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EXECUTIVE SUMMARY

INTRODUCTION

The need 1o protect the river ecosystem as a component of the water resource base is being increasingly
brought 10 the attention of water resource managers world wide. An essential component of this
ccosystem 15 the river channel and its associated niparian zone, now recognized in South Afrnica through
the National Water Act (36 of 1995) as constituting part of the water resource. The physical
characteristics of the river channel and nparian zone are determined by geomorphological processes
responsible for eroding the channel bed and banks and supplying. transporting and depositing the
sediments which comprise many channel features, Geomorphologists worldwide. therefore, are
mereasingly being called upon 10 act in a professional capacity with respect 1o water resource protection
and rchabilitation.

The geomorphological research presented in this report has a strong applied thrust. In particular it aims
10 develop geomorphological 100ls which should be seen as part of a multi-disciplinary approach 10
management aimed at the consenvation of the ecological integrity of our river systems. Much of the
rescarch has been co-sponsored by the Water Rescarch Commission (WRC), the National Research
Foundation (NRF) and the Department of Water Affairs and Forestnn (DWAF), Specific research
objectives were set as follows:

. to refine the geomorphological component of the IFR methodology,

. to develop geomorphological indices and monitoring procedures o assess channel
condition,

. to further assess the hy draulic biotope concept and its application to the assessment

of habitat condition.

Geomorphological Indices were developed as pan of a separate initiative funded by the Departiment of
Water Affairs and Forestry. Separate reports have been published as part of the River Health Programme
series: Rowntree and Ziervogel (1999); Rowntree and Wadeson (2000). This report presents the results
of research aimed at refining the geomorphological component of the IFR methodology through both
fundamental research into geomorphological processes and the development of the hydraulic biotope
concept.

The rescarch is presented in ™wo volumes. The first examines the geomorphological impact of water
resource developments through impoundment behind dams and through interhasin transfers. two common
activities in South Africa. These are both situations where an IFR (or the quantity aspects of the Reserve)
would be required 1o mitigate the effects of the developments. Chapter 2 of Volume | presents a review
of the international literature on impoundments studies undenaken by MeGregor as part of her Masters
thesis (McGregor, 2000). The main part of Volume | presents the work by Du Plessis on the impact of
an interbasin transfer between the Fish River and Lake Darlington in the Eastern Cape. This is the first
detailed study of the geomorphological impacts of an interbasin transfer scheme 1o be undertaken in
South Africa. Indeed there are few if any similar studies reporied in the international Inerature.
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The second volume presents work which was undenahen with the specific objective of supporting the
determmation of the geomorphological Mow requiremcat for the Eovuonmental Reserve. Rowntree and
Wadeson (1998) point out that the geomorphological contribution 10 the setting of 1FRs has focussed on
three groups of information requirements:  the maintenance of channel form. the maintenance of
substratum charactenstics, and temporal availability of hydraulic habitat.

The time and space scales over which geomorphological processes operate is an important consideration
in river management. The maintenance of channel form. the ultimate determinant of the in-stream flow
environment, must consider processes that take place in the medium 1o long term (10 10 100 vear period).
Channe! form is the long term response 1o movement of sediment through the river long profile and is
the result of dvnamic processes that take place within the geomorphological time scale and are
manifested in the reach space scale. The maintenance of substratum characteristics involves, firstly, the
seasonal flushing of fine materials from the surface matrix of the gravel-bed and. secondly. the over-
turning and transport of the coarse matrix itself. These are essentially event driven processes which
respond at the scale of the morphological unit. Seasonal inputs of sediment from the catchment are also
important. Hydraulic habitat is determined by the response of the instantaneous discharge to a fixed
channel morphology . Hydraulic habitat varies within the short term in response to the flow hydrograph
and over small space scales determined by channel morphology and bed substratum.

Channel geomorphology is determined by the cumulative effects of events over geological,
geomorphological and hydraulic time scales. Interpretation of channel form and recommendation of
future flow regimes for managing form must take into account the environmental history. An in depth
review of environmental change in South Africa as it relates to fluvial geomorphology is given in Chapter
2 of Volume 2.

A key concept underpinning geomorphological flow requirements to maintain channe! form and channel
substratum characteristics 1s that of magnitude and frequency . Setting the water quantity requirements
for the Ecological Reserve is about recommending the flow regime 1o ensure that the resource quality
is maintained. One component of the geomorphological flow requirement is the high flows or flood flows
required 10 maintain channel form and bed conditions through the transport of sediment. The key
question is “what magnitude of flows are required 10 transpon the incoming sediment without causing
excessive erosion and channel enlargement and how ofien should they occur?’. The magnitude and
frequency of channel forming flows has been an ongoing debate amongst geomorphologists. The
application of this thinking to the Reserve determination s explored by Dollar in Chapters 3 to 10 of
Volume 2.

The final section of Volume 2 addresses the relationship between magnitude and frequency of flows and
available habitat within a stable channel. Wadeson developed the concept of the hvdraulic biotope 10
describe discharge variant changes in hydraulic habitat within morphological units (Wadeson 1996,
Rowntree and Wadeson 1999). The application of the hvdraulic biotope concept to Reserve
determination is taken further in the research presented in Chapter |1,
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CHAPTER SUMMARY

CHAPTER 1:  INTRODUCTION: GEOMORPHOLOGY AND WATER RESOURCE
PROTECTION IN SOUTH AFRICA

Chapter 1 provides a common introduction 10 the two reports. The chapter begins by highlighting the
contribution that geomorphologists are now making world wide 1o the field of river management.
Geomorphology provides the physical template of the biophy sical environment. so that geomorphological
processes and geomorphological change can have a major impact on available habitat, For this reason
geomorphologists have found an important niche in guiding measures for water resource protection.
where the water resource is considered 1o encompass the whole river ecosysiem. The importance of
geomorphological space and time scales and their relevance to river management 1s emphasised in this
chapter.

Although fluvial geomorphology 1s a well developed discipline intemationally, the study of
geomorphological processes has only made headway in South Africa over the last decade Many
international studies of process-form relationship have been empirical in nature: it is therefore
inadvisable to apply the results directly 1o South African systems. Local field studies are needed before
we can understand our own fluvial systems.

The aims of the research and an outline of the structure of the report are presented in Chapter 1. These
have been presented above in the Introduction,

VOLUME 1

CHAPTER 2: DOWNSTREAM IMPACTS OF IMPOUNDMENTS: APREDICTIVE MODEL
FOR SOUTH AFRICA

Chapter 2 presents a review of impoundments in South Africa and their potential geomorphological
impacts. The primary aim of the research was 10 develop a conceptual model of the geomorphological
impacts of river regulation, based on a review of relevant international literature. [t was motivated by the
fact that there is hintle local information on the 1opic. and it was imtended that the model might provide
a starting point for assessing the impact of impoundments on South African river sysiems.

An analyvsis of the development of dam capacity in South Africa is presented in the first half of Chapter
2. This was based on an analysis of the data base on dams compiled by Midgley er @l (1994) Due 10 the
variability of South Africa’s climate. dams have 1o be larger than elsewhere in the world in order to trap
most of the mean annual runofl and provide a reliable water store. These dams have been designed 10
reduce the vanability of a naturally variable regime: in total 50% of the available runoff is impounded.
Many large dams were built during the past century. reaching a peak in the 1970s, followed by a period
when many smaller capacity dams were built. An assessment of the capacities of South African dams
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relative 10 the natural runofT in their catchments shows that many areas have been developed bevond their

capacily,
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A review of 77 papers from the international literature (Appendin 1) was used 10 document the vanous
processes that can take place below a dam (Figure 2.6) and to develop a conceptual model of channcl
change (Figure 2.8). The model showed that there are many responses 1o nver impoundment. which are
varied and complex. both in time and space. Responses or secondany impacts depended on the nature and
degree of the primany impact or process alteration and on the sediment and flow regime of the river. High
flows were affected in all cases and low flows were affected in most cases. The simplest form of change
was Pens” (1979) concept of “accommaodation” of the regulated fiow within the existing channel form.
More comples responses occurred where the channel perimeter was unstable, or where tributarics
introduced fresh sediment loads. The river could adjust ns long profile. cross-sectional area and substrate
composition by aggradation or degradation. A “working diagram” related 1o all the recorded responses
and the conditions under which they occur, was constructed (Figure 2.8). It serves as a starting poimt for
predicting change in particular reaches in an impounded river.

It is intended that these conceptual models may be used as hasic tools which might contribute 10 a better
understanding of our river systems. and ultimately 10 improved sustainable resource management
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CHAPTER 3: INTERBASIN TRANSFER SCHEMES IN SOUTH AFRICA

In Chapter 3 our attention turmns 1o the issue of interbasin transfers (1B Ts). This chapter outlines the extent
of IBTs in South Africa and points 10 the lack of attention given 10 their geomorphological impacts. The
South African situation is mirrored by the global picture: there is an apparent lack of rescarch world
wide.

CHAPTER 4: GFOMORPHOLOGY AND RIPARIAN ECOSYSTEMS IN DISTURBED
SYSTEMS - ATHEORETICAL VIEW

Chapter 4 presents a review of literature on the geomorphological and vegetation processes operating m
a fluvial system and assesses the likely impacts of an IBT on these processes. An interbasin transfer has
a number of direct and indirect effects on the biogeomorphology of the receiving river channel. The
primany impact is a change in the flow. A secondary impact is the change in sediment dyvnamics as
material is eroded and redeposited within the system. Together changes in flow and changes in sediment
dynamics result in an adjustment of the channel morphology or channe! geometry. The newly created
channel morphology in turn provide new habitat for riparian vegetation which is also effected by the
increased water availability. Changes in riparian vegetation impart feedback effects on channel stability.

It 1s shown how, under natural conditions. channel form can be expected 10 change in a regular manner
downstream. Width and depth should both show a progressive increase in depth downstream. while
channel morphology should change from one dominated by erosional processes 1o one in which
depositional forms become more prevalent. Vegetation can be expected to reflect this change in
morphology. with an increased morphological heterogeneity being reflected in an increased species
diversity. As vegetation becomes established it will tend 10 aid erosional or depositional processes
depending on 1ts charactenstics and position in the channel and along the long profile.

The primary impact of an IBT is the mcrease in flow. This will be most significant in the reach
immediately below the receiving point where the transferred flow is likely 1o dominate the hvdrograph.
especially in a semi-arid system. Baseflow levels throughout the system will be significantly increased
and in the upper reaches of the river may approach natural flood levels. This distortion of the natural
downstream flow pattern can be expected to impact on the downstream hydraulic geometry, the patiern
of sediment supply and deposition and the morphological heterogeneity of riparian habitat.

CHAPTER 5: CASE STUDY OF TWO SOUTH AFRICAN RIVERS.

Rescarch designed 1o test the assumptions set out in Chapter 4 is described in Chapter 5. The research
was based on the Skoenmakers River in the semi-anid Karoo region of the Eastern Cape. This river is
used as a transfer route for the Orange-Fish-Sundays River Interbasin Transfer Scheme. Water from the
Orange River is conveyed by way of the Great Fish River before passing by canal 10 the 1op of the
Skoenmakers. The Skoenmakers 1s then used 10 convey water into Lake Darlington where it is stored for

vi
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use in the Sundayvs River Irrigation sehemes and by the Nelson Mandela Metropole, which includes Port
Elizabeth. The wansfer has changed the hydrological regime of this once ephemeral stream 10 8 much
bigger perenmial niver. The effect of this change on the geomorphology and nipanan vegetation was
evaluated through a comparison with a non-regulated tributany of equivalent size. the Volkers River.

Qualitative. descriptive geomorphological data was gathered by means of field observations and this was
then compared 10 the quantitative data collected by means of surveved cross-sectional profiles at selected
sites along the length of both the regulated Skoenmakers River and the non-regulated Volkers River.
Riparian vegetation data was gathered by means of plot sampling along belt transects at each sile. A
qualitative assessment of the vegetation conditions was also made at each site and then added to the
quantitative data from the plot sampling. At each site the different morphological units were identified
along the cross-section and changes in the vegetation and sediment composition were recorded. Aerial
photographs were used as additional sources of data and observations made from these were compared
10 data gathered in the field.

CHAPTER 6: RESULTS OF THE CASE STUDY

The flow regime of the regulated Shoenmakers River changed afier 1978 from an ephemeral stream 1o
a perennial river with a maximum average daily flow of four cubic metres per second. Afier 1985 the
maximum average daily flow increased 1o 22 cubic metres per second. Thus a flood dominated ephemeral
stream was converted ino a base flow dominated perennial river.

The change in the hydrological regime of the Skoenmakers River had dramatic impacts on the physical
and ecological characteristics of the river. It directly influenced the channel geometny. i.e. the long profile
and the cross-sectional profile. The influence on the riparian vegetation's composition and spatial
distribution was found to be either direct (eg. loss of species caused by inundation) or indirect (eg. loss
of species due 10 loss of suitable regeneration sites).

The most prominent changes to the channel of the Skoenmakers River was the incision of the channel
bed in the upper reaches 10 such a degree that the bedroch has been exposed (Figure 6.6). Other changes
10 the channel due to the IBT include an initially wider active channel zone (increased width ), armouring
of the bed due to the removal of finer sediment, more bed material further downstream duve to
sedimentation. and decreased lateral stability of the channel. A comparison of similar sites in the non-
regulated Volkers River with sites in the middie reaches of the regulated Shoenmakers River showed the
formation of shelves as the only major difference in this section of the regulated niver (figure 6.7).
Morphological units such as shelves and mid-channel bars was found 10 have a stabilising effect on the
river channel’s geometry. This effect on the stabiliny of the channel can be direct through the
enhancement of deposition of sediment or indirect by providing additional habitat for riparian vegetation
growth and therefore an enhancement of the deposition of finer materials. High degrees of sediment
deposition in the lower reaches of the regulated river led 10 a decrease in the average channel depth. The
lower reaches of the regulated river were able 10 “absorb” the impact of the IBT much betier than the
upper reaches (Figure 6.8).

Vil
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Figure 6.6: Comparison of iwo cross-

Volkers (Va) and Skoenmakers River (S1)
immediately below the point of inflow of the
IBT,
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Figure 6.7: Comparison of iwo cross-

Folkers (V3) and Skoenmakers (56)
approximately 25 km below the point of inflow appraxinately 30 knr dovwnstream for both
of the 18T

Figure 6.8: Comparison of iwo cross-

sectional profiles for the upper reaches of the  sectional profiles for the middie reaches of the sectional profiles for the lower reaches of the
Volkers (V5) and Skoemmakers (81
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Erosion and deposition play & major role in the morphological diversiny of the physical habitat which, in

turn. was found to affect the diversity of the riparian vegetation. It was evident that an increase in the
diversity of the physical habiat along the cross-sectional profile led 10 an increase in the species diversin
of the riparian vegetation (Figure 6 10. The spatial distribution of the different riparian vegetation tvpes

(grass. reeds. sedges. e1c.) was found 10 be
influenced by the 1vpe of sediment present.
the distance away from the channe!l and
clevation above the water level. It was found
that woody species prefer distances further
away from the active channel and therefore
also higher elevations above the water level,
Sedge species were present at siles where a
higher percentage of liner sediment was
observed. especially where shelves have
been formed. The presence or absence of
sedge species could therefore be linked 10
site availability.

of suitable sies for
regeneration and establishment of riparian

The availability

vegetation species was strongly influenced
by the pattern of erosion and deposition.

Species number

10

»

S5 10

D 15 20 25 30
Distance downstream (km)

&
Q wEvyy

 Skoenmakers ﬁ Volkers

Figure 6.10:  Dovwnstream change in the number of
riparian vegetation species for the Volkers River and
Skoenmakers River.

Increased erosion led to a loss of habitat in the upper reaches of the regulated river but caused the
introduction of more sediment into the river system downstream. Deposition of this additional sedimem
created new sites for the establishment of species such as grass and sedges. It was found that a strong link
exists between the number of riparian vegetation species and the number of morphological units along the
cross-sectional profile, and therefore the availability of sites,

The influence of the IBT on the Skoenmakers River in terms of the composition of the riparian vegetation
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Figure 6.11: Importance percentage for vegetation

npes in the Skoenmakers river.

ix

was evident from the greater average
number of species for the regulated river.
This increase in the number of species
was found 10 be related to the introduction
of sedge species 10 the former ephemeral
svstem as a result of the available water,
ol the
percentages in terms of the differem

A comparison importance
vegetation types, trees, grass and sedges
(Figure 6.11).clearly indicated a lower
species along the
regulated Shoenmakers River
comparison to the non-regulated river. On
the other hand,

value for woody
in

significantly  higher
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importance percentages were recorded for grass and sedge species along the regulated river when
compared 1o the non-regulated Volkers River. Sedge species values more than doubled along the regulaied

nver

The effect of water availability was most evident for the woody species of the regulated river. This
vegetation type has increased along the regulated river for the post-1BT period due 10 the availability of

water on a regular basis to the otherwise dny stream.

CHAPTER 7: CONCLUDING REMARKS.

Ihe final chapter in Volume | presents an overview of findings. Of interest is the concern raised over
biodiversity, which generally increased as @ result of the IBT. In the upper eroding reaches instability of
both bed and banks resubied in loss of riparian vegetation without the creation of new stable habitat. In
the middle 10 lower reaches, however, species diversity increased relative to the natural vegetation
characteristic of the ephemeral Volkers River. This raises the question of whether maximum biodiversity
is always the best measure of river health. If the ecological status is 10 be measured against the natural
condition, the more diverse Skoonmakers system 1s clearhy significanthy modified in terms of hydrology.,
geomorphology and ecology as a result of the interbasin transfer. The imphications of this change for the
regional ecology are unknown,
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VOLUME 2
CHAPTER 2: SOUTHERN AFRICAN FLUVIAL SYSTEMS

Chapter 2 presents a review of the current state of know ledge of the physical functioning of southern
Afncan fluvial systems. The review haghlights that modern southerm African Nuvial system form is
dependent on the physical template imposed by past geological. tectonic and climatic processes. This.
together with a highly vanable and unpredictable hyvdrological regime has resulted in many rivers
being incised on 10 bedrock. with steep irregular longitudinal profiles and complex two-phase
channels. While the origins of modern Nuvial systems are better understood. modern fluvial svstem
process studies are limited and fragmentany . The review further highlights the scarcity of information
relating to the magnitude and frequency of channel forming discharge and bed material transport of
southern African fluvial systems. This limits the ability of the geomorphologist 1o comribute
meaningfully 1o the setting of the Ecological Reserve. It is argued that since southern African fluvial
svstems are subject 1o a highly variable and unpredictable hydrological regime. and are strongly
influenced by bedrock control. that for effective river management to occur. there is an urgent need to
develop appropriate local knowledge. This report attempts. in part. 10 develop that knowledge.

CHAPTER 3: MAGNITUDE AND FREQUENCY OF CHANNEL FORMING DISCHARGE

Chapter 3 presents a review of the magnitude-frequency debate. The debate essentially reflects the fact
that there are theoretical problems with defining “important”™ discharges in rivers and that this problem
remains largely unresolved. Two sections are covered: the first section considers the magnitude-
frequency debate, while the second section reviews environmental flows with specific reference 10
sediment-maintenance flushing lows. The first section highlights the fact that where work in rivers is
defined as long-term sediment transpon, moderate-magnitude. high-frequency events are considered
the most ¢ffective discharges in that they transport the most sediment over a long period. The physical
expression of this flow is often the hAankfull discharge. also commonly termed dominani discharge.
However, where work is defined as “irreparable” modifications to the landscape. high-magnitude. low-
frequency events are considered the effecrive discharges. as they are the only events that are capable of
mobilising the entire bed. altering channel morphology and affecting channe! change. Nested between
these apparent opposite ends of the spectrum are those systems characierized by highly vanable
hvdrological regimes with nested channel architectures that are adjusted 10 multi-scale discharges. The
three sets of information required for & geomorphological assessment for IFRs (discussed earhier) are
fundamentally linked 10 the magnitude-frequency debate. The second section of the chapier reviews
environmental Mows and concludes that despite the difficulties and limitations of environmental Mow
methodology. the holistic management of rivers requires an environmentally acceptable flow regime
must be based on sound scientific principles. The chapter concludes that while it is clear that there is
no singular relationship between event magnitude. frequency. duration and sediment flux or fluvial
svstem change, the magnitude-frequency concept provides a useful 100l around which the question of
what flows are “important” for Nuvial system functioning can move forward. This 1s not a trivial point,

ai
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for our understanding of Nluvial system functioning is key 10 the way in which fluvial svstems are
managed.

CHAFPTER 4: GEOMORPHOLOGICAL APPROACHES TO BED MATERIAL
TRANSPFORT

Chapter 4 provides a review on bed matenal transport. The chapier highlights the fact that knowledge of
bed material transport is critical in understanding fluvial system functioning. as the movement of bed
material acts as a regulator of a river’s character, geometry. planform. cross-section and longitudinal
profile. Furthermore, the review highlights the fact that bed material transport is a complex process that
is difficult 10 model accurately. particularly where the riverbed consists of coarse heterogencous material
and/or where unsteady flow conditions are in operation. Basic terminology relating 10 bed matenial
transport is explained. as are the difficulties and limitations of predicting nitial entrainment and the
movement of particles. Temporal variations in transport and supply are also considered. An overview and
comparison of the equations available for predicting bed material transport, their imitations. constraints
and potential application are also presented. It is concluded that very little progress has been made in
understanding the processes related to bed material transport. and that as long as the physics of bed
material transport remains incompletely understood, there is little reason to suggest that any of the
available bed material transport equations will produce accurate results. The chapter concludes that despite
this obvious shortcoming. when faced with practical problems such as recommending flows that will
perform a specific sediment transport task. the application of highly simplified. imprecise models are ofien
the only practical paths forward.

CHAPTER 5: THE STUDY AREA AND RESEARCH DESIGN

The South African National Water Act of 1998 requires river managers to apply Resource Directed
Measures to the protection of water resources. Though these measures it has become necessany 1o define
a(regulated) Nlow regime that will mimic the significant effects of the natural pre-impoundment flow, This
assumes, however, that scientists/engineers are able 10 predict the range of flows that maintain the flood
plain. macro-channel and active channel in a “natural” or “equilibrium state” for a specified spatial and
temporal domain. From a geomorphological perspective, this requires identifving the magnitude and
frequency of channel forming discharge and sediment-maintenance flushing flows for a particular river
reach. Currently. there are no methods available 10 achieve this. Research described in this repon
attempted. in part. to fill this information gap.

The aim of this rescarch was stated as:

to determine the magnitude and frequency of channel forming discharge for
selected southern African rivers.

A number of objectives were set in order 1o achieve this aim.

xii
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Objective I:  Teo determine the relationship berween channel form, bed material transport and
[Mow discharge for selected rivers..

Objective 2:  To determine the magnitude and frequency of the natural bankfull discharge with
respect to channel form for selecied rivers.

Objective 3:  To develop a conceptual model of channel forming discharge for selected rivers.

Chapter 5 presents a description of the study areas, the research design and structure of the rescarch
process. Three rivers were selected for study that are representative of different channel types in southern
Africa. These channels reflect a range of systems from the relatively un-impacted. semi-confined cobble-
bed Mhomazi River in Southern KwaZulu-Natal: to the highly impacied alluvial. single thread Mhlathuze
River in Northern KwaZulu-Natal: 10 the

semi-confined, bedrock controlled Olifants PELD SURVEY
River in Mpumalanga. The study sites on | HYDROLOGY

h of these ri were cl 10 be = - I
each o se rivers were chosen 10 | —mow
representative of differemt channel types e, wORALIGS |

. “. . c o ! l

.aswcn.aled ith pamculaf macro-reaches x:m
I'he sites were surveved in @ manner that | SEDINENT TRANSPORT scnuu'
would achieve the research objectives, The ' FLOOD TREGUENCY CURVES
rescarch design reflects two major foci: .__.._{
The Mkomazi River was selected as the FEEDRACK FOR

: : LO0D FREQUENCY CURVES e DOMINAN™ DISCHARGE
main research system where the technmigues B EFFECTIVE DISCwARGE

1o determine the magnitude and frequency

of channel forming flow were developed..  Figure 5.9: Flow diagram indicating the structure of the
The Mhlathuze and Olifants Rivers were TeScarch

application systems where these techniques

are applied 10 the see whether they could be used 10 explain the response of a channel 10 flow regulation.

The research process followed the structure depicied in Figure 5.9, Field surveys of cross-sectional data
andbed material class for sites in the three different river systems were used 10 estimaite long term bed
material transport based on the hydrological record. Hydraulic variables determined from the cross-section
data were used as input 10 bed load equations. Stage discharge rating curves together with long term flow
duration curves were then used 1o determine the effective discharge for sediment transport.

Effective discharge was defined as the discharge class that has the greatest potential 10 transport sediment
in the long 1erm. This was estimated by combining low duration curves with potential sediment transport
estimated for predefined flow classes. Dominant discharge was defined as the flow value at which flows
of this size or greater collectively transport 50 % of the long term sediment load.

