase of uncontrolled spillway over the period of the study.
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A9R0041- Nandoni Dam daily average uncontrolled spill (2006 — 2021).
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Figures 4.12 (a) and (b) shows the annual and monthly dam water spill, respectively. From
Figure 4.12(a), the amount of spillway flow varies every year, with an average annual spillway
flow of 4.02 m?®s. About 9.7 m3s of uncontrolled spills was recorded as the highest annual
spillway flow in 2018. In 2016 and 2019, no spillway flow was recorded. In Figure 4.12(b), it
can be observed that summer months recorded the highest amount of spillway from the dam
compared to winter months, with January having the highest discharge value of 12.26 m3/s

and October having the lowest discharge of 0.14 m3/s.
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Figure 4.12: (a) A9R0041- Annual average of Nandoni Dam uncontrolled spillway (2006 —
2021), (b) A9R0041- Monthly average of Nandoni Dam uncontrolled spillway (2006 — 2021).

4.3.3. Domestic water abstraction

Figure 4.13 illustrates how daily water abstraction varies throughout the study period. The
average daily domestic water abstraction from the dam was 48 298.65 m?3/s, with maximum
and minimum values of 72 700 m?®*/s and 0 m?/s, respectively. The skewness of -1.304 water
abstraction series have left-skewed distributions with low peaks near the mean with standard
deviation of 72 44.51 which shows there is high variability. Equation ofy = 8.377x — 336056
shows that the slope of the trend line increases, indicating that the amount of domestic water

abstraction is increasing over the period of the study.
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Figure 4.13: Nandoni Dam daily domestic water abstraction time series (2017 — 2021).

4.3.4. Dam outlet flow analysis

In 2018, 160 daily values were missing. The average daily outflow from the dam was 3.876
m?3/s, with maximum and minimum values of 57.07 m®s and 0.179 m?s, respectively. As
shown in Figure 4.14, the average daily outflow varies throughout the study period. The
skewness 4.17 of dam outlet flow series have right-skewed distributions with peaks near the
mean with standard deviation of 8.3. The slope of the linear trend line increases with y =
0.0008x - 28.904, which shows that the amount of dam outlet flow is slightly increasing over

the period of the study.
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Figure 4.14: A9H030 - Nandoni Dam outflow Time Series (2007 — 2021).
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Figures 4.15 (a) and (b) shows the annual and monthly dam outflow time series, respectively.
From Figure 4.15(a), the amount of Nandoni Dam outflow varies every year, with an average
annual of 3.23 m%s. About 8.44 m3/s was recorded as the highest annual average outflow in
2020. The lowest average annual outflow was recorded in 2018, with an average of 0.97 m?/s.
As the study area receives high rainfall in summer (Masupha and Moeletsi, 2018), in Figure
4.15(b), it can be observed that summer months recorded the highest amount of outflow from
the dam compared to winter months, with January having the highest discharge value of 10.27
m?3/s and September having the lowest discharge of 1.32 m?s. This may be influenced by high

temperature and rates of evaporation over the summer months.
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Figure 4.15: (a) A9HO030 - Annual average of - Nandoni Dam outflow (2007 — 2021), (b)
A9HO030- Monthly average of Nandoni Dam water outflow (2007 — 2021).

Evaporation is high during summer months due to high temperatures. Furthermore, when
there is high rainfall in late summer, dam storage peaks. Early summer is characterized by
high evaporation and low dam storage. The Luvuvhu Catchment experiences highly variable
evaporation during the summer (October to March) and a gradual decline during the winter
(April to September) (Kundu et al., 2015). In the catchment, the rainy season begins in the
third week of October and ends in the first week of April the following year (Tshililo, 2017). The
catchment is characterised by high evaporation rate significantly reduces effective rainfall and
runoff (Singo, 2018). In South Africa, rainfall distribution is skewed due to high solar radiation

and high evaporation rates, resulting in low water availability (Olivier et al., 2020).

Figures 4.16 (a) and (b) shows the outflow vs storage and abstractions vs storage for Nandoni

Dam, respectively. It can be seen in Figure 4.16(a) that there was a constant outflow for the
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most part except when the dam storage increases and reaches its peak, that's when the
outflow increases rapidly. In March 2017, for instance, the dam's storage increased from
97683.72 M/L in January to 170299.86 M/L, and the outflow increased rapidly from 0.55M/L in
February to 18.03 M/L in March. The dam's storage rises from 155130.30 M/L in February to
164598.78 M/L in May 2019, and the outflow spiked in February 2019 to reach 18.82. Dam
storage reached 169 338.41 M/L in March 2020, and the outflow reached 51.66. In February
2021, dam storage reached 181 519.02 M/L, and the outflow reached 47.2 m3/s. It appears
that the outflow of the dam is being controlled in response to dam storage peaks. It can be
seen in Figure 4.16(b) that despite increases or decreases in dam storage, the amount of

water abstracted from the dam to water treatment plant is increasing over time.
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Figure 4.16: (a) Daily average dam outlet flow against daily average dam storage, (b) Daily

domestic water abstracted to water treatment against dam storage.

4.3.5. Inflow data analysis

Inflow into the Nandoni Dam was computed and is presented in Figure 4.17. The average daily
inflow was found to be 0.099 m?3, with the maximum and minimum values being 6.15 m? and -
3.546 m?3, respectively. The skewness of 4.00 computed inflow series has right-skewed
distributions with low peaks near the mean with standard deviation of 0.596 which shows there
is low variability of computed inflow. Equation y = —0.0001x + 5.769, shows that the slope of
the trendline decreases, indicating that the computed inflow is slightly decreasing over the

period of the study.
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Figure 4.17: Estimated daily average inflow of Nandoni dam (2017-2021).

Figures 4.18 (a) and (b) shows the average annual and monthly inflow time series to the dam,
respectively. Figure 4.18(a), the amount of computed inflow varies every year, with an average
annual inflow of 0.099m?3. The highest annual inflow in 2017 was 0.215m® and the lowest
annual inflow in 2019 was -0.030. The skewness of 0.078 computed inflow series has right-
skewed distributions with low peaks near the mean with standard deviation of 0.429 which
shows there is low variability of computed inflow. The equationy = —0.0072x + 0.1276 shows
that the slope of the trend line decreases, indicating that the computed inflow is slightly
decreasing over the period of the study. The skewness of 1.816 computed inflow series has
right-skewed distributions with low peaks near the mean with standard deviation of 0.2 which
shows there is low variability of computed inflow. The equation y = —0.032x + 0.3022 shows
that the slope of the trend line decreases, indicating that the computed inflow is slightly

decreasing over the period (days) of the study (Figure 4.18b).
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Figure 4.18: (a) Estimated annual average inflow for Nandoni Dam and (b) monthly average

of Nandoni Dam.