Channel form features such as the bankfull level and in-channel benches were compared to flow variables
such as flood peaks of a given recurrence interval. effective discharge and dominant discharge. The results
of this analysis can guide interpretation of channel morphology in terms of geomorphologically effective
flows.
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This rescarch was directed towards increasing our understanding of the importance of different flows for
South Afnican fluvial svstems, thus contributing towards a betier understanding of the discharges that are
of “significance” or “impontance” n selected South African rivers. This is of particular relevance in South
Africa. where rivers are often controlled or semi-controlled by bedrock, have steep gradients with irregular
long profiles, are often supply-limited and are subject 10 & highly variable hvdrological regime. Little
attention has been paid 1o these sorts of fluvial svstems in the literature. and they are therefore poorh
understond.

CHAPTER 6: HYDROLOGY

Chapter 6 describes the methods used to generate representative daily time series for each of the sites for
the Mhomazi, Mhlathuze and Olifants Rivers. The daily time senies are required for the bed matenal
transport modelling (Chapter §). The technique used is an adaptation of the one used 1o generate flow data
for Ecological Reserve assessments (Hughes & Smakthin, 1996). The model uses an algorithm 1o patch
and extend (if necessany ) observed time series of daily streamflow. The technique is based on typical flow
duration curves and on the assumption that flows occurring simultancously at sites in reasonably close
proximity to each other correspond 1o similar percentage points on their respective flow duration curves.
A two-step generation process is used: 1) the generation of source flow duration curve tables for source
and target sites, and 2) the simulation of the time series using target flow duration curves for cach site, The
resuhts of the modelling exercise are presemed within the comext of the historical Nood records available
for the Mhomazi and Mhlathuze Rivers. The modelied results indicate that the unregulated Mkomazi
catchment generates the largest MAR of all three systems (1089 MCM), but the lowest CV (0.41). The
daily time series for the Mhomazi system reflect natural (virgin) conditions. The impounded Mhlathuze
River has a lower MAR (Virgin MAR 362 MCM: Present-day MAR 217 MCM) than the Mkomazi
system. but has the highest CV of all three systems (0.93). Virgin and present-day flows were generated
for the Mhlathuze system. Data for the Olifants svstem indicates a virgin MAR of 449 MCM and a CV
of 0.70.

CHAPTER 7: CROSS-SECTIONAL DATA, BED MATERIAL AND HYDRAULICS

Chapter 7 presents the methods and results for the cross-sectional data analy sis, bed material sampling and
hydraulic computations. Sites for each of the three rivers were selected based on the representivity of
channel types within the macro-reaches. the degree of disturbance and accessibilitn. A number of
representative fixed-point cross-sections were surveyed at cach site. Each of the cross-sections was rated
and the modelled discharge extrapolated beyond the range of field measurements by estimating the
*friction slope-resistance”. Morphological features were identified in the field in a consistent manner. A
minimum of 500 bed material samples were taken at cach site and analysed using conventional laboraton
techniques. These were later used in the bed material transport modelling exercise (Chapters 9 and 10).
The study is therefore based on 13 sites and 27 cross-sections for the Mhomazi River, 4 sites and 12 cross-
sections for the Mhilathuze River, and four sites and 26 cross-sections for the Olifants River.
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CHAFPTERS: BED MATERIAL TRANSPORT AND SEDIMENT-MAINTENANCE FLUSHING
FLOW METHODS

Chapter 8 considers the methods used for the bed matenial transport calculations and the techniques
emploved in determining effective discharge and dominant discharge. The effective discharge is calculated
using three selected bed material transport equations. 1ogether with the hydrology, cross-sections, bed
material data and stage-discharge rating curves. The three bed matenial transport equations utilised include
the Yang (1972). Achers & White (1973) and Engelund & Hansen (1967) equations. These were chosen
based on their suitability and good performance in a number of comparative tests. The dominant discharge
was caleulated using the Marletie & Walker (1968) equation. It is important 1o recogmize that calculating
the potential bed matenal load (PBML) and sediment-maintenance flushing flows depends on the
magnitude. frequency and duration of flows that determine the hyvdraulic conditions necessany for
transpon. the bed matenial grain-size distribution, the tvpe and spacing of the bed forms (if any exist)
(form resistance ). antecedent conditions and supply. Practically. it is difTicult 10 account for all these
factors, and hence 1t is necessary 10 make a number of assumptions in utilising this approach, these
mclude:

*  The bed material sampling programme for each site is representative of the supply of the material 10
the channel (hence PBML as opposed to bed load).

*  Bed material sampling can be averaged for the whole site and used 10 represent cach cross-section.

*  The supply of material 10 each site is based on the existing bed material and its size distribution. and
is available for transport at all discharges.

¢ Average conditions can be used.

Thus. the values that are generated are linked 10 individual cross-sections and represent bed material
transport potential within the prediction limits of the equations for average conditions. and second. the
technique does not account for sediment supply. These need 1o be considered in interpreting the results.
It is argued. however. that given the lack of a suitable aliernative. the approach provides a useful 100l for
determining channel forming discharge. but needs 10 be used with circumspection by a scientist/engineer
who is aware of the limitations of the approach,

CHAPTER 9: RESULTS AND DISCUSSION <« THE MKOMAZI RIVER

Chapter 9 presents the results obtained for the bed material transport analvsis and the sediment
maintenance flushing flow computations for the unregulated Mkomazi River. The results are discussed
in the context of four research questions, these are:

What are the channel morphology characienistics?
What is the dominant discharge?
What is the effective discharge?
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* s there any relationship between estimated bankfull discharge. dominant discharge and effective

discharge”

Table 9.4. R-squarced values for the relanionships berween flow variables and morphological features for
the Mkomazi River (* represents siatistical significance ar the 93% level),

R pp (DD |PD Q@ |Q [Q. |Qu |Qu |Qu
) | AW) [ (EH) | V) | aw) | (EH)
DD (Y) . 039 088 | 0.72 0.79*  0.83* 0.84*  0.84*
DD (AW) : 0.42 0.77* 033 034 031 034
DD (EH) . 0.88* | 0.82¢ 0.82* 0.82* 083
0, ; 051 022 |054 056 057 057
0, (AW) . 030 | 035 055 054 054
Q, (EH) . 0.71*  0.71*  0.72*  0.72*
0, 006 0001 009 |0005 0002 017 |004 005 006 0.06
BI 0.73* 015 031 |082* 038 012 |048 057 067 065
T 001 007 001 |002 020 001 |016 013 010 0.0

DD(Y)  dominant discharge using the Yang equation

DD (AW)  dominant discharge using the Ackers & White equation
DD (EH)  dominant discharge using the Engelund & Hansen equation
Q.0Y) effective discharge using the Yang equation

Q, (AW)  efTective discharge using the Achers & White equation

Q. (EH)  effective discharge using the Engelund & Hansen equation

Q..+ 1.5 vear return peniod flow on the annual series
Qo 2.44 vear retumn period flow on the annual series
Quee 0.9 vear return period on the partial duration senies
L 2.0 vear return period on the partial duration series
Q. estimated bankfull discharge

B1 bench

Tl low terrace

The results indicate that the Mhomazi River does not conform 1o conventional wisdom developed for
temperate alluvial rivers, in that the channel is strongly controlled by local conditions such as bedrock,
a variable hydrological regime and a coarse heterogeneous bed. There does not appear 1o be any
relationship between the estimated bankfull discharge and the hydrological regime. However. there does
appear 10 be some agreement between the 0.9 and 2.0-vear return period on the partial duration series and
the “bench-full discharge”. Two sets of “effective discharges” are significant: an effective discharge that
transports the most bed material over a long period of time - this has been shown to be in the 5-0.1%
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range on the |-day daily flow duration curve (Figure 9 4) and, second, a “reset discharge” - a flood event
with a return perniod in the range of 20 vears that has the energy 1o mobilise the entire bed thereby
mamaining the channel. The channel architecture of the Mhkomazi River is therefore a response 10 two
sets of effective discharges: the active channel is controlled by the lower set of effective discharges, while
the macro-channcl and overall channel form is a response 10 the “reset” discharge. It is argued that these
two sets of effective discharges do not operate independently of each other: rather the effective discharge
sets the wemplate for the effectiveness of the “reset” discharge.

CHAPTER 10: RESULTSAND DISCUSSION - THE MHLATHUZE AND OLIFANTS RIVERS

Chapter 10 presents the results obtained for the bed material transport analysis and the sediment
maintenance Mushing Nlow computations for the regulated Mhlathuze and Olifants Rivers. The discussion
is presented in terms of four research questions, these are:

* Do the results obtained from the two regulated systems add 1o the understanding gained from the
Mhomazi system? What is the impact of flow regulation on the relationships?

*  Arcthe observed morphological conditions related to virgin flow conditions or the regulated present-
day conditions?

*  What lessons can be learnt for Instream Flow Requirement (IFR) assessments”

*  Given the results obtained. what Nows should be recommended and why?

Mkomazi river
cumulative sediment transport (Yang)

2”
geo z i
;.o /8
fw 2 B : i
°' 8Bt HB%5 5 1 o oo

percentage tme equaled or exceeded

-4

- 1 - 3 v 4 S 6 -
.} ] 10 11 = 12 13

Figure 9.4: Cumndarive sediment transport for the Yang equation for all sires for the
Mkomazi River.
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It was demonstrated that the channel morphology and PBML in the Mhlathuze River has been
considerably altered by the regulated flow environment. with the preseni-day obsenved morphological
relations related 1o present-day flow conditions. The Olifants River on the other hand shows a high degree
of resilience 10 change. probably due 1o the strong bedrock control of the channel boundary and the coarse
heterogencous bed. It 1s probable that the Olifants system is supply-limited and that the coarse bed
material is a reflection of this state. Given these results. it 1s likely that fluvial svstems will respond ven
differently 10 a regulated flow environment. Both the Mhlathuze and Olifants svstems display highly
variable hydrological regimes under virgin flow conditions (CV of 0.93 and 0.70 for the Mhlathuze and
Olifams Rivers respectively ). and vet they respond very difieremtly 10 the imposed change. The Mhlathuze
shows major geometry and bed material transport capacity changes. while the Olifants indicates very little
adjustment. It would appear that channel boundary conditions are of great significance in determining the
impact of flow regulation. This must be taken into account when setting IFRs. It has been suggested that
for the Mhlathuze. different flows should be recommended for the site immediately below the
Goedertrouw Dam, and for those sites downstream of the major tributanies. Where tributary inputs of
discharge and sediment occur, bed mobility conditions and degree of human impact need to be taken into
consideration. It is argued that flows should be set close 10 the effective discharge to ensure that the
amount of sediment entering a channel reach is equivalent 1o the amount of sediment exiting a reach (e
an equilibrium state). Two sets of effective discharges were recommended for the Olifants system:  first,
the effective discharge that would ensure that fine material. sand and gravel would be Nushed through
the svstem thereby preventing fine material entering the imerstitial zone. Second. that high magnitude low
frequency “reset” flood events should be allowed to move through the system 10 ensure that bed is
overturned occasionally. thereby maintaining the channel form.

CHAPTER11: THEDEVELOPMENT OF MAPPING TECHNIQUES FORTHEASSESSMENT
OF HYDRAULIC BIOTOPES

Habitat assessments in South African ecological reserve (Instream Flow Requirement) workshops are
based on hvdraulic analyses applied 10 one or two line transects across representative morphological units
at representative sites. A hydraulic analysis is applied 1o each transect 10 derive the discharge related
changes m wetted perimeter. maximum depth, the depth distribution across the profile. and mean velocity.
The distribution of substrate size across the section can also be provided. The quantitative description of
habitat at any one point on the transect is therefore limned 10 substrate and flow depth; estimates of point
velocities are unavailable. In effect. the transect is treated as a lumped syvstem. characterised by average
values. This is a major limitation of the method as used at present. A second. possibly more serious
limntation is that quantitative assessments are restricted 10 a single line transect for cach representative
morphological unit. no method having been developed 1o assess spatial changes in habitat across the unit
as a whole. There is a clear need for a technique that can incorporate spatial changes in habitat as an
integral part of reserve assessments. This chapter reports the results of a research project that set out 10
develop more effective ways 1o map hyvdraulic habitat.

Habitat 15 comprised of a number of components. Instream habitat depends on the flow hydraulics,
substrate conditions. overhead cover, water temperature and water chemistry. The first two of these
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components can be related directly 10 the channel geomorphology and can be wermed hvdraulic habitat.
Available hydraulic habitat can be described in terms of the wetted perimeter (the total availabiliy of
habitat). the flow depth and flow velocity . coupled 10 the material on the channel bed which forms the
habitat subsirate. Hydraulic habitat vanes across the channel cross-section. forming distinet pmches that
can be related to the channel form and bed conditions. These patches have been termed hyvdraulic
biotopes. defined by Wadeson (1994) as a sparially distinct in-stream flow environment characierised
by specific substrarum and hvdraudic anribuies, Hydraulic biotopes were used in this research 1o map
hydraulic habitat at a range of low discharges for sites in the Mgeni and Tugela Rivers in KwaZulu-Natal,
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Two technigues were explored. The first used fixed pomnt photography. This successfully captured the
mosaic of hyvdrauiic biotopes at one discharge for a relatvely small arca of & specific study site, It was
not easy 10 rephicate the the photographs at difTerent discharges, or 10 apply the method 1o an extensive
channel area

Habitat Map - Site 7.2

Figure 11.16:  Habitat maps showing disiribution of hvdravlic bioiopes ar one specified discharge

The second method was based on a 1opographic survey of closely spaced line transects 10 establish the
topography of the research site. The GIS package ArcView Spatial Analysis was used to create a 3-D
topographic template. This was coupled with hvdraulic modelling 1o establish the water depth over the
mapped area for a range of discharges. A substrate map was created by noting changes in mapping
sediment size along the transects. The Kine surveys were transformed 10 a continuous surface using
ArcView Spatial Analysis. Ina similar way. hvdraulic biotopes were mapped along the transect lines. then
converted 10 a continuous map using ArcView Spatial Analysis. Repeated mapping of hvdraulic biotopes
along the fixed ransect allowed discharge related changes in habitat

1o be monntored.

This method was shown 10 be effective in displaying the spatial pattern of flow types and flow depth. Of

particular importance was the information provided on connectivity or fragmentation of certain habitats,
for example as might be related 1o fish passage. The use of ArcView also enabled quantitative data on

XX




Execuive Summary

the proportions of different depth classes or habitat tvpes 10 be assessed. The method has been used 10
good effect in Reserve determinations for the Tugela. It is recommended that the method be refined
through further rescarch and development.

CHAPTER 12: DISCUSSION, SYNTHESIS AND CONCLUSIONS

The final chapter presents a synthesis and the conclusion of the study. Implications of the rescarch for
river management in general. and setting the ecological reserve in particular, are discussed. The focus of
this project has been 10 examine the relationship between flow regime. geomorphological process.
channel form and related habitat. Thes relationship underlhies the concept of the ecological reserve, defined
as the quantitn and quality of water required to protect an aquatic ecosvsiem in order 10 secure
ccologically sustainable development and use of aquatic resources. In determining the reserve the timing
of low as well as its total quantity is important. and embedded in the notion of timing is the distribution
of flow between floods and low flows, As geomorphologists, our anention is focussed on the floods as
these are the flows that effect geomorphological change. In a Reserve determination the geomorphologist
18 given the responsibility of recommending flood flows for mamtaming the required channel form. in
terms of both ov erall channel dimensions and bed sediment conditions. It is therefore important 10 be able
to evaluate the role of flood events and the possible implications of changing the flood regime on channel
Processes.

An important outcome of the research on the magnitude and frequency of channel forming flows was the
proposed model of channel form - flow relationships. This model lies between the “Leopold™ alluvial
maodel and the *Structural” model of bedrock control. This model would argue that two sets of effective
discharges aresignificant. First. a range of effective discharges in the 5% -0.1% or 5% - 0.01% flow
duration class are responsible for the bulk of the bed material transport and largely determine the
morphological adjustment of the active channel. Second. a “reset” discharge. composed of the large floods
that occur on average every 20 vears or so. maintain the macro-channel and mobilise the entire bed. thus
resetting” the svstem. These two categories of effective discharge will have different outcomes in bed
roch controlled or semi-controlled systems and alluvial systems. It is suggested that because of the
‘resetung” it is unlikely that the active channel will achieve a true equilibrium form. but that rather it 15
constantly being reconstructed after major events. hence the ubigquitous inset channe! benches. The
imphcations of this model for nver management are discussed in this chapter.

Geomorphology determines the shape of the channel. and channel shape plus flow level determines
aquatic habitat. Habitat 1s therefore both flow and morphology dependent. This relationship was
embodied by Wadeson (1996) in the hydraulic biotope concepl. Rescarch carned out during the present
project aimed 1o develop practical techniques by which hydraulic biotopes can be integrated into Reserve
assessments as a means of assessing flow-related habitat availability.

Three major products have been developed during this research. The first is the documentation of the
impacts of flow regulation through impoundment and interbasin transfer. based on imernational
experience and a case study of a South African IBT. The second is a set of methods and techniques to
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identify the range of flows necessany 10 maintain channel form and equilibrium for selected southern
African rivers. This in turn has lead to a better understanding of the range of flows that maintain channel
form for southern African rivers and should assist in setting geomorphological flow requirements for the
Reserve. The third is a set of protocols for describing and mapping fiow related changes in hydraulic
habitat. The application of these products by the research 1cam 1o Reserve determinations has been an
integral part of the research process.

While the rescarch has gone a considerable way 10 developing concepts and techniques that can be
applied 1o river management. specifically through the process of Reserve determination. there are many
unanswered questions. Further research and developments could add both confidence and efTiciency to
their use,

While international research has pointed 10 a range of geomorphological impacts of flow regulation, 10
date there has been limited study of these impacts in South Africa. There appears 1o have been limited
research on the geomorphological impacts of IBTs. There is clear scope 10 extend this work 1o monitor
the impacts of new developments such as the transfer from the Mooi River into the Mgeni svstem.
Observed impacts can be tested against the channel forming concepts developed in this report.

Research on the magnitude and frequency of channel forming discharges was carried out in three rivers
draining the Great Escarpment of Mpumalanga Province and KwaZulu-Natal. There is a need exiend the
research o a wider peographical range. Application of the method 1o other rivers (such as rivers in the
Western Cape or more and systems in the Karoo) would generate further useful information,

A major limitation to the application of channe! process models to river management is an inadequate
understanding of bed material transport in rivers, There is a need 10 develop sediment models that can
integrate the sediment supply from the caichment. the convevance of sediment through the channel
network. and the reach scale transport processes, Moreover, if we are 1o understand the development of
alluvial channe! morphology. sediment deposition processes are as important as sediment transport. There
is also a compelling need to validate the available sediment models with real data from local rivers,
Attention needs to be paid 1o monitoring bedload movement through the use of devises such as bedload
traps. A research programme focussing on bedload transport and channel change would add valuable
incites into fluvial processes in South Africa.

One himitation of using the sediment transport model in Reserve workshops is the computational time
required using the current operation which is based on manipulation of spreadsheet data. Developing a
computer-based program to improve the efTiciency and accessibility of the method is recommended.

There is considerable scope 10 extend the habitat mapping approach described in this report. What is the
most efTicient way of mapping hvdraulic habitat? Can we develop models of habitat change for differem
channel morphologies”? How can this information best be presented in a Reserve workshop? These are
the questions that future rescarch should address.
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If geomorphology is 10 become an accepted part of river management its methods must be based on sound
scientific principles validated through research in local environments. We also need methods of data
manipulation and presentation that make that science relevant 1o the other workshop participants. Good
science and good communication are the two most pressing challenges that practising geomorphologists
must address if they are 10 make @ significant contribution to the protection of water resources.

CAPACITY BUILDING AND TECHNOLOGY TRANSFER

Ms M Du Plessis and Ms G McGregor both graduated from Rhodes University in April 2000 with Master
of Science degrees. Although Ms McGregor was not funded in any way by the WRC, contact with the
project has been helpful in her research development.

Mr E Dollar graduated from Rhodes University in April 2001 witha PhD.

Honours students in the Departiment of Geography a Rhodes Universiny participated in field trips to
collect data as part of their teaching programmes,

The rescarch described in this report was developed in association with active participation in Reserve
determinations. The rescarch outcomes have thercfore already found application within the Reserve.

During the course of this project (1996 - 2000) the project team produced 16 related research papers or
book chapters in journals, conference proceedings and 1ext books, presented 14 conference papers at 9
conferences, 2 bibliographies and edited a senies of bibliographies. contributed to 11 Reserve starter
documents and other RDM documentation and produced 2 reponts independent of the present one,

xxiii




Acknowledgements

ACKNOWLEDGMENTS

The research in this report emanated from a project funded by the Water Rescarch Commission entitled:

GEOMORPHOLOGICAL RESEARCH FOR THE CONSERVATION ANDMANAGEMENT
OF SOUTHERN AFRICAN RIVERS

The Steermg Commitiee responsible for this project consisted of the following persons:

Dr SA Mitchell Water Research Commission (Chairman)
Mr DS vd Mervwe Water Rescarch Commission

Dr J King University of Cape Town

Ms D Schael University of Cape Town

Mr R Rowlston Department of Water Affairs and Forestry
Prof C James University of the Witswatersrand

Dr FM Chutter AFRIDEV

Dr J Boelhouwers University of the Western Cape

Prof ) O"Keefle University of Rhodes

The financial support of the Water Rescarch Commission and the commitment and guidance of this
commitiee to the project is gratefully acknowledged by the project 1eam,

Additional funding was available from the National Rescarch Foundation who supported Ms McGregor
and Ms DuPlessis with masters bursaries.

The support of Rhodes University is acknowledged. In addition 10 employving the project leader, the
University provided office and laboratory facilities as well as administrative support. The Geography
Department is to be thanked for hosting the project and supporting the research team in many ways.

The Department of Water Affairs and Forestn provided numerous opportunities for data collection and
testing methods during IFR exercises, while the Department of Water Affairs (Craddock) provided
hydrological data on the Fish-Shoonmakers IBT

A number of people gave freely of their time 10 assist with the application of the models used in this
rescarch: Mrs Angelina Jordonava and Mr Andrew Birkhead of the University of the Witswatersrand
assisted with hyvdraulic modelling. Mr Andrew Birkhead and Professor Chris James (also of the
University of the Witswatersrand m ith sediment transport modelling. Professor Dennis Hughes of Rhodes
University with hyvdrological modelling and setting up spread sheets for sediment modelling

The farmers along the Shoonmakers and Mhomazi are thanked for allowing access to research sites for
aceess (o nver

A number of ad hoe field assistants and clerical assistants assisted with field data collection and analvsis:
Ms M. Armstrong (office assistant). Ms A van der Stock & Ms N Motteux . Mr Michael Dollar. Pete
Higner (divers and sediment samplers in the Mkomazi ). Geomorphology Honours class of 1998 (ficld

AssIStants),

Assistance with editing the final report was given by Ms Rachel McDermott, Ms Gaelene Kramer and
Ms Leanne Du Plessis.

XXIV




Tahie of Contents

TABLE OF CONTENTS
el gl T S S——
ACKNOWLEDGEMENTS ..ccciccnmmionsmncssmensicionivsiviiecsmsssonsi sissstormssossomesmminmmsmmnessissusse ANV
TABLE OF CONTENTS i diaiiai iR Rvisimesiive TV
LISTIETIOURES iicniissiiimeaenpemmststmemmeyansseniauiaidsipiiiiesivstosiiin s XXXV
LIST OF APPENDICES e ceenannas e alin

TABLE OF CONTENTS
VOLUME |

Section A:  Inmtroduction

Chapter 1: Geomorphology and water resource protection in South Africa ... 3

1.] Geomorpiniogy and Wity TESOUWOS PIOMEION ..icoriiisssiosmsnsiiniisisinaiimiimimimeseibnistteivermni 3

1.2 Geomorphology and the Fiver ERVIFONMENL.........cccccuiniiiniinmsssssssssssssssssssssnssassssssssssssssssasssssssssil

Rl 1 R e U ———
el oo TN ottt OSSN 7

1.4 Alms, objectives and Outling OF The TEPORT ......cocerrerssremmesssmessssssssssssssssssssssesassmsscassasmsssemsensassonsnns 12

Section B:  Geomorphological impacts of impoundments

Chapter 2:  Downstream impacts of impoundments:  a predictive model for South Africa ... 17

MRl R T g o T T U — 17

P VT 0 S —————— }

2.3 Review of the impact of impoundiments. ... s sssssssssssssssssssssssssssssssssin 4
231 The impact of impoundment on river channel morphology.........messsssssssssmssa
232 Geomorphological impacts of impoundments according 10 Petts (19853 i 24
2.3.2  Distribution and relevamce of impoundment SUUAIES ...................ocisisssissssisisssimd

R T T R R ——————— 27
241 GRS OREE T UIL citit——— St
Rld  CIINER B0 IR PRINE. et t—a———— SO 39

e S e U S R 1 S PR SRS 40

XXV




Tahie of Comens

.6 Application of the model in SOUth ATFICA.... ... rinimiiisnnnrsssrssssssssinsesssrssmssssssssssssssnssasssssn B9

[

12

B T TS L £ R e a6

Section C:  Geomorphological impacts of interbasin transfer schemes
Chapter 3: Interbasin transfer schemes in SOuth AfTICA....cccuim i iansssasssssisssisssesnsssisssses 49
3) IR st eI

‘a

3 ~

3.2 Existing and planned IBTs in SOUTh ATTICA. ...o..oiiirscccisiannsnnnsssssssssssisnsssnssssssssssssssns sessssssssssssns 51

Chapter 4:  Geomorphology and riparian ecosystems in disturbed systems - a theoretical

4.2 Cotitrols on CHANNE] MOTPROIOEY ccceeccseccssmsnsisinssasassesssssisssinonsasonssninissssassssniine siossssovessossvisiivoviovsssiond) |
J31  THR IORE PR s ccvisciamssnmicmimimt ittt st §
43 FIowmE oA TR st ——————— =
T R IR 6l
424 ReSiSIANCE Of BUNKS JOOKIN.........oosssisinessisnsessssssssransssssasssssssisssssssssssasnssanss sassssssars sans ssssses 62

B30 R VRO R iRl
4.4.1  Geomorphological Cffects Of VECIAIION...........owvevmsisssrmsssmssrssssrssssssrsssssassssasssssssssaassss 09
RS BRI SEEIIIRIIND verecre s enons ot S St 66
ALY O TN IR et st sy S 67
GAA  STC BVEIIEDIIIY .oovrerccsssscssssssessesssersssssssnsenssssssssssssssoonsosmasantssssssssssssresssssssassssasesassssasansonsssed 68
N T I I s e e T 68
446 Exolic ripariin VERTIOIION GPOCIER. cssciuiiiiiimmiiiviias o R 69
AT ARFBROSIINEE SNV osiionisamsincittisivitoiiniuiitiimiinitvaaisiesisoimdiiasnd 69

T Py T —— —— 70

Chapter 5: Case study of two South AfFICAN FIVETS ..........ccooiiriinmmrasssisissssssnsssssssssssssssssssaassassnssass 1 |

S$.1 Aim and obJeCtives ...oovveiiiinnnns NN SN SO S RO . |

5.3 The Orange-Fish-Sundays River Interbasin Transfer Scheme. ... 75
53 T SO IO SRS TR oot Bl ittt 8
L S ———- 78
A42 Clm SN PRREI  ccnsmmmmsmtantnR——————————sttaes T D

dS TN VRPN oot anten ettt S TRt e i

XXV1




Table of Contents

Chapitr e’ Resulis OF e TRIP BHIIY cocimimimmmtsimsmtritososassmmmmm—————os eiios 83
A AR BT RRRA R
6.3 Geomorphological CRANEES.... ... . s ass s s s s sa s s asss e e re e an s aa s n R aees 86
6.3.7  Changes in CRAMNE] PAIICTN... .........occvsrsessresssrsissssssssssssssssssssssassssssssassssssssssssssssssssssssssnsss OO
EXT Douii i DN SN it ]
6.3.3  Changes in channel cross-section mOrPhoIORY .....c.cuimimmmmmmmmisscmassssssessisss S8
6.34  Downstream changes in Sediment COMPOSITION .........oowovimeiesemieissessssssisssmmmnsssesssesssnss 94
64 Riparian VEREAtION .ccrcececsssemcmaitrraistonemsisitasistos o masesssommssonmmssmmsesseserasessessncasses 10
(N T T T e —————— | | .
O  Biporionm e WlEIR.... oo ommmmm——————————egessssapatempenssmsressossmasssess st 105
6.4.4  Relationship of riparian vegetation 1o chammel morphology. ... 106
645  Geomorphological ¢ffects of the riparian VeQEIQIION .............cmmmssrssssssimsisss i

LR S T L —————— 12

Section D:  Conclusion
v T e U C—— 135

VOLUME 2

Section A:  Introduction

Chapier 1: Introduction:  geomorphology and water resource protection in South Africa ... 3

1.1 Geomorphology and WaIET FESOURCE PIOWECIION. .........c.rvr.cvsessrssesssessssssssssssssssssssssssasssssssessasmsssassscsed

12 Geomorphology sl the tIVEr ERVITOMIRERE ... cvisesismssssrassssiisuinsisiemsesssissistsnsisssssbsomeimsommesimei (0

13 Time and Space 5cales i GOOMOTPROIORY cccccomicisicuciscscsimsssivssssevissnsisosssosssssssssussassinsosssosssssosssoorss 1
[N T ———— S —— S ——— 7
L TR st A, 8

Ry U S——— )2

Chapier 2: Southern African fIuvis] SYSISMS ........cccccecicecsccsmssaasssmassassssusssersssomonssssnsssssssmassssssassessnssss 15

] IrOREION. oot SRR AR ks TR e i R T 15

22 Ancitall SORMIIR ASIONR TIBVIE] SPUISIND ..o..c.oncsmionnmsmnisssionssissosmmiseimmssiimmimntsonstsssssoiniiios 15
L& N — 16
222 Palaco sedimen vields A AR STt I

XXV




Tahle of Contents

23 Modam soalliary AT (Iavill SVNIING it 19

B R L N — v

‘e
LW
‘o

R S R st e s 21

)
+~

T T —

‘o
e
L S

Flow regulation and CRanmmel ProcesSes ............cieeeieeesiessssessssssssssssssississsssssssssssnsss o

L]
»
>

River classification and CHUmme] [IroCeSSe ... v s s

- -

2.4 Overview of southamn AfFcan fluvial SYRIBIED ... ... nirnsvsrsrsssssssmasicasssssseperssissssll

= R PO ..

Section B: Long term morphological change: Magnitude-frequency concepts in river
management

Chapter 3: Magnitude and frequency of channel forming discharge.................... i e e
AN IR ——— ST T I W TR — )
3.2 The origins of the magnitude-frequency debate ............... i sssssssssssass 32
3.3 Dominant discharge ........ccoovvnnns N— RO T — DVOT—— 32
3.4 Bankfull discharge ...........cccocuu. Iy .
33 BITREEN ERETITIIR. <ot S e

3.6 Dominant discharge. bankfull discharge and effective discharge in controlled and semi- controlled
DAY T T I, ST PO RN |

3.7 Summary and management implications of the dominant discharge, bankfull discharge and
ST S O TS

3.8 Magnitude-frequency and floods .........cccemeenenns ST VNP SR —— ..
3.9 Eavironmental flows I GUOIMOTPEOIORY coosccsccsssssssctussmosmmissssosssssessesssssosossatsssmsmanssatssressssoratesss 41

SAR ST S CEERINNINE oottt sttt

Chapter 4: Geomorphological approaches to bed material transpont......eevecceiiiiiisnncssssnssansas 4 9
32 Batlc MORRIOEI. ccunipiitimiiiisbsio W Rr TIPS EPE e R 45
4.3 Parnticle entrainment ... Sl et gD
4.5 Temporal variations in bed load traNSPOIT FALES. .........cccoiiiccmsimsnssmnsesssssssnsssssssssmssrssssmssasssssssssssassss - .
4.6 Approaches to predicting bed load transport. ............ VDUV EI—— WIUIIPRUORNG... .
4.7 Limitations of bed 10ad transSport CQUALIONS ...........ccceiessesiisssessassssnssssassssasssssassssssssssassssssassssassssase 55
4.8 Comparison of bed 10ad IFANSPOM CQUATIONS ...c.coeerinmrrienrssssssssassssssssssssssessessssssssssssssssssssassssssssass 56
4.9 Bed material ransport and river MANBECIMENL (i eercciissasssesssssssssssssans S — 57
B B o O

XXV




Table of Conmtenis

Chapter 51 The research problem: aims, objectives, study area and overview of research design....01

A AR TR ORI 6l

('

xS S S Sy SR ! 6l

-

S Solestion Of TODIISRIMIVE TIVEED it

3.3.1 The MROMGZE FIVEF, coovvesiisicssiisinies ‘ NS ST Y ST PCE TS P RNPPEPOUPPIREN . \
T TN P — NPSp———— BT —— 66
PPN P — NP S (]

.

L)

W,
W

5
‘o

“h

n

B SUMBEYY S0 CORCIHAPIOND' 1eccsrcssssssmmsememmmarmsesenssaserssssarsesesassenss sessssoammesomoommsammmmssssssenamsensnsse 76

Chepter Bz Hydinologittll GDMVEIS. «osciiimisissmmmmmumpmmenmmessimserpests s dbiissiiiiiiisssisssrtsissssnissitsal 1

B2 THE MEIOIIEED BIVBE cosaseiscsicinssrimmiaibiissmiismiiiosiissie it st s i oo b s S vssssts 77

6
20 JHorionl Poolt TeOIIN it iiiicisicsvisis Wittt Iy 88
B3 TIMARBEEE PINEE. o ccammimmsmsimtsssmeciiisiismiotitiiiiiinsnmenciniivlil
6.5.] Dt GWIODREY. cococsmssommscsmssssmisemmsmsrssssssomsnsossssssssssssssssssssososssssassomsmansasssssssssssetsssssesss 88

e N N S SIS 1 [

6.2.2  Sclection of appropricne CaliBraiion SIAUONS ...........c.vmsmssissssmssssssmsssssssrsssssss | 8

6.2.3  Generaning 1arget flow duration CUIVES ..............covwemssseenessmemesssmsssssnsiisssnmenssnsssssnsssssssass 19

624  Generating target dailv flow duration curves ... TRy SSTRTE - 81
3

L)

Flood Jaguency GROINEIE c.icssiisiucmmcmssesmemmivsisiisiteisitiossismmsiosiin s tosisiessiss 82

6.3.2 Hvdrological regime of the Jour MRIQIUZe SHE .........occisssssmrssssasssssssrsssasssssssssssssssssnsss 89
6.3.3  Flood frequency GnaIVSIS. ..o ssssssssmssssssssssssrssssssssssssssssssssanssssasssssasssessass 89
B4 SRl Nong TECITER ittt e o
Y The TR IIVES it
(N L T S S ST P T————— 05
6.4.2 Hvdrological regime of the OVIfANES SHIES ........csiisssssssssssssssssssssssassnsassonsasssssassessssssassssassd D
TN T S USSR 9s

5.3 Sonnry 5 SREREEIONE oo cmeesesrsemesmcrms s masam eyt P

Chapter 7:  Field measurements of cross-section data and bed material and hydraulic calculations. 101
T} UDAIRION sscasimnaiisccinhosmiiiniad AT v eiah i oo es saiidiidoisiidas ik dadaisiadiail 101
7.2 Cross sectional data .............coviiennsssansnas TP P — 101
Ll AMRORNET TINY cinssisssmossiomomiss OO U — — 101
s R I~ 108
23 Olifams river. ... ‘ . _ o 12

m24  Qualiry audit and summary ................ ettt it I 116

NXIX




Tahle of Contents

Rl R I R i e T AT s LI D)
BRSSPI sttt —— 117
2R3  AERRNERE VI it I e i 1y
RS ORI FINE cmsmmsiicsinisntitiivmiit it aistinimsaststastuisniin L3P
Sk (I A ST a2

R R I sttt et A s 121
TAT Compuit@iions for the TFEE FIVETS .. eeseeseriis s iisississssisssnssssnsssssssnsssssnssasse | 2.3
A2 Quality QuAit O SUMMIGEY ............cc.coiiicnssaaeesrrsseeeersssssssssessssassssssssssssessssssssssssassssssasssnass 123

73 SNy Sl QUM e iR 123

Chaprer 8: Modelling bed material transport and sediment maimenance flushing lows. ... 127
S TR e srrnysseer s o e R SRS IS 127
8.2 Generating the effective diSChange ..o nssissssrssssssssinsssssssssssssasssssssnssssnssss | & 1
EX] B Y il cssnmrsniiissiiniiiecii i 127
823 HyBOIOBICO I cucia it P PEPTTINIS S, | |
Bl  SIPEEIR AL ot st e A ST TR S S s S TaIS 134
b VSRS USCCUNB— |. .

N2.3  Bed material Iransport QUATIONS. ................ocervvsssssssssssssssssssssssnsssssssssssssssssssasssscssssessss | 3 9
B.2.6  Siream power and SREAr SIPESS. .....uimisissismsssssssssssssssmsssssssssssassssssssasssssss | 30
E327 DT sspcscathbsiiiiibiimmmmiiamndiiiiaiainis 137
§.J Saeunntl malnientnics TIOMMEE TIOWS o smmonmsosmvstincsistrssvinivotisitimoismmnisisssciisssssess 1 3 1
Bt RN DR AT I N ottt e wesanal | T

B4 CONCIUSION. ovvvsrnnrisrnsrssrsssssssssmssssssmmssssans T Uy - Sua— DL J—— 140

Chapter 9: Results and discussion - the MAOMAZE FIVET .......ooveivrnmiminismsissismsssmssssssssssssascsssssssasss |9}
TR —— 141
92 Flow chR 000 MEUIEE ML, sttt J
05 Rl R DT IRTER.rvcnscussoscsissossototbarsorveveossessuieds ittt teiasans st sr i I A i 141

v.3.]  Research question I What is the relationship berween the channel morphology and
) T —— icisdadvin 141

.
L

Research question 2: What is the dominant diScCharge? .........commemsmsessssssssssssnees 149

e

Rescarch question 3: What is the ¢ffective discharge?. .........osssmecsssssessssssssssns 152

> N W

3
3.4 Rescarch question 4. Is there any relationship berween estimated bankfull discharge,
dominant discharge and effective diSCRAIEE. . .......uvoeecevecesnencsisinessssessesssssssssssssssssssseess | 91

LR O O = S R - S—— 158
9.5 Sediment maintenance fIUshing flOWS. .o I — 159

V.5.1  Effective discharge for sand, gravel and cobble..................coovuieceinicciinimemsssnisssssansnsns 1 62

XXX




Table of Coments

R S S T S Sm— 164
R T L T OSSP 164

Chapter 10: Results and discussion - the Mhlathuze and Olifants rivers...n.. 165

101 Imroduction. ... T T 165

: 102 The Mhlathuze river ... sttt ST ST G TP 165
; J0.27 OVGIrTIoWN, wusnnnntusins oy A aonens SIS s esontniestdear st cantaits 165
10.2.2  Analysis of channel morplalogy ........ciinccivissinceecisiiissciiss RUTUIOR——— 166

10.2.3 Dominant discharge ............oommsiiinssnnns 173

JO.24 Ltier SR wensresvcssenenssnamessnsmemessmsewssnmasssmmemesassspsssasesssssosespmeenons 40

1025  Effective discharge for sand and gravel .............. R N e — 182

1027 Implications for Instream flow requirements. ... 185

103 The Olifants river

...................................................................................................................

JO.3:1 OWEPVIPW cscssansmssnsmsncssnesssssssssssomreomnsesannsmemosssssssssiosinssssossonsssssrmemsmesmsamsssssamsasmss 187
10.3.2  Analvsis of channel morphology. ... 187
FO.3.3  Dontindinl dESCIIIEE ..ovvvvvrssesssssnsssssssanssrsnansssssssssssssssssssnnnsnaassrssnssssssssssssanssssnnsssssssnssssnnssssn 190
JO.3.4 EIFCCING QUISEIAIEDC acoososonscosnsssssssssssosssssssssssssssssssonssassansannonssssssssssssessasesansensasessassansses 190
10.3.5 Sediment mainienance flushing lows. ... SRR 194
B R T PR —— P LS P SESU— 196
10.3.7 Implications for imstream flow requirements........ 197
104 Doty U OO ottt IR s ST 197
Section C: Short term response:  discharge related changes to hydraulic habitat
Chapter 11: The development of mapping techniques for the assessment of hvdraulic
DIDIOIED i SRR 201
1.2 Digital photography . .....ccooovverimnmssane: VRO 1 .
1A TR rEarlarte Sl N M < saanmmemmssmmmensinasts———
11.2.2 Methods ......... P— 206
e g T LS S—. 208
1124 DiSCUSSION., oo caaisnnnns OO UOPU - S L = =4 .
113  Dipiil 9570lD MOGSIIND, . ocoscoiiiinmmnmiinsssssomes e sssiopiasipaiimissdimininiin s 213

11.3.1 Imtroduction ................ s SEPE

11.3.2 The rescarch area and stwdy sites ..............

j AL S R—— T PP LTS pr——
B g I—

XXNI

..........................



Tahle of Contents

17555  DECIIIDN sttt sl Y
JF S e ———— W T NP S———— ol
11.4.1 FuriRer GOVEIOPIMIENT cu.ceicerssrssssssosesnsessorsaasssscsoscanns =30
S LT — . -3

Section D:  Overview: Geomorphology and Management

Chapter 12:  Discussion and Conclusions ... . P P S—— WOOPR: =
12.1  Overview of research objectives, ... -~ . RO —— L
12.2 A magnitude frequency model of channel adjustment for South African rivers ............238
12.3  Implications for river Management...... ..o iiiimsinssmissirmssmssssssserss =42
124 Methodological 1SSUES. .....eevriccnerrressnnssssses ceseckiiisn 243
12.5 Research products and recommendations for future research A3

7 [ — SO — —— igen S — 247

XXX




D — - ——

List of Tahies

VOLUME 1

Table 1.1:
Table 1.2:
Table 1.3:

Table 2.1:
Table 2.2:

-’

Table 2.3:
Table 2 4:
Table 3.1:

Table 4.1:
Table 5.1:
Table 5.2:
Table 6.1:
Table 6.2:
Table 6.3:

Table 6.4:

Table 6.5:

.Table 6.6:

Table 6.7
Table 6.8:

LIST OF TABLES

Major changes to rivers of Western Furope:  bold font indicates those impacts that
will have geomorphological significance in South Africa. After Petts and Amoros
({1, ) OO NI S — TSR —— 4

Definition of geomorphological classification levels ... 8

A geomorphological framework for the assessment of Instream Flow Requirements:
problems and mformation needs (afier Rowntree & Wadeson, 1997) coicccviiinne. 13

Summary of the primany impacts of impoundments according 1o studies reviewed...28
Summan of the primany impacts of impoundments from Williams & Wolman

() S —— S PSSP SIU———— - |
Summary of secondany impacts of impoundments a.ccording 1o studies reviewed 33
Typical geomorphological responses 10 a regulated flow regime . 42
Summary of all the existing and planned IBTs in South Africa (Snaddon et al.,

E999) coccunsrmesascasesasresscnssoossossssseseassesssssrersessmeresssssssesssessssssssssssmsessssenssemseanssmnesnessescans 54
Classification of the morphological units (After Rowntree & Wadeson, 1994) .64
Sites Location along the Volkers and Shoenmakers .......oociiiiiiininnn 11
Sediment size classes............... st ienadil
Changes in sinuosity bcmu.n |960 and ) . S m—— 87

Morphological diversity of the Volkers and Shoenmakers.........ocovvimermnsmmrsssssssssaness 93
Descriptive measures of the bank sediment size distribution for the river banks at

cach sie along the Volkers and Skoenmakers Rivers. Stinpsipseimpitiiniaseiissensichiionsd 1
Descriptive measures of the shelf sediment size dmnhuum alonl. the V ull.crs

and Skoenmakers RIVETS ...vviiceriiiacniecnnnisnnca . S, )
Qunlll-m\e assessment of bank condmnm foc lhe \’oll.crs and Skmmnakcr\
Oualllall\c assessment of channel conditions fut lhc \’olku.r\ aml \Lcummkcr\
\pcuc\ grouping .u;nrdmg. 10 llu dlch.rt'nl VERCLALION LVPES ..coevoceemeccssssscnssssssssnsss l(l"

Relationship between the morphological and the ripanan vegetation species

XXX 111




List of Tables

VOLUME 2

Table 1.1

Table 1.
Table 1.3:

J!J

-

Table 2.1:

Table 2.2

Table 4.);

Table 5.1
Table 5.2:
Table 3.3:
Table 5.4
Table 5.5:
Table 6.1:
Table 6.2:
Table 6.3:
Table 6.4:

Table 6.5:

Table 6.6:
Table 7.1:
Table 7.2:
Table 7.3:
Table 7.4:
Table 7.5:

Table 7.6:
Table 7.7:
Table 7.8:

Table 7.9:

Table 7.10:
Table 7.11:
Table 7.12:
Table 7.13:

Table 7.14:

Major changes to nivers of Western Europe: bold font indicates those impacts that
will have geomorphological significance in South Africa. Afier Petts and Amoros
Definition of geomorphological classification Jevels ... 8

A geomorphological framework for the assessment of Instream Flow Requirements:
problems and information needs (after Rowntree & Wadeson, 1997) ... 13

Flood-magnitudes for the Orange River for the last 5000 vears (after Zawada et al.,
b N — TR I
Sediment yield for the Orange River.since the Late Cretaceous (afier Dingle &
A ) T K | R —————— |

Classification and measurement of sediment transport ... T ———— 46
Chiratioristits oF the MROMEE] TP woccumiimmsisiimiinssmmmssiobomossmstssitimiinis 65
Claracioristics O e MRS FIVIE ouic el
Chiwaiisiiitits OF e ONAMS MVIF . aaaiainimininiidiinismiieiinvidniasns 7
R NS O O W P i e piiaaa T
Chivatitristics ol'Uie Kl OIS MVEr . iisissisismisiiamsaeninisisniinbuss 74
Flow gauging stations around the Mkomazi catchment ... 8 |
Regional flow pauging stations around the Mkomazi catchment ... 83

Flows for the 1-day daily flow duration curves generated for the daily time series .84
Highest extreme flood peaks on record for the Mkomazi River (modified after

van Bladeren & Burger. 1989 and van Bladeren, 1992) .......ciccniinnincisnssnsannnans 85
Highest extreme flood peaks on record for the Mhlathuze River (modified afier

van Bladeren & Burger. 1989 and van Bladeren. 1992) ... 90
Summary hydrological data for the Mkomazi. Mhlathuze and Olifants Rivers ......... 9
Channel characiernistics for thineen sites for the Mhomazi River . 102
Bankfull stage and bench-full stage characteristics for the Mkomazi River ... 103
Morphological features for the MRomazi RIVEF .occnsinisssninnciis e cincnnaes 105
Channel characteristics for four sites for the Mblathuze River .....oovvmniininninnnn 108
Bankfull discharge and bench-full discharge characteristics for the Mhlathuze

BRIV ot omnammincssstotestome s st ettt et ST Sdtve 109
Morphological features for the Mhlathuze RIVEr .....viciiiicnisnninssicsnnninn | 09
Channel characieristics for four sites for the Olifants River ..o 12
Beneh-full discharge and bankfull discharge characteristics for the Olifants
R NI S BRI, 113

Morphological features for the Olifants RIVET .....oooiiimniincccciiccisssissssnssnninen | 13
Bed material characteristics for the Mhomazi RIVEr ..ovvviicincvnmmimmmmsnsismsnsnne | 1T
Bed material characteristics for the Mhlathuze RIVer ... ivecevnsmincsnnninnnns 120
Bed material characteristics for the Olifants and tributaries ... 120
Coefficients 1o equation 7.4 for thirteen sites for the Mkomazi River .................... 125

Coefficients to equation 7.4 for four sites for the Mhlathuze River ...cveevcviiienn 126

NXXIV




List of Tables

Table 7.15:
Table 8.1:
Table 8.2
Table 9.1 a-c:
Table 9.2:

Table 9.3:
Table 9.4:
Table 9.5:

Table 9.6:
Table 9.7:

Table 9.3:

Table 10.1:
Table 10.2:

Tabile 10.5:

Table 10.4:
Table 10.5:

Table 10.6:
Table 10.7:
Table 10.8:
Table 10.9:

Tablel0.10:
Table 10.11:

Table 10.12:

Tabie 10.13:
Table 10.14:

Table 10.15:

Table 10.16:
Table 10.17:

Coefficients 10 equation 7.4 for four sites for the Olifants River i 126
Notation used in bedload equations. .. e )
Data requirements for bedload formulae bR S 1 RS
Flow classes calculated for the Mkomazi Rncr sites | 1o 4. \ alucs areinm's’ ... 42
Summan data for the Mlom.m River. Data presented are the average data for

each site. Values are inm's’ S——— S—
Estimated discharges and retum pcnods fm murpholol.u.al fcaturc\ fnr lht

Mkomazi River (average values) ... e e S it L T

R-squared values for the rvclauunshlps hcmccn various parameters for lhc
Mhomazi River (* represents statistical significance at the 95% level) ... 148

Dominant discharge and effective discharge for the Mkomazi River. Values are
inm's”". Note that the values are the geometric mean for & particular flow class .. 15]

Effective discharge flow classes for the Mhomazi River ..., 153
Comparison of the Milhous approach 1o the transport equations apprmch for lhc
TR Ew 6l
Effective discharge flow classes for the Mhomazi River for sand. gravel and

00bbie Or the YIRS STBMION ..ocuocissiminsiscssssssscssiosssmessssisiommmuremnsossssnsitmsiont 163
MAR for four sites for the Mhlathuze River (million cubic metres) ... 166
l'ln\\ classes calculated for the Mhlathuze River for the virgin data. Values are in
Flow gla\sﬂ calculatcd for |lu: \‘lhlalhuu Rncf for lhc ptescnt-da\ data.