Negative values were observed in the inflows to a reservoir, which is not ideal as they should
ideally be positive or zero. This could be due to errors in measuring and recording reservoir
level data, as even small errors can greatly affect volume estimation. Additionally, incorrect
measurements may occur if strong winds blow over the reservoir's surface. Furthermore,
without elevation-area-capacity curves after sedimentation, the calculation of reservoir

capacity at specific elevations may be incorrect.

Figures 4.19 (a) and (b) shows the relationship between storage vs inflow and rain inflow for
the study area, respectively. When inflows peak, dam storage increases and peaks during
those periods, as shown in Figure 4.19a, and vice versa. The operationalization of the
reservoir is closely related to the behavior of inflows, according to a study done at the reservoir
of the Queimado Hydroelectric Power Plant in the Preto River Basin within the So Francisco
River Basin (Generoso et al., 2022). The coefficient of correlation between dam storage
change and computed inflow is 0.99, which indicates that the two have a strong positive
relationship. The computed inflow peaks during periods of high rainfall, as illustrated in Figure
4.19(b), and vice versa. The correlation between the two variables is 0.27, indicating that there

is only a weak positive relationship between them.
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Figure 4.19: (a) Daily average dam storage water against computed inflow, (b) Daily average

rainfall against computed inflow.

4.3.6. Dam water resources

The indicators of water level in Nandoni Dam storage are shown in Figure 4.20. It can be
observed that maximum and high are above 100% and below 120%, where minimum water
level is above 40% and below 70% of the dam storage. Moderately high-water level is between
97% and 100%, normal is between 94 and 100%, low is between 70% and 96 %, and very

low is below 96% and 70% depending on the months of a year.
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Figure 4.20: Variation of the Nandoni Dam storage (Source; DWS, 2022).
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As it is illustrated in Figure 4.21, it was observed that the recorded highest daily dam storage
was 109% in February 2021 which fall under high water level, and the lowest daily dam storage
was 58.42% in 2017 January which falls under very low dam storage. Dam storage in 2017
increased rapidly from 58.42% in January to 102.03% in March which is within high dam
storage. From March peak it started to decrease and reached 93.83% in 2018 February which
is within low dam storage and rapidly increased to 101.46% in March which is within high dam
storage. In July 2018 it reached maximum storage with 103.7% and decreased to 92.62% in
December 2018 which is within low water level storage. From December 2018 it increases
and reach 99.15% in May 2019 which is within normal range of water level storage and after
it decreases and reached 84.49% in 2019 December which is within low water level storage.
From December 2019 it increased to 102.02% in March which is within high water level
storage then decreased to 92.75% in December 2020 which is within low water level and
increased to 109.27 in February 2021.
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Figure 4.21: Daily percentage of Nandoni Dam water level.

Rainfall and streamflow variability affect the amount and distribution of water available (Odiyo
et al., 2015). A change in precipitation amounts tends to affect runoff volume, while a change
in air temperatures tends to affect runoff timing. Seasonal water supplies and regional water
resources are adversely impacted by the change in streamflow regime. By operating

reservoirs appropriately, the burden of sustainable water resources can be mitigated, and
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adverse impacts caused by climate change and variations are mitigated (Li et al., 2010). It is
common to experience extremely dry and wet conditions in the Luvuvhu River Catchment
(Mazibuko et al., 2021). Luvuvhu River Catchment rainfall and streamflow variability have
increased over 86 years (Odiyo et al., 2015). The catchment experiences high variations in
rainfall and evaporation (Onyari and llunga, 2013). Evaporation is highest during the rainfall
season (about 60%), while evaporation is lowest during the dry season (DWA, 2003). In areas
with high evaporation, effective rainfall is reduced, runoff is reduced, soil is infiltrated, ground
water recharge is impeded, and sediment concentrations in water bodies increase. (Singo et
al., 2016). There has been a rise in extreme events in the Luvuvhu River catchment, which
has affected rainfall trends. Since then, several landfalls have occurred in this catchment
(Odiyo et al., 2020).

It was already evident in 2009 that Cape Town's water supplies needed to be boosted, but
officials dismissed the recommendations (Muller, 2018). Some industries and agricultural
activities were not drawing their full allocation during the —ainy years (2013 & 2014). During
the three years (2015 - 2017), where the city experienced severe drought, the city experienced
day zero, (Muller, 2018). In the Luvuvhu catchment, where Nandoni dam is located, there is
plenty of water, though the catchment is likely to face water shortages soon (Nare et al., 2013).
According to Odiyo et al., 2020, most stations along the Luvuvhu River indicated that
temperatures and rainfall would increase and decrease, respectively, over the short-term and
long-term. It is estimated that by the year 2076, temperatures will have increased by more
than 2°C (Odiyo et al., 2020). According to Odiyo et al., 2020, annual cumulative inflows into
Albasini and Nandoni Dams in the near future will increase linearly while those in the far future
will decrease (Odiyo et al., 2020). Odiyo et al., 2020 found that cumulative inflows vary from
year to year, which will affect water resource availability and allocation. To meet the increasing
demands of Thohoyandou and Louis Trichardt's industrial and urban areas, Nandoni Dam was
built (Nare et al., 2013). As home water usage rises and there is a need to augment the Giyani
regional and Matoks bulk water delivery schemes, the Nandoni Dam system is predicted to
have severe water supply shortages in the future (Odiyo et al., 2020, Rikhotso, 2020). As the
Nandoni Dam augments Albasini Dam, Louis Trichardt originally received transferred water
from Albasini Dam. As part of the Sinthumule Kutama Bulk Water Augmentation Project and
the Makhado West Regional Bulk Water Supply (Lombaard et al., 2015). In addition to water
availability, the study area will also be impacted by water consumption increases downstream
and the reduced capacity of the dams due to sedimentation and evaporation losses (Odiyo et
al., 2020).
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4.4. Streamflow required to maintain the ecological integrity

The IHA calculated parameters for five ecologically relevant EFCs: large flood, small floods,
high flow pulse, low flow pulse and extreme low flows. According to the EFCs of the IHA, the
34 environmental flow parameters were calculated using the daily natural time series
downstream of Nandoni Dam in the Luvuvhu River at station AQH012 (Mhinga). Values for
selected parameters are presented as percentiles between 10% and 90%. Each parameter is
analysed based on the environmental flow suggestions shown in Table 3, for more details
Table A2 in the appendices provides a summary of these EFCs Parameters and their
Ecosystem Influences. These are potential effects that flow alteration by dams have to
negatively impact the environment by disturbing biological life in streams. For extreme low
flows, lowest flow that can be observed is between 0.001 and 0.05. Duration of the highest
event can be between 1 and 15 days for once as it is presented in Table 3. The possible
timings of the occurrence can be between 282 and 82 Julian date. The frequency of occurring
in a year < 8.8. For high flow pulses, highest flow that was observed ranged between 3.75 —
22.5. Duration of the highest event can be between 3.5 and 28.8 days for once. The possible
timings of the occurrence can be between 330.5 and 167.1 Julian date. The frequency of
occurring in a year 0.6 = and < 10.4. For the small floods, the highest flow that can be observed
ranged between 83.09 — 137.8. Duration of the highest event can be between 12 and 62 days
for once. The possible timings of the occurrence can be between 349 and 56 Julian date. The
frequency of occurring in a year < 1.8. For the large flood peak, the IHA software only showed
the 50% percentile of the highest flow, duration of the highest event and possible timing of the
occurrence. Which are 366.7, 233 days for once and 43 Julian date. The frequency of
occurring in a year < 0.8. It is important to emphasize that these environmental flow
suggestions are based on natural requirements. Dam operational or management-related

issues either have no or little effect.