L L 1 [ g R ST — 168
Discharge data for the Mhlathuze River. Values are in m’s™ FSTNE—— |
Inundation frequencies and discharges for differemt mm'plmlomcal features for

the virgin annual series data for the Mhlathuze River .. BT ——
Inundation frequencies for different morphological fcalurc\ for lhc ptcscm-da\

annual series data for the Mhlathuze River . Rt and] THL
Inundation frequencies for differem murphnlny.al fumu\ for lhc virgin pamal
serics data for the Mhlathuze River .........cocivsrinmssmmmsssssssssmsssssssssssssssnssnsssssnsssss 170
Inundation frequencies for different morphological features for the present-day

partial scries data for the Mhlathuze RIVEF .........coccuiccciicnssisesmsnsassasssssesenssssasssasens 171
Bed material transpon capacity for the Mhlathuze River for virgin and present-

day flow conditions. Values are in 1oNNes Per AMNUM .......ocvvemmmmrscesssecresssmssssssssssas 175
Effective discharge NMow classes for the Mhlathuze River ... 176
Effective discharge flow classes for the Mhlathuze River for sand and gravel for

D8 T AN soiisinmmers s o niomn e e R s 182
Flow classes calculated for the Olifams River. Values are imm's”. MAR s in

S INU CUBID MREITEE soccosorummtiinsom ottt i U et 188
Morphological data for the Olifants River. Values are in m's” ciiininccciiiennn | 89
Inundation frequencies for different morphological features for the annual data
RO ERNED R vttt A e e 191
Inundation frequencies for different morphological features for the partial series
SR i i Y =, 19]
Effective discharge flow classes for the Olifants River .......cccovviiiiininnnccnincen 1 91
Comparison of the Milhous approach 10 the transport equations app(muh for the
Olifants River e o e i 193

AXNXYV




List of Tables

lable 10,18

Table 11

Table 11.2

Table 11.3:
Table 11.4;

Table 12.1

Effective discharge flow classes for the Olifants River for sand. gravel and cobble

TOF ThE YANE CQUILION ..veriiriainiiiisisrreessnesssnnsrssesssessssssmnsssesssssesssssssmnsbhisstssssssanssssnssses 196
Definitions of flow tyvpes (afier Rowntree and Wadeson, 1999) i 202
Definitions of hydraulic biotopes in terms of flow types. Further subdivision can

be made in terms of substrate (modified form Rowntree and Wadeson, 1999) . 203
Adapted sediment key for field ..., —————— |
Example of data sheet for the collection of elevation and sediment data ... o |y

Summary of points made by the United States and Opposition on sediment
movement in mountam streams (modified after Gordon, 1995) resseesssesssseannsaesnsod

XXXV




List of Figures

VOLUME !

Figure 1.1:
Figure 2.1:

Figure 2.2:
Figure 2.3:
Figure 2.4:
Figure 2.5:
Figure 2.6:
Figure 2.7:

Figure 2.8:

Figure 3.1:
Figure 3.2:

Figure 4.):
Figure 4.2:

Figure 4.3

Figure 5.1:

Figure 5.

w9

Figure 5.

w
=

Figure §

Figure

PO
L

Figure 5.6:

Figure 5.7:
Figure 5.8:

Figure 6.1:

LIST OF FIGURES

Time and space scales in EEOMONPROIORY c.vceeeerocccicsiciniensecnsnssussssrinnsessessssssssssasssssnas i
South Africa’s water resources:  priman drainage regions. river network, largest
capacity dams, registered dams and urban areas ...........cociiiiinnn R — 19
(nraph showing proportion of 10tal impoundment capacity vs. number uf dams
built in successive 5 vear periods from 180010 1994 s, 20
Cumulative capacities and cumulative numbers of dams built in five-vear periods
from 180010 1994 TR R TR AR
Distribution of dams hmll in \outh Afrlui in ten yvear me penods ...........oovnnnnams
Total impoundment capacity vs primany mean annual runofT per salshlllﬂll ............. -
Nlustranion of morphological change in an impounded NIVEr ..., 37
Conceptual model of the geomorphological impacts of impoundments ... 38
Flow diagram for predicting morphological change ... 44
Control mechanisms of river morphology (Rowntree & Dollar, 1996: 33 .............50
Map of major IBTs in southern Africa: 1. Tugela-Vaal Scheme.2, Orange River
Project:3, Usutu Scheme:4, Komati Scheme: 5. Usutu-Vaal Scheme:6,
Riviersonderend-Berg-Eerste Scheme. 7. Eastern National Water Carrier,

Namibia; & Palmiet River Scheme: 9. Amatole Scheme: 10, Mzimhulu-Mkomaas-
Hlovo Scheme: 11, Lesotho Highlands Water Development Project. Lesotho:12.
Mooi-Mgeni Scheme, 13, Zambezi Aquaduct(Snaddon et al., 1999) 53
Complex response of a channel 1o an interbasin transfer............ccvrmmncrncccciciiann 57
Classification of the bar 1ypes and morphological units of alluvial river channels
(Roweinee £ Wadeson, 1999: $4) ..ccccmcrsocssersmssamnessamesssessaasassesssnsssssanssnsemessasasasti
The Gaussian or normal curve of plant species response to a single environmental
factor (Kemt & Coker, 1992: 14) .ccovvicvinccnnnns P TPSR,  |
Location of the study area within the comext of the Orange-Fish-Sundays River
IADESER 1IN SERIIE .ocremsrroteev e mimsey e aessetsamesammnessesssemstam A o
Subcarchments for the Skucnmakcrs and v ull.cr-a anrc NN SRR
Long profiles of the Volkers and SKoonmakers rivers e e 73
Geology of the catchment (Data source: 12 250 000 geological map) ... S 74
I DY DR TR sty atmasmsomtmsmst st 74
Schematic outline of the ()ran;.c-}'lsh-.\undu.\.\ Interbasin Transfer Scheme

(Petityean & Davies. 1988). . PSP PE ST SUT SRRV SPORPSNPESEPS SPIEUPTIRP IR MRS, -
Study sites along the V ulkcr\ and Shoenmakers Rn ers . PP e— sl 7
An example of a cross-section profile for the .\kncnmakcrs Rn-cr SRR S 1
Simulated natural maximum 1-day equivalent flows for quaternary carchment

N23a (below the confluence of the Shoenmakers and Volkers River catchment,
(Midgley et al. 1997) s v ISP S S S 84

XXXV




List of Figures

Figure 6.2:

Figure 6.3

Figure 6 4

Figure 6.5:
Figure 6.6

Figure 6.7:

Figure 6.8:

Figure 6.9;
Figure 6.10:

Figure 6.11:
Figure 6.12.

Figure 6.13:
Figure 6.14:

Figure 6.15:
Figure 6.16:

Figure 6.17:

Flow duration curves for the regulated Skoenmakers River a) mean daily flows

prior 1o construction of De Mistral Dam b) mean monthiy Mows poor w e
construction of De Mistral Dam ¢) mean monthly flows post construction of De
Mistral Dam (Source: Departmem of Water Affairs and Forestry: Somerset Last), 85
Average monthly runoff for the Skoenmakers River before (1978-1984) and afier
(1986. 1987) construction of De Mistkraal Dam (Source: Department of Water
Affairs and Forestry. Cradock) .. TR st st
Downstream hyvdraulic geometny fnr lhc v nlkeﬁ :md SLucnm.'lkcn Rm:f\ '\mc

that Site S8 has been excluded when fitting the best -fit lines for average dcplh

and channel capacity. ..., SO — PRI T——— 87
Downstream change in macro=channel width. ... s 89
Comparison of two cross-sectional profiles for the upper reaches of the Volkers

(Va) and Skoenmakers River (S1) immediately below the point of inflow of the

11 S L U SIS LN S O— 90
Comparison of two cross-sectional profiles for the middle reaches of the Volkers
(V3) and Skoenmakers (S6) approximately 25 km below the point of inflow of

] | T T LR p R —————" 92
Comparison of two cross-sectional profiles for the lower reaches of the Volkers

(V5) and Skoenmakers (S10) approximately 40 km downstream for both rivers ... 93
Bank and shelf sediment sample analvsis for the Volkersand Skoenmakers ............96
Downstream change in the number of riparian vegetation species for the Volkers
0 g B[ e r—— | 1
Importance percentage for vegetation types in llu Ql.mnm.nl.ct\ || p— 103
Importance percentages for species of a) the nm-u&.ulaud Volkers River and

b) the regulated Skoenmakers River .. )
Influence of the IBT on the riparian zone w »dth alonn the Sko-:nmal.efs Rner ...... 105
Relationship between the average elevation above the channel bed and vegetation
tvpe for the Volkers and SKoenmakers RIVETS .......oivmriescisssrmnmmmssesssssmassasssassces 106
Transformed species richness for the Skoenmakers RIVEr v 1 08
Belt transect for site V3 and S6 in the middie reaches of the Volkers and
DEOMDIMAKEES FIVEED: coiosrmiapnssssumssssciinspeesesesscsmmmensesnquinanenmsanssasnsesinanns sditiiainsepnassdiis 0P

Belt transect of the riparian vegetation for two selected. representative sies in
the lower reaches of the Volkers (V3) and Shoenmakers (S10) Rivers ... 110

XXX Vil




Last of Figures

VOLUME 2

Figure 1.1:
Figure 2.1:
Figure 2.2:

-~

Figure 2.3:

Figure 2.4

Figure 3.1:

Figure 4.1 ¢
Figure 5.1 :
Figure 5.2:
Figure 5.3
Figure 5.4:
Figure 5.5:
Figure 5.6:
Figure 5.7:
Figure 5.8:
Figure 5.9.

Figure 6.1:
Figure 6.2

Figure 6.3:
Figure 6.4
Figure 6.5:

Figure 6.6
Figure 6.7:

Figure 6 8.
Figure 6.9
Figure 6.10:
Figure 6.11:

Figure 6.12:
Figure 6.13:

Time and space scales in 2EOMOTPHOIEY ... s sasssssas
Fluvial svstems of southern Africa (after Dollar, 1998a)......coiiiiiimmmmmmmmmsssrimns

Hierarchical classification systems of Rowntree & Wadeson (1997) and van
B S S —— -

Diagrammatic representation of the macro-channel, active channel. benches.
estimated bankfull discharge and 1EITBOES ........cccuunmveecrcricnsnsssissssssssssossasssssssssssssssssnnd

A comparnison of the runoff characteristics of rivers of southemn Africa with those

of other continents (after Walling. 1996). Where a) C, is the ratio of the standard
deviation and the mean. b) 1, 1s the storage for a constamt draughts at 80% of the
mean annual flow with a variabilitn of 95% expressed as a ratio of the mean annual
Mood. ¢) q, is the 2.33 vear retumn period flood. d) 1 is the standard deviation of the
logarithms of the annual peak discharge. €) q,.,/q is the ratio between the 100 year
flood and the mean annual MlOOd ... rssrssss s e saas s saaenns 26
Conceptual stream power graphs used 1o determine geomorphic effectiveness of
different types of floods (after Costa & O'C or. 1995) iiciiinnninicninccinn. 41
Obstacle clasts (afier Brayshaw. 1985) ........ccccvcieccmsesessssmeressssssssssassssssassssassossssed )

U S —— 64
TR R T T S —— 64
TREMEIRMUIY CHMEHMENL .o doivessiubndb isscussiatdiuiasilessdeiaiis 67
Long profile of the Mhlathuzi Fiver ... Ao 67

LT T NN ————————— |
Long profile of the OIS fIVer .. . s cissnsisimcicmscsmsesestesesisisiississsniisms 1 3

Long peollle of The WHEE FIVEF .cciiciivisimiiiossommiessiiiisiiissossmsisotisiosssissstsosns 75
Long profile of the Kicine Olifamts riVer  .....cccccccocccicscnsansasssnsasssassssssssassiassassasans I
Flow diagram indicating the structure of the n:scarch ................................................ 76
1-day daily flow duration curves for UTHOOS and UTHOO6 .......cooovrinmrmmnmnsssmmnsrina. 78
Method used for generating daily time senies from flow duration curves (after

Hughes aind Smakthisl. 1996) ....ccoeiccirssscsmnommessosstomesememsmmmecsmmssmmmessessases 79

Daily flow discharge 1o average daily flow for 11 gauging StatONS.......oeveecveinecnn. 80
Svnthesised daily time series for sites | and 13 for the Mkomazi River .................86

Synthesised 1-day daily Now duration curves for sites 1. 6, 9 and 13 for the
DI S oot e —————— e e ]

Annual flood frequency curves for sites 1. 6.9 and 13 for Ihc Mkomaz River ........87

Partial duration senes flood In:qucnu curves for sites 1. 6.9 and 13 for the
[ U ——.

Virgin daily time senies for two sites fm the Mhlalhun T SS—— 91
Present-day daily times series for two sites for the Mhlathuze River .., 91
Virgin |-day daily flow duration curves for four sites for the Mhlathuze River ... 92
Present-day 1-day daily flow duration curves for four sites for the Mhlathuze

L AR R TR 92
Virgin annual flood frequency curves for four sites for the Mhlathuze River 3

Present-day annual Mood frequency curves for four sites for the Mhlathuze

NXXIX




List of Figures

Figure 6.14:
Figure 6.15:

Figure 6.16:
Figure 6.17:
Figure 6.18:
Figure 6.19.

Telt

Figure 7

-

Figure 7

.
Figure 7.3
Figure 7.4:
Figure 7.5:
Figure 7.6:
Figure 7.7:
Figure 7.8:
Figure 7.9:
Figure 9.1,

Figure 9.2:
Figure 9.3:

Figure 9.4:
Figure 9.5:
Figure 9.6:
Figure 9.7:
Figure 9.8:

Figure 9.9
Figure 9.10;

Figure 10.1:
Figure 10.2:

Figure 10.3:

\'iq_in panial duration series flood frequency curves for four sites for the

Presem-day partial duration senes ﬂmvd frequcnu curves for four sites fm lhc
NI IV cccovnsmsniasiiiibesiiiiiiiiiiiinst sl 91
Virgin daily time series for two sites on the Olifants RIVET ...vviininmmmemsii 96
Virgin 1-day daily flow duration curves for four sites for the Olifants River .......... 97
Virgin annual flood frequency curves for four sites for the Olifams River ...........97
Virgin partial duration series flood frequency curves for four sites for the

Olifamts River . R A —— NP CPR—— 98
Cross-sections for sites 1a and 7b for the MKOMAzZi 1ver ......omeismnsnninns 104
Cross-sections for sites | and 3 for the Mhlathuze fiver  ....oocninnnninnsenes ke 110
Cross-sections for sites 1 and 3 for the Olifants river ..., 114
Bed material for sites 1.6.9 and 13 for the MAOMAZI FIVET ....oovvvccrinnisrrnsssnssnnsancees | 18
Bed material for sites 1 10 4 for the Mhlathuze river ... 18
Bed material for sites 1 10 4 for the Olifants niver .o, 118
Hydraulic rating curve for Mhomazi Site 1, cross-section A ..cimmmmmimsn 1 24
Hydraulic rating curve for Mhlathuze Site 1. cross-section B .......corvecciicciiaccnnn 124

Hydraulic rating curve for ORfants Site 3 .......cccuciinsissmmeisiesssssssssssssessssrasasseses | 24

Inundation stage for the benchfull discharge and the estimated bankfull

discharge for the Mhomazi River ... ........ i s M
Mean dominan discharge and effective dluhargu for the Mkomazi River............. 150
The pcrccntage bed material |nnspor|cd by the effective dlschargc for the

C umulame scdlmcnl transport for the Yang equaunn for all sites for lhc
U ——. 154
Cumulative sediment transport for the Ackers & White equation for all sites

for the Mhomazi River ....... S — 155
Cumulative sediment transport for the Enge Iund & Hansen equation for all sites

Y OO MREREEI RIVIE  srissmssissncvediissnnimnmitiliniianssssiomantroiiiis A58
Maximum competence of the highest Now class for the Mhomazi River in

relation to the particle size distribution at each site . SEENOOUI S |-
Relationship between benchfull dnuclmr;c and dmmu:mt and effective dwcharge

for the Mhomazi River .. BN T pe—— |.©

RBS values for the Mkomazl Rn er. I1pe ﬁ \llue 15 calculaled for lhe 0. 0"|
(surface) and 0.035 (depth) flushing Nows. These values represent the flow

class at which the f value is 0.021 and 0.035 respectively ..., 160
The effective discharge for sand. gravel and cobble using the Yang equation for
T R TR 162

Inundation discharge versus Mean Annual Runoff for different morphological

features for the virgin data for the Mhlathuze River ..........cummmmmmimmsssssssissmns 172
Dominant discharge versus bankfull discharge for virgin and present-day flow

B N S I R N ot 174
Mean dominant discharge versus MAR for the Mhlathuze River virgin flow ... 174

al




List of Figures

Figure 10.4:  Mean dominant discharge versus MAR for the Mhlathuze River present-day

L U U ST SUE RN S LR e 174
Figure 10.5:  Effective discharge for the upper three flow classes (5-1%: 140 1% and

0.01%) for virgin flow for the MhIathuze RIVET ....vveeeveimeeisnsiiiasiiiisisnnannssssanasnses 177
Figure 10.6:  Effective discharge for virgin flow for the Mhlathuze River .. NSRS ¥ ¢ |
Figure 10.7:  Cumulative sediment transport for the Yang equation for all sites fnr lhc virgin

flow for the Mhlathuze River ..., e mmrr—— |
Figure 10.8:  Cumulative sediment transport for the Ackm & \\'hllc equation l'ur nll sites fut

the virgin flow for the Mhlathuze River ...ttt snncrnnes 178
Figure 109:  Cumulative sediment transport for the Engelund & Hansen eqummn for all sites

for the virgin flow for the Mhlathuze River. . PErapS St TS
Figure 10.10;  Cumulative sediment transport for the Yam_. cqualmu Iot all siles I'or lhc present

-day flow for the Mhlathuze River ......ccooocinincnennnes —
Figure 10.11:  Cumulative sediment transport for the Acl.crs & \\ huc equation for all sites fuf

the present-day flow for the Mhlathuze River ........cccimmmmnnssnissmsmsissi 179
Figure 10.12:  Cumulative sediment transport for the Engelund & Hansen equation for all sites

for the present-day flow for the Mhlathuze RIVEr  ooeiiecniiecciiciiiiinacnssssassnsens 179
Figure 10.13:  Maximum competence for the Mhlathuze River for virgin flow .........180
Figure 10.14:  Unit stream power for the Mhlathuze River using the Yang equation ... 18]

Figure 10.15:  Mean effective discharge versus MAR for the Mhlathuze River virgin flow ... 18]
Figure 10.16: Mean effective discharge versus MAR for the Mhlathuze River present-day

| R P S SR SR R S TSNP E R DT C 181
Figure 10.17:  The percentage bed material transported by the effective discharge for the

Mbhlathuze River virgin flow for sand and gravel .. SRS, |
Figure 10.18:  The percentage bed material transported by the eﬂ'ecmc dnschargc for lhc

Mhlathuze River present-day flow for sand and gravel ........ocoorinvcciniaianns 183
Figure 10.19: Rclmionship between inundation discharge and \irgin MAR for the Olifants
Figure 10.20:  Plot of average duﬂmnml dm,hatgc versus M AR fm lhc ()lufams Rnet ................. 190
Figure 10.21:  Percentage bed material transported by the upper three flow classes (5-1%:

1-0.1% and 0.1-0.01%) for the Olifants RIVEr ... ninnisrisssssssssissns 192
Figure 10.22:  Percentage bed material transported by the effective discharge for the Olifants

S S L LS o~ S 192
Figure 10.23: Cumulative sediment transport for the Yang equation for the Olifants River ... 193
Figure 10.24: C umulaliu sediment transport for the Ackers & White equation for the Olifams
Figure 10.25: C umulamc sediment transport ﬁw lhc Fnulund A Hansen equation for the

OIS RIVGF ciititiiciiiiinttitiosammossmsgresvsaneisiiliitisiniininpiniisesiiiasaipbapesiiint D U0
Figure 10.26:  Maximum competence fw the Ollfnnls Ru\ er.. ooy |

Figure 10.27:  RBS values calculated for the Olifants River. lhc [3 value calculalcd lor the
0,021 (surface) and 0.035 (depth) Nushing flows, These values represent the

flow class at which the B value is 0.021 and 0.033 respectively coiinnnincnina 195
Figure 10.28:  The percentage bed material transported by the effective discharge for the
Olifants River for sand. gravel and cobble for the Yang equation ......ovvicciiincnnn. |96

Figure 11.1:  Discharge related changes in hvdraulic biotope composition for three
morphological units in the Buffalo River, Eastern Cape. Percentage exceedence

xh




List of Figures

Figure 11.
Figure 11,

W

Figure 11

h

Figure 11,
Figure 11.6.
Figure 11.7:

Figure 11.8:

Figure 11.9:
Figure 11.10

Figure 11.11:
Figure 11.12:
Figure 11.13:
Figure 11.14:

Figure 1 1.15:

Figure 11.16:

for discharge events as follows:  1-029, 2.73%, 3-50%, 4-30%. Modified

from Rownuee and Wadeson (1996) P . -

Overview of the Umgeni River Catchment showing research SHes ovvvicinienn
Hydraulic biotope distribution - SIe 11 RITIE covvieiiciivnnrnsssnsssssssessssssssnsss senses
Hydraulic biotope distribution - Site 2: Rapid ..o seassssns

The aenal extent of different hydraulic biotopes within two separate

VSOOI W tiiniciciiise st i mmsnsens s
Maodal depth of different hvdraulic hnompcs within a nmc and a rapid...........c.....

The Tugela catchment and sampling sites

Topographical surface modelled from point data for Sie l Bushmann 3 Rl\cr
(Sne B1) and Site 2. Jamesons Drift (Site 7.2) ...

Modelled sediment distnibution at Site 1. Bushmann's River (Site B1) and
Sute 2. Jamesons Drift (Sne 7.2)

The extent of water cover for discharges ofo 6. 1 2 2 and 3 m's” at site 1 on
the Bushmans River

The extent of water cover for discharges of 10. 40 and 70 m‘s" at site 2 on

e Janinon Deift, THRRlBE RIVEP  cncnassccnmananmmm amasmutasomm

Change in surface area for different depths as discharge i mcrcascs. Sie 1.

Bushmans River. for discharges of 0.6, 1.2, 2 and 3 m's” .oevvccrssnsmsmsmsnsensssnins

Change in surface area for different depths as discharge increases. Site |,

Jamesons Drift. Tugela River. for discharges of 3. 10, 40 and 70 m's™ ....ccvvnnae

Changes in size class of subsiratum with changes in discharge. (L.B &BR large
boulder and bedrock: LC & B large cobble and boulder: C & CoG cobble and

coarse gravel: G gravel: Sa & Si sand and silt: percemtages in brackets) ..............

Habitat maps showing distribution of hydraulic biotopes at one specified
discharge S SUSRUIP——

xlii

e 04
w205
=10
210

el |

Frequency analysis of bed material SI2e  ..........ccovvceerivneessssissnsssismsemsssssssssssssssses 219

2ab

-y

—2l8




List of Plates

VOLUME |
Plawc 2.1:
Plate 2.2:
Plate 6.1:

Plate 6.2:
Plate 6.3.‘

Plate 6.4:
VOLUME 2
Plate 2.1:

Plate 2.2:

Plate 4.1:

Plate 7.1:
Plate 7.2:
Plate 7.3:
Plate 7.4:
Plate 7.5
Plate 7.6:

Plate 11.1:
Plawe 11.2:

Plate 11.3:
Plate 11.4;

VOLUME |

Appendin 10

LIST OF PLATES

\'cu.ulion encroachment and channe! narrowing below theKouga Dam. Eastern

Tnbm.m bw at lbe \sq“an REIShamMmMa JUNCTION oveeeereesnnsmsmsssssmssssssssmsnesssssssssssssi |

Severe erosion and active undercutting of the right-hand bank evident for the upper
reaches of the Shoenmakers River (approximately 3 km below the 1BT mlet).......... 01

Stratified lefthand bank. for same Sie @5 Plate 6.1 ..o veeeiviieciinrrseneesecrecrnsssnssrssssns 9]
Point bar dcposition upstream from site V3 in the middie reaches of the
Volkers River ... R 111

Vegetated bar at site S-l in lhe nnddlc rt:ld\cs of tln. Slmcmmkc.rs o P | §

The Mkomazi River in KwaZulu-Natal exemplifies a river with 2 compound
channel characterised by an inset flood bench and macro-channel ............................27

The lower reaches of many South African rivers show features of rejuvenation
as typified by the Mgeni River in KwaZulu-Natal ....ociimivssnrisnsssmssssicsssnssssscs 1

Bed structures in a boulder bed reach of the Buffalo River, Eastern Cape ............. 51

MLkomazi Site | looking dOWnsStream ........occccccniiiiniiessnnsisssssssssssssssncesessaneses 107

LT R T T U —————————— 107
Mhiathuze Site | JoOKing UPSIFEEM ......covuviuerrcnrsssscsnssssscsssmasanssssasnssnns NO— 1l
Mbhlathuze Site 3 looking downstream ....ccoiiinin NS w1
Ofifaits Shin1 100KING SPEIOINR ..ot s s sassnsmnovssitssnss | 13
Olifants Site 3 looking Jmsnslrc:lm ...................................................................... 135

sl RV S8 1 » Rt s st §
Umigtil RIIE SIE 2 - REPI  cicinciiincimsimomersinosnminnioiilisisiiiomeyiittisitnson 207
Site | on the Bushmans River ... s | O
Site 2 on the Tugela River, Jamesons Drill........cccccmsssssssrcsssssisssssssssssssssssssassessesnsos 1 9

LIST OF APPENDICES

‘el

Review of literature on the geomorphological impagcts of river regulation ... 13

xlini




Section A: Introduction



Chapeer 1 Introduction. geomorphology and water resource protection in South Africa Page 3

Chapter 1: Introduction: geomorphology and water resource
protection in South Africa

1.1 Geomorphology and water resource protection

'he need 1o protect the niver ecosystem as a component of the water resource base 1s being increasingly
brought to the anention of water resource managers world wide. An essential component of this
ccosystem is the ver channel and its associated ripanian zone, now recognized in South Africa through
the National Water Act (36 of 1998) as constituting part of the water resource. The physical
characteristics of the river channel and niparian zone are determined by geomorphological processes
responsible for eroding the channel bed and banks and supplying. transporting and depositing the
sediments which comprise many channel features. Geomorphologists worldwide, therefore. are
mereasingly being called upon 10 actin a professional capacity with respect to water resource protection
and rehabilitation

Geomorphologists have been actively rescarching channel processes and channel process-form
relationships for ot least half a century. Under the leadership of rescarchers such as Luna Leopold,
Wolman and Stanley Schumm. fluvial geomorphology took off as a quantitative science in the 19505 and
1960s (Leopold e af. 1964). Over the ensuing fifly or so years research has focused both on natural
systems and those disturbed by human impact. As a result our understanding of fluvial processes and
thewr relationship to channel form has increased by orders of magnitude. 1t s noteworthy, however, that
much of the research reported in the international literature has been carried out either in the United
States of America, Canada or the United Kingdom. with smaller contributions from Australia. The
inplications of this for our understanding of fluvial systems such as those occurring in South Africa is
discussed at length in Chapter 2, Volume 2.

More recently. geomorphologists have applied their science 10 the broader scope of river management.
and have become members of multidisciplinary teams involved for example in river condition or health
assessments, rehabilitation or setting environmental flows for resource protection (Dollar, 2000), Two
recent text books underline this trend: “Applied Fluvial Geomorphology for River Engineering and
Management” by Colin Thome, Richard Hey and Malcolm Newson (Thome ef @l 1997) and “River
Channel Restoration, Guiding Principles for Sustainable Projects” by Andrew Brookes and I'.Douglas
Shields Jr (Brookes and Shiclds, 1996).

Rivers have suffered the affect of human activity since society first began o impact on catchment
condition through land cover changes. 10 develop water resources for urban and agricultural use and 10
modify channel structures for flood mitigation and to improve navigation. The main impacts on channel
structure (or morphology) of concern to geomorphologists tend to vary around the world depending on
a country s geography and development history. In the United Kingdom. for example. the main cause

of channel modification has been the enlargement and desilting of channels 1o increase flood capaciny
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(Brookes, 1988). Flow regulation through dam building and interbasin transfer schemes is a global
phenomenon. but the biggest dams are often associated with development projects and are therefore most
prevalent in the developing areas. In Australia much effort has been put into de-snagging. the removal
of woody debris from water courses to aid navigation and flood conveyance.

Throughout the world catchment activities have resulted i a change in materials brought into the
channel, either in solution or as sediment. Whereas dissolved material has marked impacts on water
quahity. of more concern here are the coarser sediments derived from hillslope erosion which contribute
toriver morphology. Sediment vields are notably high in semi-arid areas where the natural ground cover
offers hittle protection to rainfall impacts and in all areas where the natural cover has been depleted
through cultivation or heavy grazing, especially in steeply sloping areas with erodible soils.

Table 1.1: Major changes to rivers of Western Ewrope: bold font indicates those impacts that will have
geomorphological significance in South Africa. After Pents and Amoros (1996).

catchment land use changes

impoundments, weirs _ locks

water abstraction

mdustrial. urban and agricultural pollution

enginecring for navigation and flood control

channel network linkages decoupled following regulation
changes to riparian zone, effects on buffering capacity
development of flood plains for urban and industrial uses.

Table 1.1 Lists the main causes of river modification noted for Western Europe by Petts and Amoros
(1996). Those of geomorphological significance in South Africa are highlighted. In South Africa the
main environmental issues of geomorphological concern relate 1o river regulation, reservoir construction
and interbasin transfers, as engincers have sought to address the spatial and temporal mismatch between
supply and demand that is characteristic of the country. Also important has been the widespread
degradation of catchments, with consequent high sediment inputs into the river channels. Increased
sediment loading has been shown to change the nature of the river channcls (Heritage ef al., 1995) and
can create significant wstability in the form of meander cutoffs (Dollar and Rowntree, 1995). River
regulation may exacerbate the impacts of an increased sediment vield. Locally, channelization for flood
mitigation has occurred, especially in urban arcas and some flood plain agricultural arcas, but on the
whole South Africa’s nvers have escaped large scale in-stream engineering schemes. The nation’s rivers
are not used for commercial navigation and recreational boating seldom results in intentional channel
modification. Another major impact of concern is the degradation of vegetation in the riparian zone
through grazing. firewood collection, clearing for flood mitigation and invasion by exotic species.
Changes in the species composition and physical structure of the riparian vegetation can have significant
effect on channel processes and channel form (Rowntree, 1991; Rowntree and Dollar, 1999).
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Dams have a major impact on downstream geomorphology through the interruption of both streamflow
and sediment flux. The changing relationship between the long term transport capacity of the river and
the sediment entering the channel below the dam results in a progressive change in channel form. ofien
resulting in a narrowing of the channel (Petts, 1980). This in turn changes the type of habitats available
1o instream and niparian organisms. The negative impacts of dams on the downstream river ecosystems
was formally recognized by the Department of Water Affairs in the 19805 in response to the negative
impacts observed in the rivers of the Kruger National Park. In the carly 1990s DWAF worked with teams
of ecologsts, hydrologists and geomorphologists 1o set in place procedures for assessing the nature of
flow releases required to maintain downstream ecosystem inan acceptable state. The recommended flow
regime became known as the Instream Flow Requirement (IFR ), which specified the guantity of flow in
terms of volume and timing. The National Water Act (36 of 1998) took this a step further by defining
the Ecological Reserve as the quality and quantity of water required 1o protect an aquatic ecosystem in
orderto secure the ecologically sustainable development and use of the relevant water resource. Resource
quality encompassed the quality of all aspects of a water resource which must be protected. including

. the quantity, timing, water level and assurance of instream flow (formerly the IFR):

. the water quality. including the physical. chemical and biological characteristics of the water,
. the character and condition of the instream and riparian habitat: and

. the charactenistics, condition and distnibution of the aquatic biota.

In the Act the definition of habitat includes the physical structure of a water resource and the associated
vegetation. whether in relation to the watercourse itself (instream ) or along the banks (riparian). Clearly.
geomorphologists have an important role in advising on habitat alteration through changes to the physical
structure of the channel and its riparian zone,

Determining the Reserve comes under a set of procedures known as the Resource Directed Measures for
the Protection of Aguatic ecosystems. These measures focus on the water resource as an ecosystem and
set clear objectives for resource quality which represent the desired level of protection for that resource.
Catchment erosion problems and sediment yvield fall outside the ambit of Resource Directed Measures,
but should be considered under Source Directed Controls which deal with both point source and diffuse
source pollution.

Since 1992 geomorphologists have plaved a significant role in developing the procedures adopted by the
Department of Water Affairs and Forestry (DWAF ) under their Resource Directed Measures (RDM) for
the protection of water resources. Of particular relevance has been the development of the Building
Block Methodology (BBM) for setting the water quantity component of the Reserve, or the Instream
Flow Requirement (1FR) (King e @/, 2000), The aim of the BBM is to recommend a sheletal flow
regime which should maintain essential river processes and thus sustain the river ecosystem in an
acceptable state. The flow regime is conceptualised as consisting of three “building blocks™ low flows,
intermediate or Nushing Nows, high flows or flood events. The intermediate and high flows are of most
concern 1o geomorphologists as these are the fMlows which maintain the structure of the channel bed and
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the overall form of the channel. Together they can be thought of as habitat maintaining Nows as it is the
channel form and bed conditions which ultimately determine the physical habitat available at any given
flow. including the low flows. Thus the geomorphological charactenisation of the channel aids the
assessment of low flow requirements through its link to available habitat.

Although geomorphologists have been involved in [FR assessments since 1992, they have been severely
hampered by a paucity of empirical research on channel processes in South African rivers, While
developing home grown procedures for determining flows, it has been necessary 1o base assessments on
theory developed from empirical studies in often very different environments. There is, therefore, a clear
need for a critical review of international literature and for the development of process-form models
which are more appropriate to local conditions.

1.2 Geomorphology and the river environment

The river environment is typified by flowing water within a defined channel which, under natural
conditions, has been formed by past river flow. Flows within a channel vary from low, dry season flows
(or even no flow in an ephemeral river) to high flood flows which over top the channel banks and
mundate any flood plain or flood bench present (the ripanan zone). The channel provides the phy sical
boundary within which the water flows. The shape of the channel controls the hydraulics of the flow at
any given discharge. whilst the channel perimeter provides the substrate within which benthic fauna live,
and a rooting medium for vegetation. The size and shape of the channel also determines the frequency
of flood plain mundation and recharge of the riparian zone. In turn the shape of the channel and the
distribution of associated sediments is determined by the long term history of erosion and deposition,
itself controlied by the historical pattern of river Now,

From a hydro-geomorphic perspective the most important components of the river environment are the
flow hydraulics, the substrate of the river bed and the sedimentary bars and river banks which provide
habitat for riparian vegetation. These components can all be related to the interaction between flow
discharge. sediment load and channel morphology. Other important considerations are the physico-
chemical variables such as water chemastry, water temperature and dissolved oxygen. These variables
are considered 1o be outside the scope of the present study.

I'he river environment is characterised by constant change, related firstly to the flow hydrograph and
secondly o morphological change. Under natural conditions it is rare for a river o experience steady
flows (unchanging in time) as the niver continuously responds to precipitation events over its catchment
During the wet season, storms over the catchment result in rapid fluctuations in flow as “Moods™ pass
through the channel. Even under dry scason bascflow conditions there is a steady if imperceptible
decline in Now rates. Morphological change takes place in response to these changing flows. High flows,
above a certain threshold for the entrainment of the different sized particles in the bed and banks, are
responsible for the erosion, transport and ultimate deposition of river sediment and hence for the
morphology of the river channel. Alluvial channels, which are formed within ‘modern” sediments,

undergo continual change in response to sediment erosion and deposition. These changes are usually
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reversible so that erosion during one storm event can be restored by subsequent deposition. The location
of crosion and deposition may shift, but within a reach the balance should be maintained in the long term.
It is thus possible 1o conceptualize channel change within the context of dynamic equilibrium in which
a quasi-constant channel form is maintained by the long term pattern of Mow discharge. Only if the
pattern of flow discharge or of sediment load changes in the long 1erm is channel transformation
(irreversible change at the reach scale) likely to take place. Such changes can take place as a result of
macro-scale natural environmental change (e.g. climatic change) or may be due 10 engincering
developments upstream or changes in the carchment which alier the long term flow and’or sediment

regime.

The implications for river management are twofold. Firstly. managers and conservationists must he
aware of the changing nature of the river environment and must be cognisant of the time scales over
which geomorphological change takes place. It is important 1o distinguish ¢velical change due to natural
system disturbance from channel transformation due to anthropogenic impacts which have changed the
long term system inputs, Secondly. the significance of different time scales depends on the spatial scale
at which one is working. Together time and space scales determine the nature of process-response
relationships and change the direction of cause and effect: they also provide a framework within which
equilibrium concepts can be understood. The importance of time and space scales in geomorphology is
reviewed below.

1.3 Time and space scales in geomorphology
1.3.1 Space scales

In their report 10 the Water Rescarch Commission Rowntree and Wadeson (1999) stressed the
importance of recognising different spatial scales within any river svstem. They presented a hierarchical
framework for river classification which “provides a scale based link between the channel and the
catchment so as to account for catchment dynamics and allows a spatial description of spatial variation
in stream habitat.™ (Rowntree and Wadeson 1999 p. 22). This system was modelled on that of Frissell
el al (1986). while similar concepts have been adopted by Rosgen (1996) and Thompson (2001). The
South Afncan hierarchical framework consisted of six nested levels: the catchment, the zone, the stream
segment, the reach, the morphological unit and the hydraulic biotope. Rowntree and Wadeson (1999)
provided guidelines 1o the classification of morphological features at each of these levels. The hierarchy
and associated classification systems have since been refined (Rowntree, 2001). The revised

classification framework is outlined in Table 1.2
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Table 1.2: Definition of geomorphological classification levels

Hicrarchical unint

Description

Scale

Catchment

The catchment is the land surface which
contributes water and sediment 1o any given
stream network,

Can be applied 1o the whole
river system, from source (o
mouth. or to a lower order
catchment above a specified
point of interest.

Longitudinal

zone or Macro-

A zone is a sector of the river long profile
which has a distinct valley form and valley

Sectors of the river long

profile.

characteristic hydraulic attributes.

reach slope. River zones fall within segments and
are delineated according 1o macro-reaches.

Scegment A segment is a length of channel along which | Segment boundaries will tend
there is no significant change in the flow 1o be co-incident with major
discharge or sediment load. tributary junctions,

Reach The unit of river length in which "00s of metres
characteristic sources and sinks for sediments
can be observed: as a result, the reach has a
characteristic morphology - both geometry
and form (Newson and Newson, 2000),

Morphological The morphological units are the basic Morphological units occur at

Unit structures recognised by fluvial a scale of an order similar 1o
geomorphologists as comprising the channel | that of the channel width.
morphology and may be cither erosional or
depositional features,

Hydraulic Hydraulic biotopes are spatially distinct They occur at a spatial scale

biotope instream flow environments with of the order of 1 m* to 100 m*

and are discharge dependent.

1.3.2 Time scales

Schumm and Lichty . two American geomorphologists working in the 1960s. produced a framework of
time and space scales which provides a useful framework for understanding Muvial systems (Schumm
and Lichty 1965). They presented a threefold subdivision of time into ¢yclical time, graded time and
steady state time. Cychical time can be equated 1o geological time periods over which long term landscape
evolution takes place at the regional and catchment scale and can encompass models such as the Davisian
evele of erosion. Time, imitial geology and climate are the independent variables, catchment and drainage
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network morphometry the dependent variables. Graded time is the timescale over which channel
equilibrium occurs at the reach scale, with channel form being maintained by a balance between erosion
and deposition within the reach over the long term (decades 10 centuries). At this time scale  the
independent variables are catchment scale vaniables, related 10 catchment hydrology and catchment
sediment yvield. while channel form 1s the dependent vanable. Steady state time refers 10 the short term
during which the svstem can be considered to be constant. with an equilibrium between the independent
system variables of flow discharge and channel morphology and the dependent variables of  flow
hydraulics and sediment transport. This is the time scale at which primary data collection and direct
observation of niver characteristics takes place. It is also the time scale in which river ecologists tend to
work.

[t can be seen that the relationship between independent and dependent variables change between the
different time scales. A modification of Schumm and Lichty's (1965) scheme is given in Figure 1.1 In
this figure geological. geomorphological and ecological time are equivalent to eyvclical, graded and steady
state time of Schumm and Lichty (1965). The space scales are taken from the geomorphological
hierarchy of Rowntree and Wadeson (1999). Figure 1.1 provides a useful framework for assessing the
time dependency of cause and effect and for contextualizing the role of geomorphological studics in river
management.

Ihe geological timescale is clearly outside the time frame of river management. nonctheless it provides
an important time scale for understanding modern river systems. Tectomie. climatic and environmental
change have impacted on fluvial sy stems throughout geological time (¢f. Amell, 1992 Blum eral . 1994:
McCabe & Hay. 1995; Thomas & Thorp, 1995). South Africa’s rivers reflect the geological history of
the last 140 million years, since the break up of Gondwana at the end of the Jurassic. Peneplanation and
retreat of the Great Escarpment during the Cretaceous and early Tertiary, followed by tectonic uplift in
the Miocene (¢. 1 5Ma) and Pliocene (¢.2Ma), created the modern river long profiles. Regional vaniations
in geological events have given rise 1o major differences between eastern seaboard rivers of KwaZulu-
Natal and their Western cape counterparts, whereas the Great Escarpment provides a divide between
rivers of the nterior and coastal rivers. Any attempt 1o develop a regional geomorphological
classification of rivers should take account of the geological ime scale. Scientists need 1o bring this long
term evolution to the attention of river managers, as it is possible 1o misinterpret natural instability in
Mluvial systems as being a result of buman impact (cf. Macklin & Lewin, 1992: Gilvear, 1994: Zhang.
1998). or 10 mis-diagnose cyclical changes as channel instability (¢f. De Ploey. 1989 Moon ¢r ol . 1997:
Poesen & Hooke, 1997) or even to exaggerate human impact (cf. Grayson ¢ al.. 1998). While the
integrated management of catchments is implicitly contemporancous. it should always be performed
within a histonical context (Davis ¢ al, 1999),

I'he geomorphological timescale is the timescale over which river processes result in an “equilibrium’
channel morphology at the reach scale in an alluvial channel. It is also the time scale over which channel
response to engineering developments takes place. Channel adjustment takes place in response to changes
n the flow and sediment regime. At the geomorphological timescale, changes in riparian and aquatic

habitat occur due to changes in channel morphology . This is the timescale which provides the framework
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for the assessment of the geomorphological component of the Instream Flow Reguirement (IFR).
Although this is the time scale appropriate for the apphication of equilibrium concepts, is important to
bear in mind that at any one point in time a channel may portray “memory ™ of an extreme event in the past
which caused major changes from which the channel is now recovering. Thus widespread deposition may
represent recovery of an eroded system after a natural disturbance and should not necessarily be taken
as a sign of system degradation.

Within the ecological timescale it is assumed that the channel morphology is stable. only flow discharge
and sediment movement varnies. Instream habitat (hvdraulic habitat) atany given discharge is determined
by the mosaic of hydraulic patterns induced on the flow by the channel morphology . Channel morphology
also determines the frequency of overtopping of riparian components such as islands, lateral bars and the
flood plain. The hydraubic habitat classification developed by Wadeson and Rowntree ( 1998) applies st
the ecological time scale. Rowntree and Wadeson (1996) have shown how the observed mosaics of flow
tyvpes and substrate classes within a particular channel morphology varies with flow discharge.

I'he ecological timescale provides the framework within which many data are collected and processes
observed. It is therefore the timescale which is most readily conceptualised by rescarchers and managers
alike and is the timescale which drives most decisions in an IFR.

Rhoads (1994) has argued that (p.588) “The most critical challenge confronting Muvial gecomorphologists
today 1s to devise strategies for integrating a diverse assortment of research that spans a broad range of
spatial and temporal scales™. This report addresses the application of geomorphological thinking 10
problems of water management at a range of time and space scales.
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1.4 Aims, objectives and outline of the report

e geomorphological rescarch presented in this report has a strong applied thrust. In particular it aims
10 develop geomorphological tools which should be seen as pant of & multi-disciplinary approach 10
management aimed at the conservation of  the ecological integrity of our river systems. Much of the
research has been co-sponsored by the Water Research Commission (WRCO), the National Rescarch
Foundation (NRF) and the Department of Water Aftairs and Forestry (DWAF). Specific rescarch
objectives were set as follows:

to refine the geomorphological component of the IFR methodology,

to develop geomorphological indices and monitoring procedures 10 assess channel condition,
to further assess the hydraulic biotope concept and 1ts application to the assessment of habitat
condition.

Geomorphological Indices were developed as part of a separate initiative funded by the Department of
Water AfTairs and Forestry . Separate reports have been published as part of the River Health Programme
series. Rowntree and Ziervogel (1999): Rowntree and Wadeson (2000). This report presents the results
of research aimed at refining the geomorphological component of the IFR methodology through both
fundamental research into geomorphological processes and the development of the hydraulic biotope
concept. The research is presented in two volumes. The first examines the geomorphological impact of
walter resource developments through impoundment behind dams and through interbasin transfers. two
common activities in South Africa. These are both situations where an IFR (or the quantity aspects of
the Reserve) would be required to mitigate the effects of the developments. Chapter 2 of Volume |
presents a review of the international literature on impoundments studies undertaken by McGregor as
part of her Masters thesis (McGregor, 2000). The main part of Volume | presents the work by Du Plessis
on the impact of an interbasin transfer between the Fish River and Lake Darlington in the Eastern Cape.
This is the first detailed study of the geomorphological impacts of an imerbasin transfer scheme 10 be
undertaken in South Africa. Indeed there are few if any similar studies reported in the international
literature,

The second volume presents work which was undertaken with the specific objective of supporting the
determination of the geomorphological flow requirement for the Environmental Reserve. Rowntree and
Wadeson ( 1998) point out that the geomorphological contribution to the setting of IFRs has focussed on
three groups of information requirements: the mamtenance of channel form, the mainienance of
substratum charactenstics, and temporal availability of hydraulic habitat. The relationship of these three
requirements 10 space and time scales s indicated in Table 1.3, The maintenance of channel form, the
ultimate determmant of the in-stream flow environment. must consider processes that take place in the
medium to long term (10 1o 100 year period). Channel form is the long term response 10 movement of
sediment through the river long profile and is the result of dynamic processes that take place within the
geomorphological time scale and are manifested in the reach space scale. The maintenance of substratum
characteristics involves, firstly, the seasonal flushing of fine materials from the surface matrix of the
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bed substratum

Problem

Time scale

gravel-bed and, secondly. the over-turning and transport of the coarse matrix itself. These are essentially
event driven processes which respond at the scale of the morphological unit, Seasonal inputs of sediment
from the catchment are also important. Hydrauhic habitat 1s determined by the response of the
instantaneous discharge 10 2 fixed channel morphology

and information needs (after Rowniree & Wadeson, 1997)

Spatial scale

Hydrauhic habiat varies within the short term
in response 1o the flow hydrograph and over small space scales determined by channel morphology and

Tuble 1.3: A geomorphological framework for the assessment of Instream Flow Requirements: problems
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Distribution of
hydraulic biotypes:
channel cross-
sections, substratum
type. flood plain
morphology




Chapter 1 Introduction: geomorphology and walter resource protection in South Africa Page 14

Channe! geomorphology is determined by the cumulative effects of events over geological,
geomorphological and hydraulic time scales. Interpretation of channel form and recommendation of
future flow regimes for managing form must take into account the environmental history. An in depth
review of environmental change in South Afnica as it relates to fluvial geomorphology is given in
Chapter 2 of Volume 2.

A key concept underpinning geomorphological flow requirements 1o maintain channel form and channcl
substratum characteristics is that of magnitude and frequency . Setting the water quantity requirements
for the Eeological Reserve is about recommending the flow regime to ensure that the resource quality
is maintained. One component of the geomorphological flow requirement is the high flows or flood Mows
required to maintain channel form and bed conditions through the transport of sediment. The key
question s “what magnitude of flows are required to transport the incoming sediment without causing
excessive erosion and channel enlargement and how often should they occur?’. The magnitude and
frequency of channel forming flows has been an ongoing debate amongst geomorphologists, The
apphication of this thinking 10 the Reserve determination is explored by Dollar in Chapters 3 10 10 of
Volume 2

The final section of Volume 2 addresses the relationship between magnitude and frequency of flows and
available habitat within a stable channel. Wadeson developed the concept of the hvdraulic biotope 1o
describe discharge variant changes in hvdraulic habitat within morphological units (Wadeson 996,
Rowntree and Wadeson 1999). The application of the hyvdraulic hiotope concept to Reserve
determination is taken further in the rescarch presented in Chapter 11
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Chapter 2: Southern African Fluvial Systems

2.1 Introduction

Ihe env ironment. landscape and fluvial systems have played a central role in people’s hives in southern
Africa for thousands of yvears. However, it 1s onhy within the last hundred vears that the scientific study
of the environment. landscape and fluvial systems has evolved. This chapter will focus on fluvial rescarch
work in southern Africa in order to highlight current knowledge in the sub-region and to identify
potential arcas of weakness. Rescarch imo ancient southern Afnican fluvial systems and their
emvironments 15 addressed first (for a full discussion, see Dollar, 1998a), followed by a review of
contemporarny research into modern southern African fluvial systems. The chapter closes with an
overview of the main characieristics of southern African luvial systems.