57

© University of Venda



)
o

&5 ) university of Venda
C

Table 3: The Environmental Flow Components (EFCs) Values as cumulative percentiles

ranging from 10% to 90%.

| 10% | 25% | 50% | 75% | 90%

EFC Monthly Low Flows
October Low Flow 0.1432 | 0.1548 | 0.4605 1.205 2.856
November Low Flow 0.0874 0.12 0.3625 1.672 3.419
December Low Flow 0.1952 | 0.5191 1.32 2.773 4.233
January Low Flow 0.157 0.7195 1.921 3.01 3.431
February Low Flow 0.231 1.251 1.537 3.668 4.462
March Low Flow 0.251 2.245 2.954 4.425 4.436
April Low Flow 0.073 1.164 2.346 3.272 4.462
May Low Flow 0.599 0.9175 | 2.025 3.911 4.446
June Low Flow 0.16 0.3843 | 0.991 1.825 4.141
July Low Flow 0.289 0.6845 1.068 2.55 4.215
August Low Flow 0.2741 | 0.3755 1.077 1.583 2.24
September Low Flow 0.1564 | 0.3661 1.012 1.721 3.62

Extreme low Flows
Extreme low peak 0.001 0.001 0.0075 0.0295 0.05
Extreme low duration 1 3.25 8 13.25 15
Extreme low timing 282 302.4 324 342.5 82
Extreme low frequency 0 0 1 3 8.8
High flow
High flow peak 3.762 4.772 5.908 13.44 22.5
High flow duration 3.2 5.75 7 19.5 28.8
High flow timing 330.5 349.3 5 30.75 167.1
High flow frequency 0.6 3 5 7 10.4
Small Flood
Small Flood peak 83.09 85.9 111.4 137.6 137.8
Small Flood duration 12 15.5 39 55.75 63
Small Flood timing 349 362 19 41.25 56
Small Flood frequency 0 0 0 1 1.8
Large flood

Large flood peak - - 366.7 - -
Large flood duration - - 233 - -
Large flood timing - - 43 - -
Large flood frequency 0 0 0 0 0.8

Figure 4.22 show the daily natural flow hydrograph for the Mhinga station downstream of the
Nandoni Dam, the Figure 25 further shows the different EFC representations. To maintain
riverine integrity, it is essential to maintain these five types of flow events. By default, high
flows are set to >75%, low flows to 50%, extreme low flows to 10%, two-year return flows for

small floods and 10-year return flows for large floods (Kannan et al., 2018).
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Figure 4.22: Daily natural hydrographs of the Luvuvhu River downstream of Nandoni Dam at
Mhinga station A9H012 with EFC representations.

Ecologists have classified river hydrographs into five EFCs based on a recurrent set of
ecologically important hydrographic patterns in order to preserve the integrity of riverine
ecosystems. It is crucial to maintain enough flows during high flow periods, floods, and
extremely low flow situations in addition to maintaining adequate flows during low flow times
(Mathews and Richter, 2007). Moreover, environmental flow recommendations, flow-ecology
models, flow restoration and protection programs, monitoring and research programs are
developed using the output of IHA software, particularly the EFCs and their intra- and inter-

annual characteristics (Mathews and Richter, 2007).

These thresholds were used to gauge the amount of water in the Luanginga basin, a section
of the upper Zambezi River, and the results served as the foundation for future multi-criteria
decision analyses (MCDA). Hydrological indicators and MCDA were combined to produce a
methodology that is adaptable to both application platforms and subject matter (Butchart-
Kuhlmann et al., 2018). To assess current flow conditions and estimate environmental flow of
the Turag River in Bangladesh, range of variability approach (RVA), flow duration curve (FDC)
and mean annual flow (MAF) methods were applied. (Rahman et al., 2013), and IHA software
was utilized to calculate environmental flow. Environmental flow requirements for Sakarya
watershed in Turkey were defined in terms of 34 Environmental Flow Components (EFCs)
parameters (Ozcan, 2021). A natural river restoration perspective should be used when
selecting these environmental flow components. If these values are implemented, the Luvuvhu
River downstream of Nandoni Dam would return to its near-natural state similar to its condition

before the dam was built.
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4.5. Changes in streamflow between current and historic flow conditions

downstream of Nandoni Dam

Figure 4.23 depicts a summary of hydrologic indicators below the Nandoni dam, with Table 4
showing the RVA Scorecard, Pre, and post impact downstream of the dam. Prior to and after
dam construction, the impacts of the dam on middle RVA categories flow were analyzed for
comparison. Tables A1 and A2 in appendices provide the summary of IHA parameters and

EFC parameters, along with the ecosystem influences they have on the ecosystems.
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Figure 4.23: RVA categorisation of hydrologic indicators downstream of Nandoni Dam.
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Table 4: IHA Non-Parametric RVA Scorecard, Pre, and post impact downstream of Nandoni