2.2 Ancient southern African fluvial systems

Maodern southern Afocan fluvial systems owe their development to the geological template. Jurassic
nfung of Gondwana and subsequent creation of new base-levels for erosion. Details regarding ancient
fluv 1al systems have been uncovered through deep mining operations and there is an extensive literature
dealing with pre<Gondwana Muvial ssstems. A good example of this is the Farly Archacan (2885 Ma
B.P.) Vemersdorp Contact Reef (VCOR) which is a sedimentary laver that occurs at the base of the
Venmersdorp lavas which rest on the Witwatersrand Supergroup (de Kock, 1941). The fossil river has
been mined for gold since 1888 (de Kock, 1941 Chunnet, 1994). The sedimentary rocks of the Karoo
Supergroup have also been extensively studied: these are best exposed in the Karoo basin. The basin fill
consists of up 10 9 000 metres of clastic sediments and lavas. The ages of these sediments range from
around 300 Ma B.P. 10 ¢. 190 Ma B.P. The depositional environments arc well documented (¢f. | eBlanc-
Smith & Enksson, 1979, Eriksson, 1986: Visser. 1989; Smith, 1995; Smith er o/, 1997),

An in-depth review of the post-nifting landscape and the associated fluvial landforms has been admirably
achieved by other authors (ef. King. 1963; Fair, 1978: Partindge & Maad, 1987. Dardis ef al . 1988; De
Wit. 1993 Hattingh, 1996; Maud. 1996). Here, a short review will suffice,

In southern Africa long periods of tectonic stability (African, Post-African | and Post African 11 erosion
surfaces) have been interspersed with periods of tectonic uplift (Miocene and Pliocene) along clearly
defined axes that have influenced the macro-level functioning of southern African rivers (Figure 2.1)
The main denudational period was mitiated shorthy after the rifting of Gondwana (c. 180 Ma) and
extended to the Late Cretaceous. Major sedimentation peaks in the Eocene, Miocene and Phiocene relate
10 these periods of maximum reliel. Imprinted on these tectonic phases has been the impact of climatic
change. with associated periods of wetness and dryness and concomitant changes in vegetation cover.
runofl, erosion. weathering rates and environmental change ( Dollar & Goudie, 2000), After an extensive
period of planation, the African erosion surface developed with flat meandering rivers dominating the
southern African landscape (Panndge & Maud, 1987). Two periods of axial uplift in the Miocene and
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Pliocene rejuvenated many southern African rivers. hence the incised nature of many coastal rivers

(Figure 2.1). The fluvial geomorphology of southern African must be seen within the context of these
(polvevelic) macro-processes.,

A general trend that emerges from the literature is to ascribe older (usually Mid to Early Pleistocene and
older) fluvial changes to tectonic activity and more recent (usually Late Pleistocene to Holocene ) fluvial
changes to climatic oscillations. Worldwide advances in the study of the Quaternary glacial interglacials
leaves hintle doubt that chimatic change has playved a significant part in the evolution of fluvial systems
worldwide and also in southern Africa (Maud & Partridge, 1988). Reviews of Late Pleistocene climate
change in southern Afnica by Partridge e af. (1990) and Tyson & Lindesay (1992) present clear evidence
for ¢ himatic change. The impacts of climate change on landforms have been discussed elsewhere at length
(¢f. Maud & Partridge. 1988: Pantridge. 1988; 1990) and are an important consideration when
imerpreting modern fluvial processes and landforms.

Figure 2.1: Fhwvial sysiems of southern Africa (after Dollar, 1998q)
2.2.1 Palacoflood hydrology

Of particular relevance to this study is the field of palacoflood hydrology (PFH). Although this technique
has been applied internationally since the 1970s (cf. Baker, 1973), limited attention has been given to the
technique in southern Africa (Helgren, 1979: Turner, 1980). The basis of PFH is that certamn empincal
relationships can be defined between hydraulic and geomorphic variables and channel characteristics,
By these means palacohydravlic conditions can be reconstructed with relative estimates of
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palacodischarge, palacovelocity . palacogeometry and palacoform being made within certain confidence
limits of the regression line

Zawada ¢ @l (1996) and Zawada (1996: 1997) provide comprehensive reviews of the technigues.
methods, potential apphcation and limitations of PFH. Zawada (1997) makes a strong case for the use
of PFH 1o augment the somewhat limited Nood record in southern Africa. PFH can provide magnitude
and frequency data for floods of variable time scales ranging from 10s 10 1000s of years. it augments the
flood record and it makes prediction more accurate. Zawada ( 1994) made the poit that the Lamngsburg
flood of 1981, which was the largest recorded flood (5680 m s ') i the BufTels River for the peniod of
record. could be calculated asa 1 in 10 000-y ear flood using a log-Pearson distribution ora | in 100-400
vear flood using a log-normal distribution. Using this as an example. Zawada (1994) points out that the
variable predicted retum penods using conventional flood-frequency techniques are unreliable, especially
for high-magnitude floods. and that PFH provides a useful alternative 10 extend the record for flood
frequency analysis (cf. Smith & Zawada 1990; Smith, 1992a; 1992b).

Zawada e al (1996) provide evidence 10 show that the Orange River has experienced thinteen major
floods with discharges in the range of 10 200 m s to 14 660 m's™ in the last 500 vears. whercas the
largest gauged flood in the Orange on record is 8 330 m's™ at Vioolsdrift in 1974, Similarly, slack-water
sediments indicate that a lood of 28 000 m’s™ occurred in the Late Holocene in the Mfolozi River, nearly
twice the size of the largest recorded Nood of 16 000 m’s " in 1984, Clearly. PFH provides a significant
source of information (Boshof er @i, 1993). Zawada er al. (1996) were able 10 show that the Orange
could be divided into four palacoflood periods (Table 2.1). They argue that there is a clear relationship
between flood magnitude and chimate change (cf. Partridge ef al.. 1990: Tyson & Lindesay, 1992) and
that there has been a gradual warming since the end of the Little Ice Age (A.D. 1850).

Table 2.1: Flood-magnitudes for the Orange River for the last 3000 vears (after Zawada et al., 1996)

Period Number Approximate Date Flood Magnitude

I S450B.P. - 1800 B.P No flood exceeded 12 800 m's”
2 961 AD.-1332AD. No flood exceeded 14 700 m's”
3 1453 A.D.- 1785 A.D. No flood exceeded 28 000 m's”
4 1785 A.D. 10 presemt No flood exceeded 9 500 m's!

2.2.2  Palaco-sediment yields

A change in climate, dramage pattern or drainage orientation will result in a change i the sediment vield
of aniver 1tis therefore appropriate to provide a brief discussion on palaco-sediment yields for southern
Afnican nivers. Evidence for changing vields is presented for the Orange River, KwaZulu-Natal and the
Eastern Cape.
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Table 2 2 presents evidence of a variable but overall declining rate of sediment vield in the Orange River.
Dingie & Hendey (1984) suggest that declining sedimentation of! the West Coast depocentres can be
accounted for by increasing aridity associated with the upwelling of the Benguela Current in the Upper
Miocene (Siesser. 1978). Modern values for the Orange’s sediment load are 6.5 x 10°'m’ per annum. but
are thought 10 have been declining since the 19305 (Rooseboom. 1978). Likewise Bremner ef alf (1991)
indicated that the sediment vield from the 1988 Orange River floods were not nearly as impressive as the ‘
runoff values. Swart er @l (1990) reported that the 1988 flood reached a peak of around 8 500 m’s " They

suggested that the modest discharges of sediment were related to limited sediment supply 1o the channel.

Table 2.2: Scediment vield for the Ovange River since the Late Cretaceous (after Dingle & Hendey, 1954
and Roosebovm, 1978)

Period Drainage Arca Mean Annual Sediment Yield |
(10" km*) (10" m’)
Late Cretaceous 960 10 '
Palacogene 517 2.0
Neogene 969 0.3
Present 969 6.5

Martin (1987) has compared modern sediment vields from KwaZulu-Natal nivers 1o palaco-vields from
the Natal Valley in the Indian Ocean. Using seismic profiles he determined that average modern rates of
sediment vield (322 t kmPyr') are 12-22 times higher than the geological average (1427 thmyr'). It is
tempting 1o explain this higher modern vield as anthropogenically induced, but Davies era/ (1977) have
pointed out that natural sediment yields have varied by a factor of as much as fifteen between glacial and
mterglacial periods. Rates for the last 3 Ma are, for example. twice as high as for the previous era of rapid
sedimentation.

lienberger (1992, 1993) suggests that for selected Eastern Cape rivers (Krom, Gamtoos, Van Stadens,
Swarthops, Great Fish and Great Kei) modern sediment vields are eight times higher than the geological
average of 12 t km-yr'. but that considerable variation in the geological rates also exist. High modern
yields are attributed 1o poor catchment management practices.

These various results raise the question: are the large increases in modern fluvial sediment vields
anthropogenically forced, or do high modern yields form part of a natural fluctuation (cf. Murgatrovd,
1970). Milliman & Meade (1983) make the point that today *s river sediment yiclds should not simply
be extrapolated backwards in time, as present-day climates and erosional regimes do not resemble even
those of a few thousand vears ago.

It becomes clear from the above review that a variable hydrological and sediment regime has occurred
since the fragmentation of Gondwana and that the present-day fluvial regime is a recent one. This has
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significant implications for our understanding of the functioning of modern fluvial systems as the past
has left s imprint on modern channels. In order for southern African fluvial systems 1o be adequately
understood. a broader temporal context is required. Untested assumptions about human-induced channel
changes should therefore be avoided. Given this comtext. the following section deals with the current state
of know ledge of modern southern African luvial systems.

2.3 Modern southern African fluvial systems
231 Introduction

Southern African Muvial systems have undergone considerable changes due to tectome and climatic
influences over the geological past. Modern fluvial systems represent the product of contemporary
emvironmental processes acting on this geological template. This section will review the current state of
knowledge of modern southern African fluvial systems.

While the field of fluvial geomorphology is well established in the Northern Hemisphere, knowledge of
the phy sical functioning and processes operating in southern African fluvial systems is still fragmentany .
It is only in the last ten vears that a concerted effort has been made to elucidate modern channel
processes. lronically, this has been motivated not by a desire to understand the geomorphology for its
own sahe. but by the recognition by ecologists of the role that geomorphological processes play indriving
river systems (¢l Pitman & Pullen, 1989 van Wyk, 1989, Looser, 1989. Bruwer & Ashion, 1989; Palmer
& O'Keelle, 1985.1990; Davies, 1989 Vogt & Moon. 1989). Prior 10 the 1990s, comments on modern
fluvial systems were only made in passing, usually with reference to catchment condition. or Mooding
(cf. Gevers. 1948; Weiss & Midgley, 1976. Wilson & Dincer. 1976 Alexander, 1979, Beckedahl &
Moon, 1980, Beaumont. 1981 Garbharran, 1983, Dix, 1984; Perry, 1985 van Heerden & Swart. 1986).

2.3.2  Channel process studies

I'he first systematic study of a modern fluvial system in southern Africa was that of the Okavango Delia
i Northern Botswana, McCarthy ¢r of (1986 1987, 1988) were able 1o show that active channel
migration in the Delta was the result of sediment accumulation in the channels, leading to channel
aggradation, a reduction in hydraulic gradient and ultimately avulsion. Rates of accretion of up 1o 50 mm
per annum were noted. Channels of the Okavango are thought 1o be inherently unstable, but these
dynamic changes are necessary for the even distribution of sediment through the delta. Channel changes
have been occurring throughout geological time, and may also be related 1o tectonics and changing
chimatic conditions (¢f. Cooke. 1976: Shaw, 1984),

Recent evidence from the Okavango Delta stresses the significant role that vegetation plays in the
geomorphic functioning of the system (¢ Ellery. 1988: Ellery er of . 1993 van Coller ¢or ai . 1997).
Channel margin vegetation assemblages are related 10, and impact on, sediment deposition and long-term
and seasonal water levels. Erosion-resistamt vegetated banks retard water velocities, so that all the
sediment introduced into the system is retained. This results in channel aggradation, vegetation
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establishment and subsequent avulsion (McCarthy e al., 1992) Channel switching is thought to relate
10 a two phase process of crosion and deposition. Channels that receive their water via seepage and
overspill are erosion dominated channels, while channels that receive their water from a direct source
(i.e. an active channel) are deposition dominated channels. Once critical thresholds have been attained,
channel switching takes place. 1t is clear that channel avulsion forms part of the natural process of
sediment distribution within the Okavango Delta, and that & dynamic relationship exists between
discharge, sediment load and riparian and in-stream channel vegetation. McCanthy ef wl (1991) argue
that channel switching indicates that the presemt channels are attempting 10 attain an equilibrium
condition and that the imtial disequilibrium was probably caused by fault movements on the northwestern
side of the graben. Without the constant channel switching within the Okavango Delta and the dynamic
relationship between the water, sediment and vegetation, the Ohavango sy stem would probably become
stagnant and moribund (McCarthy. 1992).

A systematic study of channel change in the Bell River in the North Eastern Cape was undertaken by
Dollar (1992). He found that change in the form of channel straightening from a meandering 1o a brawded
channel (as evidenced by a series of recent meander cutoffs) could be accounted for by increased
sediment production 1o the channel as a result of poor catchment management practices. Triggering
mechanisms were argued to be major flow events following periods of extended dryness. This sequence
of wet and dry cycles of approximately |8-vears was thought to be comparable to Flood Dominated
Regimes (FDRs) and Drought Dominated Regimes (DDRs) in Australia (¢f. Warner, 1987). Dollar &
Rowntree (1995) pointed out that catchment and channel processes were clearly linked and that any
disturbance in the catchment would have a concomitant impact on the channel. Rowntree (1991) and
Rowntree & Dollar (1996a) also mention the significance of riparian vegetation in mamtaining channel
stability. Alien woody vegetation on the channel banks may stabilize the banks at low and intermediate
Mows. whereas at high flows they may aid the process of channel avulsion.

Spatial and temporal changes in the rivers of the Kruger National Park (KNP) have been widely
investigated (¢f. Venter & Bristow, 1986: Vogt & Moon, 1989: Chunnet ¢r @/, 1990; Venter, 1991 Vogt,
1992; Cheshire, 1994; Heritage er @l 1995). Vogt (1992) was able 1o show that the Sabie River has
experienced a number of channel planform changes between the 1940s and the 1980s and that these
changes could be related 1o rainfall periodicities in the catchment as well as changing rates of channel
sedimentation and scour. By contrast sediment transport rates were thought 1w be controlled by
antecedent catchment and channel conditions such as drought (Heritage & van Nickerk, 1994; Birkhead
et al., 1996). Channel vegetation was considered a major control on channel form. Vegetation density
was shown 10 have increased progressively since the 1940s. Later, Heritage er af (1995) made the poimt
that sedimentation patterns (deposition and scour) in the Sabie River could be related 1o the | 8-vear
rainfall periodicity in the summer rainfall region (linked 10 EI Nino) which was translated to the flow
pattern. Channel change was thought to be related to increased sedimentation in the channel as evidenced
by catchment degradation,
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233  Channel forming discharge

Conventional wisdom for alluvial channels is that moderate flow events with a return penod of | 102
vears are responsible for the maintenance of channel form (cf. Wolman & Miller, 1960; Richards, 1982),
Although southern Africa has an extensive Iiterature on flooding, flood magnitude and flood frequency
estimation (¢ Alexander, 1976; Kovacs, 1980: 1985: 1988; Kovacs er of . 1985: Bege. 1988: Zawada,
1997). hittle attention has been paid 10 determining the magnitude and frequency of flow events
responsible for channel form. 1t is clear that semi-and rivers exhibit a markedly different flow regime 1o
temperate systems (¢f. Baker, 1977) and that the conventional | to 2 year channel forming discharge of
temperate alluvial channels should not be applied blindly to southern African rivers (Newson, 1996). This
theme is expanded in Chapter 3.

An extensive hiterature search revealed that other than work by Hertage ef «f (1995) and Wadeson
(1989), no work on channel forming discharge has thus far been attempted in southern Africa. Heritage
ef al (1995) showed that the macro-channel of the Sabie River is inundated once every 20 years. They
suggested that the concept of bankfull discharge as applied 10 semi-and rivers may be erroncous, The
Sabie River is probably in a state of disequilibrium and hence the river may not have had time 10 adjust
its morphology 10 the current flow regime. In contrast, Wadeson ( 1989) demonstrated that the bankfull
discharge for the Buffalo River in the Eastern Cape did conform to the 0.9 year flood on the partial flood

SCTIeS
234 Present-day sediment yield

Although Du Toit had mentioned the problem of siltation of South African reservoirs as early as 1910
(Du Toit, 1910). limited field data is available on modern sediment viekd for southern African rivers. Du
Toit (1910) ascribed siltation 1o a combination of high natural levels of sediment load as well as poor
agricultural practices. Van Warmelo (1922a; 1922b: 1922¢); Mason (1924) and Lewis ( 1936) mention
the problem of reservoir siltation in the Vaal and Orange Rivers, while Warren (1922, p.42) suggested
that “... this evil is becoming so pronounced that it would appear that some form of legislation will have
10 be introduced™. Early workers thus recognized the link between reservoir sedimenation and poor
agricultural practices (cf. Robernts, 1952),

Rooseboom (1978) has shown that the annual sediment yvield from South African rivers is between 100
and 150 x 10" 1ons per annum, but that this figure s declining. Rooseboom & Harmse (1979) indicated
that between 1929 and 1969 the average load of the Orange River decreased by more than 507, while
flow reductions during the same period remained insignificant. They argue that these reductions cannot
be ascribed 1o land use. reduction in flows or sediment capture by impoundments but (p.463) ~ . should
be attributed to progressive change in extant material rather than land use.™

Le Roux (1990) was able 10 show that the present-day rate of erosion in South Africa (as a whole) was
at least o 10 three times the rate of replacement by weathering. Rooseboom ef af (1992) argue thar
(p.2.9) “._sediment concentrations and loads in rivers are determined by the availability of sediments
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rather than by the carrving capacities of the flows™. Rooseboom (1992) concludes (p.4.1) “... after more
than 20 vears involvement with sediment load data for southern African rivers, the main impression
which remains is the variability thereof™. It is clear that there is extreme variability in the daily, annual
and scasonal sediment vields of southern African rivers and that it 1s nisky to draw simple conclusions
from limited records. Very hittle knowledge exists on the impact of “sediment pulses” through southem
African rivers. To the best knowledge of the authors, there are no measured bed load daa available for
southern Afncan rivers, Bed material s a significant controlling vanable, as channel pattern and form
has long been associated with bed load and calibre (cf. Schumm, 1977; Church ei @l 1987: Ferguson,
1987). This lack of information serves as a major gap in the understanding of the functioning of modern
southern African fluvial sysiems.,

235 Flow regulation and channel processes

The late 1980s and early 1990s saw a growing recognition in southern Africa of the impact of
engineering structures on fluvial systems. These related specifically 1o channel impoundments and inter-
basin transfer schemes (IBTs). Initially the focus of research on these regulated rivers was ecological.
However, it became clear to ecologists that the physical template for habitats was determined by the flow,
channel substrate and banks of the river - the realm of the fluvial geomorphologist. Geomorphologists
were increasingly being called on to and in the process of river conservation and management.

Early work on the geomorphological effects of regulated rivers was undertaken by Dollar (1990) who
showed that the building of the Isandile Dam on the Keiskamma River attenuated flood peaks resulting
in the build-up of ributary bars at channel junctions and general sedimentation problems immediately
downstream of the dam. Work by McGregor (2000) has confirmed this finding. The impact of
introducing water from the Wriggleswade Dam to the Nahoon River in the Eastern Cape was shown o
have a significant scouring impact on the upper reaches of the receiving channel (Rowntree in Hughes,
1994). Du Plessis (2000; Section C, Vol 1 of this report) has shown how the Skoenmakers River in the
semi-arid Karoo region, which 1s used as a conduit for water transferred from the Orange-Fish-Sundays
River 1BT. has altered its channel morphology and riparian vegetation structure in response to the
imposed flow regime. Other than these four studies, no other published information was available at the
time of this review on the impact of flow regulation on channel processes in southern Africa.

2.3.6  River classification and channel processes

Two major bodies of work on river classification have emerged out of the southern African literature
since the early 1990s (Figure 2.2). Both systems were borne out of the requirements of ecologists for a
physical description for aquatic ecosystem management. The first is the hierarchical classification system
of Rowntree & Wadeson (1999), the second is the classification system of van Nickerk er af (1995)
These have been extensively reported on elsewhere (cf. van Coller. 1993; van Nicherk & Heritage, 1993,
Wadeson & Rowntree, 1994; Wadeson, 1995, van Coller eral . 1995, van Nicherk eral., 1995, Rowntree
& Wadeson, 1996, 1997 1999 Heritage e af , 1997). Here a short review will suffice.
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Rowntree & Wadeson ( 1999) stress the need for a stream classification system that can provide a scale-
based hink between the channel and the catchment, and that will allow a structural description of the
spatial variation in stream habitat. They modified the stream classification system of Frissel er ol (1986).
[heir classification system can be regarded as a hierarchical system, in which each level provides inputs
of matter and encrgy into the lower one, but the lower levels also provide the building blocks of the next
higher level. The system therefore provides a systematic framework that links the catchment and channel
(Figure 2.2). 1t 1s a system that lends itself well to geomorphological assessments at the regional scale
and has become the basis of classification for the River Health Programme (Rowntree and Wadeson
2000

Rowntree and Wadeson, 1993 van Niekerk et al, 1995
CATCHMENT
CATCHMENT
RIVER SYSTEM
ZONE
SEGMENT ZONE
MACRO-REACH
REACH ... REACH

CHANNEL TYPE

MORPHOLOGICAL UNIT MORPHOLOGICAL UNIT

Figure 2.2 Hicrarchical classification systems of Rowntree & Wadeson (19971 amnd van Nickerk et al
’ ](ﬂ)_ﬁ,

The second major attempt at river classification was developed by van Nickerk ef ol (1995) Working
contemporancously with Rowntree and Wadeson, they produced a bottom-up hierarchical classification
svstem based on an extensive study of the nivers of the KNP. Van Nickerk & Herntage (1993) focussed
on the Sabie River drawing on carlier work by Vogt (1992), Venter (1991) and Chunnet er al. (1990)
The Sabie River consists of a macro-channel extending across the width of an incised valley. Cut imo
the macro-channe! are one or more active channels (see Figure 2.5). The active channels are determined
by normal flow conditions (i.e. non-flood conditions) while the macro-channel is controlled by high

magnitude, low frequency events.

Van Niekerk & Heritage (1993) point out that the geomorphology of the Sabie system reflects the
response of the svstem 1o a highly variable water and sediment discharge superimposed on a macro-

channel controlled by the underlying geology. The implicit assumption is that there are various spatial
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and temporal levels at which fluvial systems operate, and that these can be “separated-out” mto distinet
temporal scales. They suggest that rigid sub-division of rivers using some pre-determined classification
system may result in important fluvial processes being ignored. They argue that for a full understanding
of the dynamic interrelationships of fluvial systems, a classification system should be built from the
bottom up. In this way, implicit assumptions about the river are not imposed from the top and made 10
fit a nigid classification system,

This bonom-up approach system is well sunted 10 in-depth geomorphological assessments a1 the local
scale. For example Moon e af. (1997) were able 10 use their classification to predict morphological
change in the Sabie River. as well as to identify which channel types were likely 1o undergo habitat
changes with aliered discharge and sediment loads. They also suggest that this approach should be able
10 predict the direction of longer-term change which may become ecologically significant.

2.4 Overview of southern African fluvial systems

It is useful at this point 1o provide an overview of the main characteristics of southern African fluvial
systems. Tectomic uplift during the Miocene and Plhiocene rejuvenated many of the castern sea-bhoard
rivers which drain the escarpment. Consequently many of these rivers are incised onto bed rock and have
steep and often irregular Jong profiles. These irregular long profiles consist of sections that are
morphologically uniform, these have been termed macro-reaches or zones (Rowntree, 2000, Rowntree
ef wl. 2000), Macro-reach breaks are usually associated with changes in lithology. but can also be the
result of Miocene and Phiocene tectonic activity. This situation has disrupted the classic downstream
gradation of bed matenial sequence from boulder 10 cobble 10 gravel and ultimately 10 sand.
Consequently. sand-bed channels in the lower reaches may often be replaced by bed rock, boulder or
cobble on steeper gradients sections.

Many rivers draining the castern sea-board of South African display complex cross-sections. An active
channel which is formed within a larger macro-channel bordered by high terraces commonly occurs
(Figure 2.3). The macro-channel has been described in a number of publications (cf. van Niekerk er o/,
1995, Rowntree & Wadeson, 1999). Macro-channels develop as a result of incision by the active channel
imo former terraces that mark the outer boundary of all but the most extreme flood flows. The active
channel 1s the channel which by defimition 1s inundated most frequently and is geomorphologically the
most active (Rowntree & Wadeson, 1999). Within the active channel a distinct in-channe! bench
commonly occurs. There 15 often no clear flood plain. It is suggesied that this channel architecture 1s a
response 1o the geological template and the variable hvdrological regime., This issue will be explored later
i this report.