Dam
Pre-impact period: 1988-1998 Post-impact period: 2005-2021
Coeff. of Coeff. of
Medians | Dispersion | Minimum | Maximum | Medians | Dispersion | Minimum | Maximum
Parameter Group #1
October 0.386 5.516 0 4.526 1.153 0.9219 0.272 3.427
November 0.22 7.827 0.0175 5.422 1.177 0.5994 0.396 2.785
December 3.41 1.207 0.089 7.58 2174 1.99 0.878 16.46
January 3.836 0.811 0.028 1212 3.38 3.392 0.92 35.87
February 7.118 1.353 0.013 55.8 7.178 1.825 1.344 165.2
March 5.688 2.014 0.119 25.36 7.297 1.512 0.98 104.9
April 2.995 2.415 0 12.45 4.941 1.208 0.771 104.9
May 2.029 1.848 0 13.06 2.403 1.642 0.46 104.9
June 1.463 2.014 0 7.205 2.002 0.8563 0.361 104.9
July 1.068 2.048 0 6.525 1.549 0.8312 0.61 104.9
August 1.214 1.143 0.02 6.937 1.368 0.8465 0.61 104.9
September 0.6897 2.469 0 3.805 1.114 0.6667 0.534 104.9
Parameter Group #2
1-day minimum 0.001 180 0 1.724 0.628 0.7811 0.106 1.507
3-day minimum 0.003667 | 51.27 0 1.771 0.6817 0.7435 0.11 1.527
7-day minimum 0.007714 | 30.7 0 1.88 0.733 0.7124 0.1151 1.593
30-day minimum 0.0983 5.303 0 2127 0.8705 0.6619 0.3189 1.868
90-day minimum 0.7072 0.928 0.008489 | 2.9 1.351 0.5803 0.4922 2.146
1-day maximum 83.09 1.249 1.222 366.7 39.99 2.624 5.995 366.7
3-day maximum 48.62 1.231 1.127 366.6 33.32 2.932 4.674 297
7-day maximum 27.86 1.173 1.003 322.8 22.39 3.342 3.754 259.8
30-day maximum 15.76 1.137 0.6197 118.3 14.28 2.985 3.179 170
90-day maximum 8.863 1.552 0.3755 55.78 10.37 2.225 2.165 126.6
Number of zero days 0 0 0 160 0 0 0 0
Base flow index 0.003918 | 14.12 0 0.2574 0.1563 1.529 0.02032 0.5859
Parameter Group #3
Date of minimum 275 0.1093 25 322 312 0.1475 14 363
Date of maximum 43 0.2158 9 349 35 0.1175 11 366
Parameter Group #4
Low pulse count 4 1.75 0 8 0 0 0 4
Low pulse duration 9.25 1.568 3 29.5 7 1.929 1 23.5
High pulse count 5 0.6 0 10 3 0.8333 1 8
High pulse duration 75 4.083 3 117 8 1.469 1 207
The low pulse threshold is 0.47
The high pulse threshold is 4.56
Parameter Group #5
Rise rate 0.081 1.235 0.034 0.315 0.054 1.032 0.032 0.2475
Fall rate -0.111 -0.8784 -0.2765 -0.0265 -0.102 -0.8186 -0.2275 -0.033
Number of reversals 88 0.375 52 128 120 0.2375 49 162
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4.5.1. The magnitude of monthly water flow rates (parameters in group 1 IHA)

Except for December and January, the monthly median flow has increased from pre-impact to
post-impact, as shown in Figure 4.24. November has the lowest median flow of 0.22 m3/s and
February has the highest median flow of 7.12 m3/s during the pre-impact period, whereas
October has the lowest median flow of 1.15 m3/s. March has the highest median flow of 7.3
m?3/s during the post impact period as can be seen in Table 4. With the exception of August,
January, February, and March, the monthly flow alteration in the middle RVA category has
increased throughout the post-impact period. The highest alteration with increasing and
decreasing value was shown for September by 68.24% and January by 100%, respectively.
Table 5 shows additional supporting results of the RVA Scorecard, Assessment of Hydrologic
Alteration. Figure 4.24 further shows that, summer flow is higher than winter flow before and
after the dam was constructed. This is results from the fact that summer months receives high
rainfalls than winter months which impact streamflow in the catchment (Nemaxwi et al., 2019).
It should be noted that the flow is higher after the dam was built, this is explained by dam

releases, which support low river flows in times of drought and hydrological deficit.
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Figure 4.24: The pre- and post-impact on monthly flows downstream of Nandoni Dam.
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Table 5: IHA Non-Parametric RVA Scorecard, Assessment of Hydrologic Alteration.

Middle RVA Category

High RVA Category

Low RVA Category

Expected | Observed Alter. Expected | Observed Alter. Expected | Observed Alter.
Parameter Group #1
October 7.727 9 0.1647 4.636 8 0.7255 4.636 0 -1
November 7.727 10 0.2941 4.636 7 0.5098 4.636 0 -1
December 7.727 9 0.1647 4.636 5 0.07843 | 4.636 3 -0.3529
January 7.727 0 -1 4.636 8 0.7255 4.636 9 0.9412
February 7.727 4 -0.4824 | 4.636 7 0.5098 4.636 6 0.2941
March 7.727 2 -0.7412 | 4.636 8 0.7255 4.636 7 0.5098
April 7.727 9 0.1647 4.636 2 -0.5686 | 4.636 6 0.2941
May 7.727 8 0.03529 | 4.636 5 0.07843 | 4.636 4 -0.1373
June 7.727 9 0.1647 4.636 7 0.5098 4.636 1 -0.7843
July 7.727 10 0.2941 4.636 5 0.07843 | 4.636 2 -0.5686
August 7.727 6 -0.2235 | 4.636 6 0.2941 4.636 5 0.07843
September 7.727 13 0.6824 4.636 4 -0.1373 | 4.636 0 -1
Parameter Group #2
1-day 12.36 0 -1 4.636 17 2.667 0 0
minimum
3-day 12.36 0 -1 4.636 17 2.667 0 0
minimum
7-day 12.36 1 -0.9191 | 4.636 16 2.451 0 0
minimum
30-day 7.727 1 -0.8706 | 4.636 16 2.451 4.636 0 -1
minimum
90-day 7.727 2 -0.7412 | 4.636 14 2.02 4.636 1 -0.7843
minimum
1-day 7.727 3 -0.6118 | 4.636 5 0.07843 | 4.636 9 0.9412
maximum
3-day 7.727 4 -0.4824 | 4.636 5 0.07843 | 4.636 8 0.7255
maximum
7-day 7.727 2 -0.7412 | 4.636 6 0.2941 4.636 9 0.9412
maximum
30-day 7.727 2 -0.7412 | 4.636 7 0.5098 4.636 8 0.7255
maximum
90-day 7.727 3 -0.6118 | 4.636 7 0.5098 4.636 7 0.5098
maximum
Number of | 12.36 17 0.375 4.636 0 -1 0 0
zero days
Base flow | 12.36 2 -0.8382 | 4.636 15 2.235 0 0
index
Parameter Group #3
Date of | 7.727 6 -0.2235 | 4.636 9 0.9412 4.636 2 -0.5686
minimum
Date of | 7.727 8 0.03529 | 4.636 2 -0.5686 | 4.636 7 0.5098
maximum
Parameter Group #4
Low pulse | 7.727 4 -0.4824 | 4.636 0 -1 4.636 13 1.804
count
Low pulse | 6.182 2 -0.6765 | 3.091 2 -0.3529 | 3.091 2 -0.3529
duration
High pulse | 10.82 12 0.1092 3.091 1 -0.6765 | 3.091 4 0.2941
count
High pulse | 6.182 7 0.1324 4.636 2 -0.5686 | 4.636 8 0.7255
duration
Parameter Group #5
Rise rate 7.727 9 0.1647 4.636 4 -0.1373 | 4.636 4 -0.1373
Fall rate 7.727 5 -0.3529 | 4.636 8 0.7255 4.636 4 -0.1373
Number of | 7.727 0 -1 4.636 15 2.235 4.636 2 -0.5686
reversals
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Figure 4.25 depicts the hydrological regime changes for the month of October, with targets for
the 75th percentile and 25th percentile RVA (other months are presented in the appendices).
Nonetheless, it should be observed that flow has a positive and less variable flow pattern in
the post impact period. In addition, the 25th, median, and 75th percentiles of flow are also
seen to be altered. Figure 4.25 for October, for instance, shows that while the 75th percentile
has somewhat fallen from the pre-impact to the post-impact period, the 25th percentile and
median have increased. It can be also observed that in the post-impact period, monthly flow
variability was decreased altering the natural structure of stream flow in the system. The
results of long-term pattern in monthly median streamflow downstream of Nandoni Dam can
be contrasted with that for streams below dams in other areas. The results indicate the positive
and negative effects of streamflow downstream of dams over multiple stations in different
months, with the 25th median and 75th percentiles of flow being observed to be altered in
most studies. One main factor contributing to the decrease in river flows is the reservoir's
retention (Sojka et al., 2016). Yet, water release from the reservoir is what is responsible for
the increased river flow (Suwal, 2019). This conclusion suggests that the dam is also utilized