As mentioned carlier, present-day southern African fluvial sy stems display a highly variable hydrological
regime. Walling (1996) has shown that the rivers of southern Africa have the highest coefficient of
variation of mean annual runoff, the highest average storage requirement for flow regulation, the highest
average annual flood vanability and the highest extreme flood index [defined as the standard deviation
of the logarithms of the annual peak discharge (Figure 2.4)]. Gorgens & Hughes (1982) have shown that
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the average inter-annual variability of runoff in South African Mluvial svstems is extremely high. The
cocfhicient of vanation (CV) of annual runoff s around 1.13, which is higher than the CV for Australian
rivers of 0.7 (ef. McMahon ef af . 1992, McMahon & Finlayson, 1995: Brizga & Finlayson. 2000) and
considerably higher than the world average of between 0. 25 and 0.4 Furthermore, the 18-yvear periodicity
in rainfall characteristic of much of the castern half of the country is translated 1o the flow regime,
resulting in highly variable short- and medium-term flow regimes.

macto -channel
—t -a— —— —

Figure 2.3: Diagrammatic representation of the macro-channel, active channel,
henches. esttmated bankfull discharge and terraces.

It is clear from the above discussion that southern African fluvial systems differ from alluvial systems
in temperate climes where much of the conventional wisdom in fluvial geomorphology has been
developed. (Recently, however, work from the dry land areas in the United States (¢f. Graf, 1988) and a
focus on bed rock systems (¢f. Tinkler & Wohl. 1998) has gone some way to balance this perspective
Fluvial form is a function of the geological template, channe! boundary resistance. climatic inheritance,
vegetation and observed discharge of water and sediment. It is inconceivable that all Mluvial systems wall
therefore conform 1o conventional theory derived from a particular region. Consequenthy, there is an
urgent need 1o develop appropriate local knowledge

2.5 Discussion and conclusion

The review has mghlighted two important points. First, while the study of palacolluvial geomorphology
m southern Africa s well documented. modern fluvial process studies are limited. and the understanding
of modern fluvial systems is fragmentary. In terms of the focus of this report. there is a pavcity of
miormation regarding the magnitude and frequency of channel forming discharge and bed matenal
transport in southern African rivers. This is of concern, as effective river management requires
information in this regard. Second, southern Afnican fluvial systems differ fundamentally from temperate
alluvial systems. If effective river management is 1o occur, there is a need 1o develop appropriate local
hknowledge. This report attempts to contribute to that local knowledge in southern Africa
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Plate 2.1: The Mkomazi River in KwaZulu-Natal exemplifies a river
with a compownd channel characierised by an inset flood bench and

macro-channel

Plate 2.2: The lower reaches of mamy South Afvican rivers show features of

rejuvenation as tvpified by the Mgeni River in KwaZwlu-Naral
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Section B: Long term morphological change:
Magnitude-frequency concepts in river
management.

Section B is based on the thesis by Evan S.). Dollar: “The determination of geomorphologically
effective flows for selected eastern sea-Board Rivers in South Africa ™ Unpublished PhD
thesis, Rhodes University 2001, The full data relating 10 this rescarch are compiled in the Appendices

ol thas thesis
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Chapter 3: Magnitude and frequency of channel forming
discharge

a1 Introduction

Fluvial sedimentary systems are controlled by the magnitude, frequency and the varabiliny of Nlow and
sediment discharge. The magnitude-frequency debate is concerned with identifying which flows are the
most important in controlling channel processes and channel form . Defining these flows is no casy tash
duc 1o four major issucs (Dollar, 2002). First, the relationship between process and form is clouded by
the fact that Nuvial processes reflect the imprint of past flows. The issue of defining the significant
discharges for channel form must therefore take account of the temporal context of earth history,
Moreover the historic form affects present processes so that cause and effect becomes and issue of ime
and scale (see Figure |.1). Second. the initial conditions necessary for a full understanding of the system
are seldom known, so that inheritance factors are poorly accounted for. Third, the issues are scale-
dependant, and they require the identification of appropriate descriptors and drivers across a range of
spatial and temporal scales. Fourth. variables in natural systems are very difficult 1o quantify. so it 1s
often necessary 10 rely on proxies rather than real quantities. Thus the issue of defining the influential
discharges is a spatial and temporal one which involves earth history as well as hydraulic understanding
and vegetation-sediment-geomorphology interactions. Cause and ¢ffect between form and process arce
difficult to distinguish, and become an issue of time and spatial scale. It 1s thus almost impossible 10
reduce a fluvial system 10 simple physics, except on limited scales and domains (Dollar, 2002). The
system has to be simplified by considering the magnitude, frequency and variability of sediment and
discharge controlling fluvial sedimentary systems for a specified temporal dimension.

In order to simplify the fluvial system into a physical entity for the purposes of this research, three sets
of flow information are required. These are necessary for a geomorphological assessment of in-stream
flow requirements (Rowntree & Wadeson, 1997). They are the flows that maintain firstly the spatial and
temporal availability of habitat, secondly the substratum characteristics and thirdly the channel form.
Rowntree & Wadeson (1997) have suggested the use of the hyvdraulic biotype to provide the information
requirements for the maintenance of aquatic habitat. This idea is explored further in Section C of this
report. The latter two information requirements (the maintenance of substratum characteristics and the
maintenance of channel form) are fundamentally linked 1o the magnitude-frequency debate.

Ihe aim of this chapter 1s 1o provide a theoretical framework within which the flows necessary for the
maintenance of channel form can be appraised. The chapter is divided into two sections. The first section

considers the magnitude-frequency debate: the second section reviews environmental flows with specific

reference 1o sediment-maintenance flushing flows.
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3.2 The origins of the magnitude-frequency debate

The origins of the magnitude-frequency debate date back 1o the late |800s when British hydraulic
engineers attempted to construct stable irrigation canals in India. They noted that canals could adjust their
boundaries until a stable configuration was attained (the regime channel), and that the geometny of the
channel was related 1o its discharge of sediment and water (Kennedy ., 1895 Lacey, 1930). The equations
that were developed became known as regime equations (Nixon, 1959; Ackers, 1972, Osterkamp &
Hedman, 1977). Later. regime equations were related to natural channels. The thinking behind this was
that. n principle, the morphology and dynamics of rivers should be explicable in terms of the laws of
phyvsics. This line of thought was later to emerge in the magnitude- frequency debate. This debate centred
on the assumption that in alluvial systems channel form can be related 10 a specific magnitude (discharge )
and frequency (return period or duration) of Mow (¢f. Leopold & Maddock, 1953: Blench, 1957 Lane.
1957: Leopold & Wolman, 1957; Dury, 1959. Dury ef al , 1963; Leopold er ai.. 1964: Woodyer, 1968,
Osterkamp er af .. 1983). Early researchers sought a physical expression of this flow. Initially, it was
argued that the flood plain, shape and pattern of the channel are related to the bankfull condition - the
stage at which overtopping onto the flood plain occurs ( Waolman and Miller, 1960). The literature came
to equate the bankfull discharge with dominant discharge and effective discharge (¢f. Wolman and
Miller. 1960; Ackers & Charlton, 1970; Gregory, 1976: Pickup & Warner. 1976). These three discharges
will be discussed in turn. A discussion can also be found in Rowntree and Wadeson (1999)

3.3 Dominant discharge

The term “dominant discharge’ was introduced by Inglis (1941) as a way of conceptualising the
cquilibrium between channel form and the long term discharge regime. Dominant discharge was defined
as the discharge at which equilibrium between form and discharge is most closely approached and the
tendency 1o change is least. The dominant discharge was conceptualised as the constant flow rate that
would produce the same channe! morphology as would a sequence of naturally varving flows. Thus
dominant discharge was defined by its morphological product rather than by geomaorphological process.
By the 19705, the term “dominant discharge” had become firmly entrenched in fluvial geomorphology
and hvdraulic engineering literature (cf. Neill, 1968; Bray, 1975),

I'here are a number of problems with the dominant discharge concept. Pickup & Rieger (1979) argue,
as does Kennedy (1972), that 1o assign a single dominant discharge 10 a channel 1s an oversimplification,
for 10 accept the idea of a “dominant discharge” 15 10 imply that the river is in regime (equilibrium ). They
argue that instead of a single channel forming discharge, a channel is much more likely to be adjusted
to a whole range of flows as well as to the sequential nature of the flows.

Prins & de Vies (1971) suggest that a distinction must be made between domman discharge as a concept
and the determination of dominant discharge. It is clear that the simplified regime can never replace the
real regime as far as the reproduction of the morphological characteristics of a niver are concerned (Prins
& de Vries, 1971). Furthermore, they point out that there could be a number of dominant discharges cach
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related to a different channel characteristic, for example the steady flow that would vield an observed
meander length. Thus the accepred notion of dominant discharge 15 that it s specific for a particular
channel morphology. but that the channel morphology 1s made up of a number of components. Each of
these will have their own response 10 the variable flows and therelore thewr own dominant discharge. The
concept of one domimant discharge for the channel can only hold true if these separate dommant
discharges converge towards one value.

3.4  Banhfull discharge

The notion of bankfull discharge has existed in the literature for some time (. Inglis, 1947), but its use
as an independent variable controlling channel form became popular in the late 1950s and 19605
Wolman & Miller (1960) argued that the flood plain and the shape and pattern of the channel are related
10 discharges that approximate the bankfull condition. Harvey (1969, p 82) defined bank full discharge
as “... the discharge which just fills the natural stream channel and above which spilling onto the
Moodplain occurs™. The bankfull stage was thus taken as the elevation of the active floodplain, and is a
physical measure of the flow capacity of the channel

Dury (1959 1961 ) has shown that the bankfull discharge of many English and American rivers has a
recurrence intenyal of somewhere between | and 2 years. This became conventional wisdom (¢f. Brusch,
1961, Leopold e al.. 1964). Dury ef af (1963), however. argued that many rivers in Queensland,
Australia. are incised to such an extent that the bankfull stage is well above the mean annual Nood and
that some sites had not experienced a bankfull stage during the period of record. This suggested that the
rivers were still adjusting 10 a recent climate or tectonic event and may not reach a bankfull stage. I is
also possible that Dury was mappropriately applying concepts developed for the British and American
context. Hickin (1967) similarly argued that the rivers of New South Wales, Australia, had become
deeply incised due to climatic, tectonic and eustatic events. and that for this reason bank top at many sites
do not correspond to the natural bankfull stage, Dury (1976) suggested that due to the widespread
evidence that streams have incised their flood plains in the mid-latitudes, the feasibility of using the
present flood plain level 1o dentify the bankfull stage in these regions should be avoided. Woodver
(1968) suggests that, for this reason, many flood plains may in fact be terraces and argoes that channe!
benches should be used as an alternative,

A consistent defimtion of what can be considered the bankfull stage s problematic (¢f. Kilpatrick &
Barnes, 1964; Riley, 19720 Williams, 1978, Rowntree and Wadeson, 1999) Although definitions of
bankfull discharge have included morphometric. sedimentary or discharge criteria, more often than not
morphometric criteria are used to define the bankfull condition. Rosgen (1996) described bankfull
discharge as the single most important parameter in morphological classification. He used bankfull
discharge 10 relate dimensions such as width, meander length. radius of curvature, belt width, meander
width ratio and amplitude. He argued that the most consistent bankfull stage determination 1s obtained
from the 1op of the Nood plain. This is the elevation where incipient flooding begins for those flows that
extend above the bankiull stage. He argued that it 1s important that the physical and morphological
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differences between a low terrace and a flood plain are recognized. since alluvial channels can often have
low-level terraces adjacent 1o the flood plain, easily confused with the bankfull stage.

3.5 Effective discharge

Effective discharge has commonly been used as an expression of dominant discharge. Effective discharge
can be defined as the discharge that transports the most sediment over time (Orndorf & Whiting, 1999),
In their early work, Wolman and Miller (1960) argued that although the largest flows have the greatest
stream power and can do work on the channel boundaries at the greatest rate. they occur only rarely. At
the other end of the scale, low flows have such low stream powers that they are incapable of altering
channel boundaries, regardless of how often they occur. Moderate flows with moderate stream power can
do more work over time and are therefore more efficient than rare high flows (see also Leopold. 1994,
Andrews & Nankervis, 1995)

Pitlick & Van Steeter (1998) used duration data and sediment transport relations 10 determine the
effective discharge for the upper Colorado River using the Parker er of (1982) equation. The most
efective discharges for the transport of bed load were found to be slightly less than the bankfull
discharge and 1o occur at daily discharges that occurred on average about 2 % of the time or 7 days per
year. transporting approximately 30 % of the annual load. More than 80 % of the annua! sediment load
was carried by the highest 10 % of the flows. This was in agreement with information presented by
Ashmore & Day (1988) and Nash (1994) who also showed that the duration of the effective discharge
increases with drainage arca. Data presented by these authors suggests that for rivers with drainage areas
greater than 100 000 km* the effective discharge is exceeded about 10% of the time.

Pitlich & Van Steeter (1998) related their findings on effective discharge to the mamtenance of aquatic
habitat. They argued that aquatic habitats in the upper Colorado River are maintained by flows ranging
from about half bankfull up to about the bankfull stage. At the half bankfull stage, gravel transport on a
widespread basis 1s intiated. which is important for Nushing fine sediment from the bed. Flows at the
bankfull stage carry the majority of the sediment load and crode fine sediment from the side channels
These fMlows are therefore importamt for maintaining backwater habitats. Furthermore, these high Nows
define the upper limit for the onset of bank erosion and the formation of bars and side channels.

Marletie & Walker (1968) adopted a simplified expression of effective discharge as their definition of
dominant discharge. They defined dominant discharge as the discharge equating to the water stage above
which half the bed sediment transport takes place - this was termed the bed-boundary level. Following
carlier authors, they argued that if the bed sediment transport was the dominant factor in determining the
channel size and shape, then a channel designed to carry the computed dominant discharge (see Equation
3.1) would be the most stable configuration. The Netherlands Engineering Development Consultants
(NEDCO) Prins & De Viies, 1971) adopted Marlette and Walker's (1968) approach and developed a
method for determining dominant discharge using bed load discharge, flow duration data and the stage-
discharge curve. A three step computational system was used. First, the monthly river flows were arrayed
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in ascending order, second, the bed load discharges corresponding 1o cach monthly flow were computed,
and third, the bed load discharges were subdivided into class intervals. The dominant discharge (Q,) is
calculated by

-— (Equation 3.1)

dominant discharge

total number of class intervals

specific class interval

mean monthly or duly water discharge (m's”)

bed load discharge for a given month or day corresponding 1o Q, in tonnes per day
number of events in each class interval

cTro

T -

This model was tested on the Platte and Missouri Rivers. It was found that before flow regulation the
dominant discharge of the Missour: River below the confluence was 67 (00 ¢fs. This decreased 1o 38 000
cfs after regulation. Using a similar procedure. Komura and Gill (1968) calculated the dominant
discharge for the Nagara River in Japan. The dominant discharge was calculated as 3000 m's ', this
equated to a recurrence interval of 1.43 vears on the annual series and a probability of excedence of 70%
for the annual peak discharge. Komura (1968) found that the dominant discharge depended on the type
of bed material present. Where bed load was predominant. a dominant discharge of 2030 m's with a
recurrence interval of 104 years occurred. Where bed and suspended load were equal. a dominant
discharge of 3000 m's™ with a recurrence interval of 1.43 years occurred. and where suspended load was
dominant. a dominant discharge of 3985 m's”' with a recurrence interval of 2.78 years occurred.

Although the definition of effective discharge as the discharge that over time transports the most
sediment is conceptually satisfying, in real terms significant practical problems hinder the accurate
measurement of sediment load. This will be discussed further in Chapter 4.

Statistical measures of dominant discharge

Because of the problems of identifving either the active bankfull level or long term sediment loads. an
altiermative approach is 10 use the hydrological record 1o extract the discharge that occurs at a specified
frequency assumed to relate o that of either the bankfull or effective discharge. This requires that
empirical studies be conducted on systems where the requisite relationships can be established. Results
can then be extrapolated to other systems that lack the necessary morphological or sediment transport
data. but have an established hydrological record. Wolman and Miller's (1960) study indicated a strong
concurrence between effective discharge, bank ful discharge and the 1.5 year flood on the annual series
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As a result of their work the 1.5 vear flood (or 0.9 on the partial series) has become widely accepted as
representing the dommant discharge for temperate, alluvial rivers,

Rivers in other fluvial environments may not follow the relationships proposed by Wolman and Miller
(1960). Pickup & Wamer (1976) put them 10 test using data from the sem-arid Cumberland basin in New
South Wales. For the estimation of effective discharge, Pickup & Wamer (1976) divided the flow into
classes. determined the flow duration within each class, and calculated the mean bed load discharge
within the class and multiphed it by the duration. A histogram showing the amount of load transported
by cach class was then constructed. The most effective discharge was taken as the mid-point of the class
which transported the most bed load. Their results indicated that a limited range of discharges were
responsible for the transportation of much of the bed load. Below this range the flow was not competent
to move the bed load. Above it, the reduced Nlow duration more than offset the higher rate of transport.
I'he return periods for the effective discharge lay within the range of 1.15 to 1.45 yvears on the annual
series, while for the partial series the return period lay between 0.20 10 040 yvears, The effective
discharge was exceeded or equalled 3 to 5 times a year. This finding was in gencral agreement with
Wolman & Miller's (1960) assertion that a large proportion of the sediment transport is accomplished
at flows of low 10 moderate magnitude, but high frequency. Pickup (1976) suggested that the channel
gradients were adjusted to achieve maximum bed load transpont at the discharge which over time
transports the most bed load.

Analysis of bankfull discharge yielded interesting results. In the Cumberland basin, bank full discharge
did not fall into the typical 1 10 2 year return period. In many channels bankfull flows had a frequency
of between 4 10 7 vears, Pichup & Warner (1976) argue that due 1o a bipolar Nood frequency curve, the
channel capacity is related 1o the large Noods described by the upper limb of the flood frequency curve.
They suggest three possible reasons for this situation, First, greater channel capacities may reflect
disequilibrium and incision. Second. high bank resistance may completely modify the role of the
hydrological regime. Third, the morphology of rivers with a highly variable hydrological regime may be
related 10 less frequent events, as suggested by Harvey (1969), In conclusion. Pickup & Warner (1976)
suggest that the bed 1s shaped by high frequency. low magnitude events that occur on average 2 10 5 times
a vear. Although these small discharges are capable of transporting bed material, they are not competem
to erode the banks. The channel capacity is therefore determined by higher magnitude, low frequency
events. Thus Pickup and Warner (1976) identified two groups of “dominant discharges™ - a high
magnitude group determining the basic size and shape of the channel and a low magnitude group
determining transport capacity and the slope.

Working in the Yampa River basin. Andrews (1980) found that the most effective discharge occurred
on average for a few days a vear. He also found that the effective discharge and the bankfull discharge
were almost identical. He therefore argued that the close agreement between the effective and bankfull
discharge would suggest that the channel is adjusted 10 the Nows that transport the largest part of the
annual sediment load, this was on average between 1.5 days per vear and 11 days per vear for the 15 sites
in the Yampa River basin.
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3.6  Dominant discharge, bankfull discharge and effective discharge in controlled and
semi-controlled systems

Carling (1988) argues that the Wolman-Miller principle cannot be sustained in non-alluvial streams that
are out of equilibrium or are unable to adjust their form freely. He was able 10 show that the concept
could be applied to a sand-bed stream close 1o the steady state in the sense that, of a range of flows
capable of transporting bed material, one class is the most effective in terms of the 1otal mass transponed.
this being the bankfull condition. This relationship cannot be applied to a coarse gravel-bed stream as
high entrainment thresholds are required for bed movement. Overbank flows are often simply not
competent to mobilize the bed completely.

Baker (1988). like Carling ( 1988). therefore argued that the Wolman-Miller principle needs 1o be adapred
tor differemt river types. In resistant bed roch rivers, adjustment cannot occur as easily as in alluvial
channels (Harvey, 1984). Such systems are often sediment himited and the excess energy is ofien
dissipated as remarkable intense turbulent phenomena (cf. Baker & Kali. 1998). Often the only flows
capable of significant channel alteration in bed rock streams are high magnitude events.

Furthermore, Carling (1988) argued that most channels probably have some shight “system memony ™ of
past events recorded in the channel form. He argues that for alluvial channels, negative feedback sy stems
and short relaxation times (¢f. Allen, 1974) ensure that the system memory is short and that the preferred
channel morphology is largely invariant. Thus in alluvial channels the concept of a unique discharge that
fills the channel and transports the most bed load (usually the bankfull discharge) has been seen as
morphologically significant and equated with *dominant discharge” (Carling. 1988) 1t remains untested
whether “system memory ™ is as short in semi-controlled or controlled bed rock channels or in arid and
semi-and regions.

Gupta (1995) has shown that rivers in the seasonal tropics fall somewhere in-between the anid and
temperate categones. Seasonal variability i discharge significantly alters the width-depth ratio and
stream power. He argues that the seasonality of the flow produces a nested channel pattern, a large
channel for the storm and a small channel for the high discharge of inter-storm periods. This channel
architecture s similar 1o that reported in central Austrahia (Pickup, 1991) and South Africa (see Chapter
2. section 2.4 of this volume), and suggests activity at widely different and discrete scales. The tropics,
located between two anticyclonic belts at about 307 north and south of the equator, are characterised by
marked concentration of rainfall within a few months. This scasonality is transferred to the streamflow,
and the hvdraulic geometry of the river changes dramatically between the wet and dry seasons. Rivers

of the seasonal tropics have to adjust 1o distinct separate periods of high and low flows. Equilibrium of
river form requires adjustments 1o multi-scale discharges. This would suggest that channels in these
landscapes cannot be related to a single dominam discharge: rather they are related 1o a series of
discharges.
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3.7 Summary and management implications of the dominant discharge, bankfull discharge
and effective discharge concepts

It is chear from the above discussion that the literature freely interchanges the terms domimant discharge,
bank full discharge and effective discharge. This leads 10 much confusion as the concepts are not
necessarily interchangeable. The two key questions for geomorphologists are as follows. First, do the
bankfull discharge and effective discharge drive the processes that ereate and mamtain the channel
morphology? Second. can  the effective and bankfull discharges be related 10 a standard recurrence
interval or probability of exceedence? It is possible to argue that the characteristics of the channel dictate
the bankfull discharge rather than vice versa. This may be related to the imprint of past climates. or the
resistance of the channe! boundary to deformation. The resolution of these questions offers the potential
1o predict channel response to hydrologic regime. It would appear that the usetulness of the domimnant
discharge approach is probably related 1o different chimatic and channel boundary conditions. Alluvial
channels that are free to alter their boundaries may respond 10 a dominant discharge. There is a case for
arguing that there could be different dominant discharges for any characteristic of the channel. for
example, a dominant discharge for width, slope, point bars and so on. It may only be appropriate to talk
about dominant discharge in terms of maintaining overall channel form if the in-channe! characteristics
all respond similarly 10 the said discharge. This is unlikely 10 be the case, especially in southern African
rivers where the hyvdrological regime 15 highly vanable and structural control on the channel is
considerable

In terms of management implications, it is apparent that the magnitude-frequency debate forms the
context within which an understanding of the flows necessary 1o maintain the channel form and the
channel bed can be understood (given the limitations mentioned in the previous paragraph). The use of
terms such as dominant discharge. bankfull discharge and effective discharge provides concepts around
which the magnitude-frequency debate can move forward. Terms need to be clearly defined and concepts
that were developed for certain types of channels should not be applied 10 others. While it 1s useful 10 use
the bankfull discharge as a surrogate for effective discharge in alluvial channels, this should not be
applied to a river responding to a variable hydrological regime, or a channel that is in disequilibrium or
is structurally controlled. For the purpose of this report, the terms bank full discharge. dominant discharge
and effective discharge are defined as follows:

Dominant diseharge usually refers to a conceptual discharge without a specific statistical, physical or
sediment transport interpretation. For the purposes of this thesis, however, the definmition as used by
Marlette & Walker (1968) will be applicd: the discharge equating to the water stage above which half
the bed sediment transport takes place

Bankfull discharge refers 1o a unique and measurable physical characteristic of the channel at a particular
cross-section. For the purposes of this thesis, it refers to the boundary between the active channe! and the
macro-channel.
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Effective discharge refers 1o the discharge that over a period of time transports the most bed material
load.

38 Magnitude-frequency and floods

The concept of geomorphic effectiveness refers 10 the ability of an event to alter landforms and 10 the
relative persistence of the altered landforms under the influence of processes tending 10 restore the
landscape 1o its previous condition ( Wolman & Gerson. 1978 Hugget. 1994). Miller (1990) has shown
that large floods may not be “effective’. and that in order for a flood to be effective, it (p.132) “requires
the comcidence of sufficiently large peak flows with a physiographic setting where large values of unit
stream power can be applied to valley reaches with erodible alluvial bottomlands™ In certain river
svstems, however, the only flows capable of significant channel modification are rare high magnitude
events. The main reason for this is that ligh levels of applied stress are required 10 scour perimeter
material. In order for modifications 1o occur. thresholds must be achieved that prevent low to moderate
magnitude events from reconstructing the system (cf. Carling & Beven, 1989 Magilligan er af . 1998).