to manage floods or other extreme events.
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Figure 4.25: Example of changes in the hydrological regime, with 75th percentile and 25th

percentile RVA targets downstream of Nandoni dam in the month of October.

For example, regardless of different of wet and dry months in different study areas. The
pattern in the Nkomazi River in KwaZulu-Natal; Shaying River in China and Yangtze River of
China, at Cuntan and Miaohe Station shows a decreasing trend of the median monthly flow
throughout the post-impact period compared with that in the pre-impact period except in 3 to
4 months where it increases (Taylor et al., 2003; Ali et al., 2019; Qiting and Shikui, 2016; Zuo

and Liang, 2015), which shows opposite trend with the results of downstream flow of Nandoni
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Dam. Another example is the pattern in Mountain Creek at Grand Prairie station below Joe
Pool Lake in the Trinity River Basin in Texas, and in Observations on the operation of Diama
and Manatali Dams on Lake Guiers, Senegal which showed an increasing trend throughout
the post-impact period except in few months where a deviation were observed decreasing
(Sheet, 2003; Djiby et al., 2017). This therefore the same trend with those of this study. In
flood control operations on water reservoirs, high magnitude flooding is virtually eliminated,
which has an obvious impact on hydrological processes (Zhang et al., 2014). Faye (2018)
reported that the monthly median flows of the Bafing River in Senegal were positively affected
by flood rolling actions and low flow support during the wet natural period and negatively
affected by high water periods because of Manantali Dam management. Floods allow fish and
other mobile organisms to access additional habitats in floodplains and flooded wetlands,
including secondary channels, backwaters, sloughs, or shallow flooded areas. These areas
are usually inaccessible but contain substantial food resources. Because low flow levels vary
from season to season, they determine how much aquatic habitat is available throughout the

year for aquatic communities. (Conservancy, 2009).

4.5.2. Extreme Conditions

Figure 4.26 shows the variation of 90-days minimum flows pre- and post-impact. The medians
flow of annual 1-, 3-, 7-, 30-, 90-day minimum increases from pre-impact to post-impact period
in the study area. They increased from 0.001; 0.004; 0.0077; 0.0983 and 0.7072 to 0.628;
0.6817; 0.733; 0.8705 and 1.351, respectively, as presented in Table 4 above. It can be seen
from Figure 4.26 of 90-day minimum as an example, that medians, 25" and 75" percentiles
increased from pre-impact to post-impact period. The extremes flow coefficient of dispersion
decreases from pre-impact (ranging from 0.928 — 180) to post-impact period (ranges from
0.5803 to 0.7811). Moreover, Figure 4.26 shows that there is less variation in the data. The
hydrologic modification was estimated using the middle RVA border and is shown in Table 5
above. As indicated in Figure 4.23 the maximum alteration was at the 1-, 3-, 7-, and 90-day
minimum by 100%, 100%, 91.91%, 87.06%, and 74.12%, respectively, with frequency values
decreasing from the pre-impact to the post-impact period. Figure 4.26 further demonstrates
that following the construction of the dam, the frequency of lowest values declines, suggesting

that more water is released downstream than before the dam was built.
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Figure 4.26: Variation of 90-days minimum flows pre- and post-impact.

The medians of annual 1-, 3-, 7-, 30-day maximum decreases from 83.09; 48.62; 27.86 and
15.76 in the pre-impact to 39.99; 33.32; 22.39 and 14.28 in the post-impact, respectively (see
Table 4 above). The 90-day maximum increases from 8.863 in the pre-impact to 10.37 in the
post impact period as it is shown in Figure 4.27 (which illustrate 90-days maximum). In the
middle RVA category the 1-, 3-, 7-, 30-, 90-day maximum alteration flow throughout the post-
impact period decreases. The highest alteration value was shown for 7-, 30-day maximum by
74.12%, as shown in Table 5 above. Large reservoir reserves are operated with increased
minimum flows and decreased maximum flows. The maximum flow of big reservoirs can be
significantly reduced to prevent flooding (Graf, 2006). To avoid floods, large reservoirs must

release water to downstream users as well, resulting in a higher minimum flow during dry

seasons (Van Vliet and Zwolsman, 2008).
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Figure 4.27: Variation of 90-days maximum flows pre- and post-impact.
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4.5.3. Timing of annual extreme water conditions

Figure 4.28 demonstrates that during the post-impact period, the median Julian dates of each
annual 1-day minimum shift backwards from 275 to 312 days. The median Julian dates of
each annual 1-day maximum advance from the 43rd to the 35th day following impact, as
shown in Figure B1 in the appendices. The coefficient of dispersion for the date of lowest rises
to 0.1475 in the post-impact period from 0.1093 in the pre-impact period, whereas that for the
date of maximum falls to 0.1175 from 0.2158 in the pre-impact period. While the maximum
value of the date of minimum declines from 349 in the pre-impact period to 11, the minimum
value of the date of minimum drops from 25 in the pre-impact period to 14 in the post-impact

period.
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300
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Figure 4.28: The median Julian dates of each annual 1-day minimum.

The timing of yearly extreme water conditions is discussed in this study, and two parameters
are included (1-day annual minimum water condition and 1-day annual maximum water
condition). Both variables offer vital information about environmental changes or water stress
in aquatic habitats (Ali et al., 2019). The findings align with those of other studies. Anillustration
is the Julian date of the annual 1-day minimum over Cuntan Station in Yangtze River, China,
which fell by 17% in the years following the event. Julian dates of each annual 1-day maximum
similarly revealed that the days are 247 for pre-impact and 206 for post-impact. It is clear that
these alterations are a result of dam operation. The lowered 1-day maximums at Miaohe were
229 before the hit and 206 after, similar to Cuntan. Unlike the maximum, the minimum grew
by 14 percent (Ali et al., 2019). For both Zhoukou and Fuyang stations, the median Julian
dates of each annual 1-day minimum in Shaying River, China advanced in the aftermath of

the impact. In Fuyang station, in the pre-impact period, the median Julian date of each annual
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1-day maximum moved backward to the 213th day, while in the post-impact period, it moved
backward to the 207th day (Qiting and Shikui, 2016).

4.5.4. Frequency and duration of high and low pulses

The median, coefficient of dispersion and maximum value of low pulse count decreased from
4; 1.75 and 8, respectively, in the pre-impact period to 0; 0; and 4 respectively in the post-
impact period (Table 4 above). If the low pulse count is decreased or increased, it impacts the
availability of floodplain habitats for aquatic organisms, soil moisture and anaerobic stress for
plants (Graf, 2006). Having fewer low pulses allows more plant and animal species to thrive,
including species that are not adapted to low-flow environments (Rolls et al., 2012). The
maintenance of a low pulse count in aquatic systems is therefore beneficial (Lu et al., 2018).
The minimum value of low pulse count which is 0 remain the same in the pre-impact and post-
impact period. Figure 4.29 illustrates the results, which are also presented in Table 4 above.
The median, minimum and maximum value of low pulse duration decreased from 9.25; 3 and
29.5 respectively in the pre-impact to 7; 1 and 23.5, respectively, in the post-impact period.
The coefficient of dispersion of low pulse duration increased from 1.568 in the pre-impact to

1.929 in the post-impact period (Figure B5 and Table 4 above).
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Figure 4.29: The pre- and post-impact on Low pulse count.

The median and maximum value of high pulse count decreased from 5 and 10, respectively,
in the pre-impact period to 3 and 8, respectively, in the post-impact period. As the high pulse
counts decreased, floodplains and river systems became less connected, resulting in a decline
in biodiversity (Lu et al., 2018). The coefficient of dispersion and minimum value of high pulse
count increased from 0.6 and O, respectively in the pre-impact period to 0.83 and 1,
respectively, in the post-impact period. It is also expected that the increase in pulse duration

may reduce habitat heterogeneity, resulting in a decline in biodiversity as a consequence (Lu
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et al., 2018). Figure 4.30 illustrates the results, which are also presented in Table 4 above.
The median, coefficient of dispersion and minimum value of high pulse duration decreased
from 7.5; 4.083 and 3, respectively, in the pre-impact period to 8; 1.469 and 1 respectively in
the post-impact period. The maximum value of high pulse duration increased from 117 in the
pre-impact to 207 in the post-impact period (Appendix Figure B7 and Table 4 above).
Hydrological connectivity may be maintained in an equilibrium when the duration and number
of high pulses are increased and decreased, which may have a beneficial effect on maintaining

organic matter and nutrient exchanges between rivers and floodplains (Lu et al., 2018).
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Figure 4.30: The pre- and post-impact on High pulse count.

There is a low pulse threshold value of 0.47 and a high pulse threshold value of 4.56 in the
middle RVA category. From pre-impact to post-impact, the frequency value of low pulse count
and low pulse duration decreased by 48.24% and 67.65 percent respectively. From pre-impact
to post-impact, the frequency value of high pulse count and high pulse duration increased by
10.92% and 13.24%, respectively (see Table 5 above). The greater median pulse counts at
Zhoukou and Fuyang stations in Shaying River, China during the post-impact era compared
to the pre-impact period may be the result of insufficient pre-impact period records. The
medians of low and high pulse durations in Fuyang station are lower after impact than they
were before, showing that the sluices mostly affect the hydrology of low and high pulse
durations (Qiting and Shikui, 2016). Low pulse counts and extended pulse durations were
shown to be decreased along the Yangtze River in China, according to research. In the low
pulse count, a 20% reduction is seen, but a 40% reduction is seen in the high pulse count.
The durations of low and high pulses are found to be longer at Cuntan, though. With the low
pulse duration, the rise was 162%, while for the high pulse duration, it was 133%. Low pulse

count increased while low pulse length and high pulse count fell in Yangtze River, China's
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Miaohe Station. No change was predicted compared to the high pulse duration (Ali et al.,
2019). Taylor et al. (2003) observed that existing land use increased the frequency of low
pulses in the Mkomazi River located in KwaZulu-Natal, South Africa. Low pulses are occurring
more frequently, but because of present land usage, their duration is less varied. The change
in low pulse counts and their durations causes a shift in the hydrograph's rise and fall rates,
despite the fact that the current land use has little impact on high pulse counts and their
durations. As a result, every annual hydrograph reversal happens above the top RVA target,
which indicates an increase in intra- and inter-annual environmental volatility (Taylor et al.,
2003).

4.5.5. Rate and Frequency of Flow Changes

The median, coefficient of dispersion, minimum and maximum value of rise rate decreased
from 0.081; 1.235; 0.03 and 0.315, respectively in the post-impact to 0.054; 1.032; 0.032 and
0.2475, respectively, in post-impact period as shown in Figure 4.31. The median, coefficient
of dispersion and minimum value of fall rate slightly decreased from 0.111; 0.8784 and 0.2765,
respectively, in the pre-impact to 0.102; 0.8186 and 0.2275, respectively, in the post-impact
period with decreasing value over time. The maximum value of fall rate slightly increased from
0.0265 in the pre-impact to 0.033 in the post-impact period with decreasing in frequency value
over time. The median and maximum value of number of reversals increased from 88 and
128, respectively, in the pre-impact to 120 and 162, respectively, in the post-impact period.
The coefficient of dispersion and minimum value of number of reversals decreased from 0.375

and 52, respectively, in the pre-impact to 0.2375 and 49 in the post-impact period.
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Figure 4.31: The pre- and post-impact on Rise rate.

With an increase in value frequency from pre-impact to post-impact, the rise rate alteration in

the middle RVA category is 16.47%, whereas the fall rate and number of reversals alteration
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are 35.29% and 100% respectively with a decrease in frequency value between pre-impact
and post-impact periods (as shown in Table 5 above). Similar results have also been reported
in other studies. According to observations at Cuntan Station, rising and falling rates in China
have declined significantly. There was a decrease in reverses between the pre-impact and
post-impact periods. The rise and fall rates at Miaohe Station also showed comparable results,
with a decrease in the rise rate and an increase in the fall rate, respectively. Cuntan, however,
experienced a decrease in reversals while Miaohe experienced an increase. The medians of
rise, fall, and reversals at Zhoukou and Fuyang stations in Shaying River, China, were higher
than in the earlier period, and their coefficients of dispersion of rise rate were higher (Ali et al.,
2019).

4.6. Chapter summary

This chapter presented the analysis of Nandoni Dam water resources in relation to inflow and
outflow. It also presented the analysis of required streamflow to maintain ecological integrity
and analysis of impacts of Nandoni Dam on the down streamflow trends before and after the
dam constructions. Some of factors (such hydrometeorological variables) which affect
Nandoni Dam water resources were analysed using Linear regression analysis. It was found
that rainfall, temperature, evaporation, uncontrolled spillway, and amount of domestic water
abstraction were increasing over the period of the study, where elsewhere streamflow, dam
storage, and computed inflow were decreasing over the period of the study. The required
streamflow to maintain ecological integrity was analysed based on the output of IHA software,
which include five relevant ecological parameters know as EFCs (large flood, small floods,
high flow pulse, low flow pulse and extreme low flows). Values of this parameters were
presented as cumulative percentiles ranging from 10% to 90%. The dam impacts were
analysed using IHA parameters. The results indicate that there were both positive and

negative impacts of the dam on down streamflow among the IHA parameters.
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS

5.1. Conclusions

The study focused on the impact of the Nandoni Dam in South Africa on downstream water
resources. It examined the inflow and outflow of the dam, assessed the amount of streamflow
needed to maintain ecological balance, and compared current streamflow trends to historical
conditions. The estimated dam inflow revealed a weak downward trend for the Nandoni Dam,
while it was also evident that when inflows peak, dam storage increases. The outflow is
constant for the most part over the study period considered, except when the dam storage
increases and reaches its peak, at which point the outflow increases rapidly. The water
resources of Nandoni Dam are significantly influenced by climate factors. The amount of water
stored in Nandoni dam is impacted by changes in precipitation and air temperatures. With an
increase in temperature, Nandoni Dam faces significant changes in rainfall and evaporation.
Dry and wet weather are frequent in the study area, where severe events are also becoming
more frequent. This makes the amount of water stored and discharged from the dam more
unpredictable. It has been observed that despite increases or decreases in dam storage, the

amount of water abstracted from the dam for domestic use is increasing over time.

It was proposed that the ecological integrity of the dam be upheld by maintaining streamflow
downstream. The necessary streamflow for maintaining ecological integrity was examined
using the data from IHA software, which assess five ecological parameters known as EFCs
(including large flood, small floods, high flow pulse, low flow pulse, and extreme low flows).
The values of these parameters were presented as cumulative percentiles ranging from 10%
to 90%. If these suggestions are embraced by environmental authorities, there may be certain
benefits in terms of improving hydrologic conditions downstream of Nandoni Dam in the

Luvuvhu River.

Furthermore, Mhinga station A9QH012 successfully assessed the influence of Nandoni dams
on the downstream flow of the Luvuvhu River between 1988 and 2021. Flow patterns on the
river have been significantly impacted by the construction of dams. As a result of assessing
the flow separately for each month, both positive and negative impacts were found on the
dam's downstream flow. Monthly alteration flows for the middle RVA category, except for
August, January, February, and March, indicate an increase from the pre-impact period.
September witnessed the highest increase, while January experienced the highest decrease.
According to the results of extremes, the dam reduced minimum flow frequencies on days 1-,

3-, 7-, 30-, and 90-days, as well as maximum flow frequencies on days 7-, 30-days. At low
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pulse counts and low pulse durations, there is a decrease, while at high pulse counts and high

pulse durations, there is an increase. It was found that the rise rate increased, whereas the

fall rate and number of reversals decreased. Accordingly, we can use the results of this study

to monitor and develop adaptation measures aimed at mitigating the dam's negative

downstream impacts.

5.2 Recommendations

Based on the finds of this study pertaining to the influence of dam construction on the Luvuvhu

River downstream water users, this study makes the following recommendations for future

studies and practice.

@
0.0

0
0'0

0
0'0

An in-depth study is required to determine how dams are affecting ecosystems
services including an investigation into how aquatic living organisms in the catchment

are adjusting to the impacts of dams in the catchment area.

The IHA software provides EFC calculations that can be used by ecologists, water
managers, and other stakeholders to determine how much flow alteration is acceptable

in the downstream of the dam.

Efforts must be made to assess major water abstraction from Nandoni Dam including
the regulating and monitoring water users to ensure proper water management and

conservation of water resources.

It is essential to take rainfall variability into account when planning future developments
in terms of water allocations for different water users around the dam. Therefore, water

resources managers need to take this into consideration.

To promote sustainable development, all stakeholders in the catchment should
participate in a stakeholder participation processes in establishment in significant
infrastructures such as dams. This will aid in cooperation amongst stakeholders during

the project operation.
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Table A1: Summary of IHA Parameters and their Ecosystem Influences

IHA Parameter Group

Hydrologic Parameters

Ecosystem Influences |

1. Magnitude of
monthly water conditions

Mean or median value for each
calendar month

Subtotal 12 parameters

Aquatic organisms have access to adequate]
habitat

Plants' ability to access soil moisture

Terrestrial animals have access to water
Fur-bearing mammals have access to food and
cover

The reliability of terrestrial animal water supplies|
The ability of predators to access nesting sites.
The amount of oxygen in the water column and
the amount of photosynthesis in the water
column are affected

2. Magnitude and duration of annual extreme|
\water conditions

IAnnual minima, 1-day mean Annual minima, 3-day means|
/Annual minima, 7-day means Annual minima, 30-day|
means Annual minima, 90-day means.

IAnnual maxima, 1-day mean Annual maxima, 3-day|
means Annual maxima, 7-day means Annual maxima, 30-|
day means Annual maxima, 90-day means

Number of zero-flow days

Base flow index: 7-day minimum flow/mean flow for year.

Subtotal 12 parameters

An organism's ability to compete, grow rudely,|
and adapt to stress

The creation of colonization sites for plants

The influence of abiotic and biotic factors on the|
structure of aquatic ecosystems

Characterizing the morphology of river channels|
and the physical characteristics of habitats
Plant stress caused by soil moisture

An animal's dehydration

Stress in plants caused by anaerobic conditions|
Rivers and floodplains exchange nutrient
volume

Stressful conditions in aquatic environments,
such as low oxygen levels and concentrated
chemicals

A description of the plant communities in lakes,|
ponds, and floodplains

Aeration of spawning beds in channel sediments|
during high flows for waste disposal

3. Timing of annual extreme water conditions

Julian date of each annual 1-day maximum

Julian date of each annual 1-day minimum

Subtotal 2 parameters

Adaptability to organisms' life cycles
Organisms' ability to predict and avoid stress
For reproduction or to avoid predators, access
to special habitats is essential.

Migration cues for spawning

Mechanisms of life history adaptation and
behavioural evolution

4. Frequency and duration of high and low|
pulses

Number of low pulses within each water year
Mean or median duration of low pulses (days)
Number of high pulses within each water year

Mean or median duration of high pulses (days)

Subtotal 4 parameters

Stress caused by soil moisture on plants:
frequency and magnitude

Plant anaerobic stress frequency and duration
The availability of aquatic habitats in floodplains|
The exchange of nutrients and organic matter|
between rivers and floodplains

Mineral availability in the soil

Providing access to feeding, resting, and
breeding sites for waterbirds.

Contributes to the transport of bed loads,
sediment textures in channels, and the duration
of substrate disturbance (high pulses).

5. Rate and frequency of water condition
changes

Rise rates: Mean or median of all positive differences|
between consecutive daily values

Fall rates: Mean or median of all negative differences
between consecutive daily values

Number of hydrologic reversals

Subtotal 3 parameters.

Grand total 33 parameters

Plant stress due to drought (falling levels)
Biological entrapment on islands and floodplains
(rising levels)

Reduced mobility at streamedges (varial zones
caused by desiccation
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Table A2: Summary of Environmental Flow Component (EFC) Parameters and their

Ecosystem Influences

EFC Type

Hydrologic Parameters

Ecosystem Influences

1. Monthly low flows

Mean or median values of low flows during each calendar|
month

Subtotal 12 parameters

Ensure that aquatic organisms have an adequate habitat.
Make sure the water temperature, dissolved oxygen, and|
chemical composition are appropriate.

Ensure soil moisture for plants in floodplains byj
maintaining the water table levels.

Ensure terrestrial animals have access to drinking water.
Maintain a suspended environment for fish and
amphibian eggs.

Make it possible for fish to move to areas where they can|
feed and spawn.

Provide support for hyporheic organisms (living in|
saturated sediments)

2. Extreme low flows

Frequency of extreme low flows during each water year or|
season
Mean or median values of extreme low flow event:

® Duration (days)

® Peak flow (minimum flow during event)

® Timing (Julian date of peak flow)

Subtotal 4 parameters

Incorporate specific floodplain plants into the enrolment
process

Ensure that aquatic and riparian communities are free|
from invasive, introduced species.

Predators benefit from concentrating prey in limited areas|

3. High flow pulses

Frequency of high flow pulses during each water year or|
lseason

Mean or median values of high flow pulse event:
® Duration (days)
® Peak flow (maximum flow during event)
® Timing (Julian date of peak flow)
°

Rise and fall rates.

Subtotal 6 parameters

Including pools, riffles, and other physical characteristics|
of the river channel.

Identify the substrate sizes (sand, gravel, cobbles) in
streambeds

Maintain riparian vegetation at a distance from the|
channel to prevent encroachment.

Ensure normal water quality after prolonged low flows byj
flushing waste products and pollutants from the system
Keep gravels aerated in spawning grounds to preventf
silting

Ensure the estuary is salinity-appropriate

4. Small floods

Frequency of small floods during each water year or season
Mean or median values of small flood event:
® Duration (days)
® Peak flow (maximum flow during event)
® Timing (Julian date of peak flow)
.

Rise and fall rates.

Subtotal 6 parameters

Floods of all sizes are covered by this rule:

Provide fish with cues for migration and spawning.
Trigger new phase in life cycle (such as insects)
Provide spawning grounds for fish in the floodplain, as|
well as nursery areas for juvenile fish

Enable fish and waterfowl to feed on new food sources
Recharge the water table in floodplains

The diversity of floodplain forests can be maintained b
prolonged inundation (e.g., different plant species tolerate|
prolonged flooding differently).

Ensure that floodplain plants are distributed and abundant]
Fill floodplains with nutrients

5. Large floods

Frequency of large floods during each water year or season

Mean or median values of large flood event:
® Duration (days)
® Peak flow (maximum flow during event)
® Timing (Julian date of peak flow)
.

Rise and fall rates.

Subtotal 6 parameters.

Grand total 34 parameters

The following applies to both small and large floods:
Ensure that aquatic and riparian communities are|
maintained in balance

Recruit colonizing plants by creating sites for recruitment
Floodplain habitats are shaped by physical habitats
Make sure spawning areas are covered with gravel and|
cobbles

Put organic material (food) and woody debris (habitaf
structures) into the channel.
Ensure that aquatic and riparian communities are free|
from invasive, introduced species.

Distribute riparian plant seeds and fruits.

Develop secondary channels and oxbow lakes by driving|
lateral river channel movement

Maintain a prolonged moisture level in the soil for plant]
seedlings
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Figure B1: The pre- and post-impact on 1-day maximum date
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Figure B2: The pre- and post-impact on zero days
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Figure B3: The pre- and post-impact on baseflow
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Figure B4: The pre- and post-impact on Low pulse count
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Figure B6: The pre- and post-impact on High pulse count
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Figure B7: The pre- and post-impact on High pulse duration
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Figure B8: The pre- and post-impact on Rise rate
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Figure B9: The pre- and post-impact on Fall rate
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Figure B10: The pre- and post-impact on Revesals
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Figure B11: Example of changes in the hydrological regime, with 75th percentile and 25th

percentile RVA targets downstream of Nandoni dam in the month of November.
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Figure B12: Example of changes in the hydrological regime, with 75th percentile and 25th

percentile RVA targets downstream of Nandoni dam in the month of December.
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Figure B13: Example of changes in the hydrological regime, with 75th percentile and 25th

percentile RVA targets downstream of Nandoni dam in the month of January
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Figure B14: Example of changes in the hydrological regime, with 75th percentile and 25th

percentile RVA targets downstream of Nandoni dam in the month of February.
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Figure B15: Example of changes in the hydrological regime, with 75th percentile and 25th

percentile RVA targets downstream of Nandoni dam in the month of March.
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Figure B16: Example of changes in the hydrological regime, with 75th percentile and 25th

percentile RVA targets downstream of Nandoni dam in the month of April.
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Figure B17: Example of changes in the hydrological regime, with 75th percentile and 25th

percentile RVA targets downstream of Nandoni dam in the month of May.
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Figure B18: Example of changes in the hydrological regime, with 75th percentile and 25th

percentile RVA targets downstream of Nandoni dam in the month of June.
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Figure B19: Example of changes in the hydrological regime, with 75th percentile and 25th

percentile RVA targets downstream of Nandoni dam in the month of July.
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Figure B20: Example of changes in the hydrological regime, with 75th percentile and 25th

percentile RVA targets downstream of Nandoni dam in the month of November August
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Figure B21: Example of changes in the hydrological regime, with 75th percentile and 25th
percentile RVA targets downstream of Nandoni dam in the month of September.
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