The role of post-flood adjustment is of great significance (cf. McPherson & Rannie, 1969, Beaumont &
Oberlander, 1971 Schwanz er ai., 1975: Anderson & Calver, 1977, Thomes. 1977, Moss & Kochel.
1978, Harvey er al . 1979), especially the role of re-vegetation. If re-vegetation is rapid. and given a
sufficient supply of sediment. the reconstructive process will be rapid. In semi-anid and and regions.
where vegetation growth is limited, high magnitude events may produce irreparable and therefore
progressive changes in the channel (¢f. Hack & Goodlett, 1960, Schumm & Lichty, 1963: Stuckman,
1969; Cleaves ef al.. 1970: Burkham, 1972; Clarke. 1973: Costa. 1974: Gupta & Fox. 1974: Stevens ¢/
al.. 1975: Walsh ¢7 al.. 1994). In some instances, thresholds of non-recovery may be attained (Trican,
1961 Brykowicz ¢r al.. 1973),

Inand and semi-arid regions, large floods can have significant effects on channel form, both in terms of
geomorphological work (sediment transported ) and geomorphological effectiveness (landscape impact).
Clearly then, climate and hydrology are important parameters determining the effectiveness of floods of
differing magnitude and frequencies (Harvey, 1984). Kochel (1988) cites the example of dramatic
channel and Nood plain modification by large floods in Virgima (cf. Hack & Goodlett, 1960; Williams
& Guy. 1973, Johnson, 1983), while hurricane Agnes floods (¢f. Moss & Kochel, 1978) produced
msignificant change. The response and recovery time from extreme events is of particular significance
(ef. Baker, 1973: Thornes, 1976; Baker, 1977; Schumm, 1977; Dietrich & Dunne, 1978, Patton ¢ @/
1979 Hichin, 1985: Mcade, 1983: Harvey, 1984; Nanson, 1986 Baker & Pichup. 1987: Schumm eral |
1987: Lewin, 1989 McEwan, 1989 Baker & Kali. 1998)

Costa & O'Connor (1995) have argued that the recognition that some really large floods may not have
long lasting effects or cause long-term changes in channel and valley morphology led 1o the reahisation
that the absolute magnitude of the event is not the sole factor responsible for the resulting landforms or
their perseverance. They have argued that by generating a time - stream power curve, it is possible 1o
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integrate the area under the curve to derive the total amount of energy that a flood expends per unit area,
thus adding the duration dimension 10 the effectiveness (Figure 3.1). Using this method. they argue thay
there are three types of floods that are represented by three types of curves. Curve A (Figure 3.1)
represents a flood on a low-gradient river that generates low stream power per unit area. Curve B
represents a flood that generates high values of peak stream power per unit area and has a moderate to
long duration. Curve C represents a flood which also generates high values of instantaneous peak stream
power per unit area, but is short-lived. The floods that are the most effective are those Moods that
generate high stream power per unit area, but also expend considerable energy.

Of interest 1o the magnitude-frequency question, particularly in the Southern Hemisphere, is the debate
that emerged in Australia about Flood and Drought Dominated Regimes (FDRs/DDRs). The concept was
developed o explain the large-scale cyclical channel changes that occurred in many Australian rivers that
were out of phase with well documented land use changes (Rutherfurd, 2000). FDRs are periods
characterised by episodic catastrophic Moods and persistent flood activity with runs of large Noods for
up 1o cleven years in a row separated by shorter periods of smaller floods. DDRs are relatively long
periods of low flood activity when runs of floods occur for up 1o six vears in a row separated by longer
periods of little flood activity. Erskine & Warner (1998) argue that the alternating flood regimes appear
1o be caused by cyvclical medium-term shifts in the location of the summer ramnfall belt. with FDRs
corresponding 10 a southerly incursion and DDRs to a northerly retreat. They have argued that rivers
respond 1o the alternating flood regime by bank erosion. channel widening and chute cutting during
FDRs, and deposition, channel contraction and chute infilling during DDRs. Erskine & Warner (1998)
have pomted out that the alternating flood regime has important imphications for understanding the
physical functioning of Australian fluvial systems and has considerable management implications. The
similarity in climate between southern Africa and Australia brings into question the possible sigmificance
of FRDs and DDRs in southern Alrica. This has been argued for the Bell River i South Africa (cf.
Rowntree & Dollar, 1996b).

Kirkup et al (1998) reject the FDR/DDR hypothesis, arguing that the notion has been overstated and that
managing rivers on the basis of FDRs and DDRs. as had occurred in the past. was likely to be ineflective
They argue that the FDR/DDR hypothesis had seriously underplayed the significance of Furopean
disturbance on river channels and catchments, while overplaying the significance of climate-driven
controls on niver channel changes. Brooks & Brierley (1998) have shown that the massive sedimentation
that resulted from European disturbance in the Bega catchment in New South Wales (which resulted in
significant channel changes) was out of phase with FDR/DDRs. Brooks & Brierley (2000) thus argue that
human alteration of channel and catchment conditions and increased geomorphic effectiveness of floods
are the principal reasons for changes i channel morphology in NSW
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Figure 3.1° Conceptual stream power graphs used to determine geomorphic
effectiveness of different tvpes of floods (afier Costa & O Connor, 1995)

3.9  Environmenzal flows in geomorphology

The final section of this chapter will consider the concept of environmental flows, For a full review see
Dollar (2000). The ecological diversity and productivity of channels and flood plains are directly related
1o the areal extent, complexity and variety of physical habitats. This includes the channel bed, side
channels and related habitats, as well as irregularities in the channel that provide cover and refugia from
high velocity flows. This variety is dependent on the full range of natural flows, both high and low,
Where rivers are impounded, reduced magnitude and frequency of flooding may lead 1o the accumulation
of finer sediment on the channel bed. Where this occurs over long periods of time, the channel may
narrow, resulting in increased flood risk and reducing the variety and areal extent of aquatic habitat (¢f.
Finlavson ef al . 1994; Gippel & Stewardson, 1995). The determination of the magnitude and frequency
of regulated flows necessary 1o maintain the aquatic environment in a ‘natural condition” is known as
environmenial flow determination. Environmental flows thus fall within the broad magnitude-frequency
debate. Determining environmental flows s a complex endeavour. Methods range from simple
abstraction of stream flow records 1o more complex techniques such as the Instream Flow Incremental
Methodology (IFIM) (Milhous er wl. 1989). Traditionally, there are four main methods for determining
environmental flows (Reiser ef wf . 1989)
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self-adpusted channel methods base Tlows on a statistic determined from the pre-dam flow
regime, the assumption being that the pre-dam channel has achieved a form of equilibrium;

. statistical methods recommend flows based on a flow duration or flood frequency curve:

. sediment entrainment methods recommend flows based on the discharges at the threshold of
particle motion: and

. direct calibration methods involve the observation of bed movement, sediment transpont or

changes in fine sediment content by bed gravels.

There is much debate in the literature as 1o the goals of environmental flows. This is partly a result of the
lack of consistency in the terminology employed The objectives of the recommended flows need 10 be
clearly stated. Termnology such as mamtainmng the river in a “natural state” 1s 100 broad and can serve
no real purpose. The goals must be stated in a manner that permit the wdentification of a particular
discharge and water volume 1o achieve certain objectives, while accepting that in all cases there will be
uncertainty associated with estimates of sediment transport.

Kondoll & Wilcock (1996) argue that when determining an environmental flow a distinction must be
made between the ages of impoundments. For recently built impoundments, objectives may be stated in
terms of maintaining certain aspects of the existing channel. In such cases. it is prudent 10 use flows
based on the natural hydrograph. For old impoundments, the channel may already have adjusted 10 the
regulated Mlow regime. Thus, methods for determining a flushing flow. such as using the natural
hvdrograph or channel geometry, may not be appropriate as they implicitly assume a mutual adjustment
between hydrology, channel geometry and sediment transport. Furthermore, the range of flushing
objectives are limited by the dam operating rules, release capacity of the reservoir, degree of post-dam
adjustment. public safety and legal constraints (McMahon & Finlayson, 1995) In this case, it may only
be possible to specify Tows that perform some of the objectives. such as removal of fines. Other
objectives such as mantaining natural channel geometry cannot be met (Kondolt & Wilcock, 1996
Wilcock e al.. 1996a).

Despite these inherent difficulties. the holistic management of rivers requires that an environmentally
acceptable flow regime is based on sound scientific principles ( Petts, 1996). Traditionally, environmental
Nows have been based ona mimmum Now requirement. bat the conservation or maintenance of a system
requires a full range of flows. Petts ( 1996) established that the primary need in environmental flows is
underpinned by five scientific principles: longnudinal connectivity, vertical exchanges, flood plain flows,
minimum lows and optimum flows. The determination of all of these principles is complex, and requires
an in=depth study of the niver basin. This in-depth analysis is often lacking and. consequently, models
used for determining instream flow requirements are imprecise. Furthermore, Petts (1996) makes the
point that ecosystem response 10 (low regulation, physical habitat alteration and manipulation of
biological communities 15 as vet indeterminate. and the models remain qualitative. Nevertheless, the
ecologically sound allocation of instream flow requirements remains a fundamental component of
environmentally sound river management. For the geomorphologist. this is essentially embodicd in the
magnitude-frequency debate
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S0 Summary and conclusions

I'he aim of this chapter was to provide a conceptual framework for the magnitude-frequency debate. It
has been pointed out that dominant discharge s primarily a concept. while the bankfull discharge and
effective discharge are practical ways of determining or defining dominant discharge. Dominant
discharge, bankfull discharge and effective discharge cannot, however, be used mterchangeably . 1t has
also been demonstrated that these concepts need 10 be applied with caution in different chimatic and
geomorphic regions. Nevertheless, they provide a useful means of moving the magnitude- frequency

debate forward.

Furthermore, it has been pointed out that the role of floods is of great significance in arid and semi-arid
rivers and in rivers that are strongly controlled by bed rock. In these rivers, large floods are often the only
flows that can be considered to be effective. This is of particular significance in southern Africa which
has a highly vanable hydrological regime and strong bed rock influence in the channel boundary . These

tssues will be taken up in Chapters 9 and 10.




Chapter 3. Magnitude and frequency of channel forming discharge




Chapwer 3 Geomorphological approaches 1o bed material transport Page 45

Chapter 4: Geomorphological approaches to bed material
transport

‘Researchers have already cast much darkness on the subject,
andd if they comtinue their imvestigations we shall soon know nothing ar all abow it
Mark Twain

4.1 Introduction

Schumm (1971) has shown that one of the major factors determining the shape and pattern of a river is
its sediment regime. Although bed load constitutes a small fraction of the total sediment transported by
arver. the movement of bed load 1s often responsible for the problems associated with shifting channels.
loss of reservoir capacity and with local difficulties that arise in water abstraction (Reid 7 /.. 1985:
Kondolf, 1995). Morisawa ( 1985) argues that a river will maintain a channel morphology that is most
suited 1o the ransportation of its bed load. Channel pattern has traditionally been seen in pant as a
function of bed load and calibre. The classification of channels according their bed load characteristics
is common (¢f. Schumm & Khan, 1972; Schumm, 1977, Miller, 1984: Church er o/ . 1989). Red &
Frostick (1997) argue that a thorough know ledge of bed load transport in a river is essential, as the
movement of bed load acts as a regulator of a river’s character. geometry, planform. cross-section and
long profile.

By inference then, any change in sediment supply or transport will have an impact on the fluvial system.
Changes in sediment supply may be in response to tectonic movement, climatic change, major floods,
land use change or human modification of the fluvial system (e.g. impoundments, water abstraction). If
these changes are transient, they may cause sediment slugs or pulses to move through the system. marked
by sedimentation zones in which changes in form and pattern are common (Church & Jones, 1982:
Church, 1983). Changes in supply make the situation extremely complex, as supply events may be both
spatially and temporally episodic (cf. Nordin, 1963; Ferguson, 1987; Simons & Simons. 1987). Temporal
and spatial storage are therefore important determinants of potential channel form and pattern

Clearly, bed material load in rivers plays an important part in understanding the functioning of Nuvial
systems, but there are also numerous other factors to consider. These include channel and valley slope.
these are often functions of tectonic lnstory (Gregory & Schumm, 1987). perimeter conditions. including
vegetation ( Thorne, 1991, Rowntree & Dollar, 1999). percentage of silt and clay in the channel banks
(Rmghton, 1987y human impacts, both direct and indirect (Park. 198 1) andl. channel forming discharge

as discussed earhier. The focus of this chapter will be on bed material transport
4.2 Basic terminology

Ihe term lowd, as used i sediment transport, refers to the sediment in motion in a river. It is also used
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10 denote the rare at which sediment 1s moved, for example, Kilograms per second or tonnes per day. The
lowaed 15 further divided into two categories, bed load and suspended load. Bed load 15 defined as that pan
of the load moving on or near the bed by rolling, saltating or shding. Bagnold (1973) defines bed load
as those grains that are dispersed upwards from the stationary bed by occasional grain-to-grain and grain-
to-bed impacts as the prevailing Muid drag causes them 1o shear over cach other. Upward dispersive
stress is balanced entirely by the immersed weight of the moving grain, implving that no net upward-
dirceted Muid stress affects the bed load. Lift on bed grains due to fluid pressure variation around them
is described by the Bernoulli equation. Table 4.1 presents a classification of sediment transport

Of significance 1o this discussion is the issue of sediment supply. A hydraulically-controlled stream is
one that is capable of moving virtually all sizes of material on the streambed. The amount transported
is & function of the water’s energy. For example, in a sand-bed stream there is virtually an unlimited
supply of transportable material on the bed and it can be assumed that whatever is being carried is only
limited by the energy of the water. A supply-limited stream is one in which there is a limited supply of
transportable material on the bed. and the stream is able to transport more sediment than it is presently
carryving. The impact of flow regulation may therefore be differemt in hyvdraulically-comrolied and
supply-limited streams. In a hydraulically-controlied stream, if flows were reduced aggradation would
be expected because sediment supply would not change . [n a supply-limited stream the capacity to carry
sediment is much higher than the amount being delivered to the system; the flows could therefore be
reduced and it would still be competent 1o transport the delivered material without aggradation occurring

Table 4.1: Classification and measurement of sediment transport.

Movement classification Source classification

Suspended load: s suspended in the flowing  Bed marerial load: is the material contributed by
the streambed. Can be calculated by hydraulic

calculations.

water by turbulent eddies. It moves faster than
bed load

Bed lowd: moves by rolling, saltation or hopping
along the stream bed. It is “pushed” by the water.,
I'his pushing force is correlated with velocity and

Washioad. 1s always carmied in suspension and
washes through the svstem. It is not found in
appreciable quantities on the bed. It cannot be

can be expressed as shear stress. determined by hydraulic caleulations,

4.3 Particle entrainment

Part of the problem in predicting bed load transport is predicting the initial entrainment and movement
of particles (Carling, 1983). Considerable effort has been expended on microscale studies of flow
resistance, incipient motion of bed matenial and bed load transport (Johnston ef o, 1998). A panticle
generally starts 1o move when the force of the column of moving fluid that intercepts it generates a
moment equal to the oppositely directed moment of the immersed particle weight. This is the balance
between the Nuid forces of drag and hydrodynamic lift. which turns a particle, and the resisting forces
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of the immersed-particle weight, which keeps the particie at rest (Helley, 1969). When the two opposing
forces are just in balance. the fluid is competent to move its bed particles and critical or threshold
conditions exist (Andrews, 1983). This assumes that the particle is avalable for entramment. The
conditions necessary Lo initiate motion depend on particle size. slope., specific gravity. shape. density,
surface roughness, orientation angle. surface packing, exposure to flow and so on (¢f. Beaumont &
Oberlander. 1971 Miller er al., 1977 Morisawa, 1985).

Reid eral (1997) make the point that most transport equations incorporate a term that defines the critical
flow condition for transport. The reliable application of these cquations therclore depends on the
appropriate specification of these conditions. The conditions under which particle mosement ceases are
cqually important. and are not necessarily the same as those conditions that mitiated motion. Most
rescarchers make use of critical shear stress, or critical average velocity (ef: Shields. 1936), while some
advocate the use of unit stream power rather than shear stress (cf. Yang, 1973),

Andrews (1983) reports on an investigation 1o determine the threshold conditions necessary 10 entrain
gravel and cobbles from a river bed composed of heterogenous matenial. In sand-bed rivers, bed forms
have a major impact on transport rates (Bradley er al., 1972; Dietrich ef ., 1979). Andrews (1983 ) was
able to show that the presence of bed forms in all types of rivers considerably increases the shear stress
necessany 1o initiate particle motion compared to the critical value for a flat bed. 1eopold er af. (1964)
had already noted that particle spacing exerted more control over movement than did particle size, and
they were able to show that little relationship existed between the size of the gravel and the distance
moved

Wilcock (1992) has suggested that where a bed has coarse, mixed-size sediments, all sizes may begin
mov ing over arange of flow conditions that is relatively narrow. A number of authors (¢f. Komar, 1987;
Wiberg & Smith. 1987) have shown that n the size range of medium sands through 1o gravel, larger
particles of a stze distribution are moved at flow stresses less than those required to entraim that size from
a uniform bed. This issue will be discussed further in Section 4.4, In the opposite direction. the finer-
sized fractions require greater flow stresses than if they had formed under uniform deposits. The
complexity of entrainment is infinitely greater under non-uniform bed conditions. It would appear that
the bed condition acts as a major controlling factor in determining incipient motion, especially in gravel-
and cobble-bed rivers, This is particularly so afier a prolonged period of no sediment transport, where
the bed material has had time 1o become consolidated (Rewd er af.. 1997). The infiltration of fine,
cohesive sediments into a framework of coarser sizes can create a powerful cementing effect. Reid e al
(1997) have demonstrated from field measurements that negligible transport may occur during the rising
stage of the first flood after a long period of stasis. Once the armour laver or bed structure has been
broken, transport on the falling stage of the hydrograph may be considerable. thus the conditions for the
mitiation and cessation of motion can be substantially different. Where floods are closely spaced.
however, the bed material remains comparatively loose and offers less resistance 1o entrainment. such
that considerable transport will occur on the rising limb of the hydrograph (Reid eral , 1997). The eritical

conditions arc. thus, to some extent dependent on flow history so that it is possible for bed load transport
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rates to vary widely, even at the same river stage, or during the same flood event.

Baker & Costa (1987 ) have anempted to determine the impact of flooding on sediment entrainment and
bed load transport and have found that the highest shear stresses (Equation 4.1) and stream power per
unit arca (Equation 4.2) are not necessarily associated with the largest discharges. High values of stress
and power occur mainly in bed rock channels. Large rivers like the Mississippi and Amazon that
experience major Moods in fact experience relatively low unit stream power as the increase in discharge
is accommodated by width adjustments as opposed to depth and velocity adjustments in bed rock rivers
(Baker & Costa, 1987). Magilligan (1992) has shown that major morphological adjustments in alluvial
rivers do not occur unless mean bed shear stresses exceed 100 Nm '~ or stream power per unit area
exceeds 300 W=, In bed rock rivers Wohl (1992) has demonstrated that boulder bars only become
mobilised at unit stream powers of around 1000 Wm . Floods that generate these levels of stream power
are thought to have a return period of around 200 years in bed rock rivers,

f = "r'RS (Equation 4.1)

shear stress (Nm *)

specific weight of the fluid (9800 Nm ')
R Iy draulic radius (m)
S energy slope (m'm)

70s

0= (Equation 4.2)
w

w unit stream power (Wm =)

w the channel width (m)

Pitlick & Van Steeter (1998) propose that the key factor in estimating thresholds for sediment transport
and channel change is developing appropriate methods of determining boundary shear stress (<) and
critical shear stress (). Average boundary shear stress is given by

= pegDS (Equation 4 3)
o is the density of the water (kg m™')

¢ 1s the gravitational acceleration (m s')

D 1 the flow depth (m)

In the absence of direct observations of particle entrainment the only practical means of estimating < is

10 use the Shields criterion where
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T =t = t(p,-pPrD, (Equation 4.4)

Semuowd «

dimensionless shear stress
" densaty of the sediment (kg m ')
D particle duameter (m)

I'here has been considerable discussion (cf. Parker e/ /., 1982; Gomez, 1995) as to the minimum value
of <. It 1s now fairly well recognised that significant motion of the bed. which is characterised by
continuous movement of particles and much higher transport rates, occurs at 7" (where < .. 1s the
critical dimensionless shear stress for the particle size where 50% of the bed material is finer) in the
range of 0,045 < = " <0.06 (Wilcock & Southard. 1989. Andrews, 1994; Pitlick & Van Steeter. 1998).
At discharges higher than this ( < " < 0.09) the transport is so rigorous that gravel-bed forms begin to
develop. The impact of bed forms on bed material transport is discussed in Section 4.4 Minimum values
of = "~ 003 are required for initiation of transport, but at these levels very few particles of any size
are moving and bed material transport rates are very low (Pitlick & Van Steeter. 1998),

Carling & Tinkler (1998) have shown that where large boulders are of the same magnitude in terms of
vertiical dimension 1o the depths of normal floods (recurrence intervals in the range of 1 1o 5 years). it
is questionable whether flow magnitudes experienced over decades or centuries are competent 1o move
them. It s theretfore difTicult to determine an initial motion criteria for large boulders i shallow, non-
uniform and unsteady flow conditions. In bed rock systems. flow is frequently not only non-uniform. but
the mode of boulder movement may be by sliding as well as rolling. It is thus clear that empinical and
theoretical relationships between the entrainment force and the force resisting motion commonly involve
cocfficients that are substitutes for the imperfect knowledge of critical parameter values in the force
balance. The result of this is that a single coefficient subsumes various physically distinet effects. These
findings beg the question whether the classic concept of competence 1s of relevance in gravel-bed nivers
with complex bed forms. The present state of knowledge is centainly incomplete and. as Carling (1983)
has stated. msufficient data presently exists for defining a threshold of motion for (large) particles in
natural stream flows

4.4  Bed heterogeneity

Ihe structure of the channe! bed has been shown 1o have & major impact on bed load transport (Brayshaw

et ol 1983 Rhoads, 1994b). Where sand-beds occur, most if not all of the bed is available for transport
(Ferguson ef al . 1989). In gravel-bed nivers where there is a complex bed structure as well as a vanable
assemblage of gram sizes, the avalability of particles for entrainment is complex. Gravel-bed nivers are
defined as those in which hydraulic processes are controlled by material coarser than 2 mm in diameter.
Gravel-bed rivers are characterised by macro bed forms. pools and riffles and the general absence of
smaller scale nipple. dune and antidune features (Hey & Thorne, 1983),

Gravel-bed rivers are commonly armoured (Klingeman & Emmett. 1982; Dunkerley, 1990). Armour

relers 1o a bed where coarse grains have been concentrated over the onginal sediment mix (Kuhnle &
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Southard, 1988). The presence of an armoured laver poses a problem in the calculation of bed load
transport (Nanson, 1974). 1t has been mentioned in Section 4.3 that heterogenous beds can affect the
forces acting on a given particle in two significant ways. First, the relatively smaller particles in a
mixture are hidden in the turbulent wake of the relatively larger particles and. second. the forces needed
to start a larger particle rolling over smaller particles is less than that required to start a smaller particle
rolling over larger particles (Bathurst, 1987a). This would suggest that less shear stress s required 1o
entrain a given size particle if that particle is surrounded by smaller particles rather than larger particles
(White & Day. 1982: Andrews, 1983: Proffit & Sutherland, 1983). For bimodal sediments, transport
may consist of sand and fine gravel moving in threads between cobbles and boulders

In many cases. the clast shapes and sizes allow for the consolidation of the clasts into tightly interlocking
structures during periods of low flow (Bathurst, 1987b). As noted earlier in Section 4.3, critical tractive
forces may be increased by up 1o three times in this regard. Conversely, on the falling limb of a Nood.
Lransport may continue at tractive forces up to six times lower than that corresponding 10 initiation of
motion on the rising stage. Thus Bathurst (1987b) suggests that, due to these factors, transport during
storm events can occur at relatively high rates for up to several days after a storm. There may also be an
aftermath of relatively high transport rates in subsequent storms (Tacconi & Billi, 1987).

Rhoads ( 1994b) has shown that flow resistance varies significantly not only between pools and riffles,
but also within these distinet morphological features. Rhoads (1994b) has also shown that these
differences in terms of shear stress, near-bed velocity and profile averaged velocity can be greater at
single locales than the differences between pool and ritfles. These differences can also vary with stage
Sediment transport for a river as a whole may be accomplished by a large number of disconnected zones
of moving sediment, associated with areas of flowing water with depth and velocity sufficient to entrain
and move bed material (which are termed jet zones) (Mosley & Jowett, 1999).

F'he acknow ledgement of the significance of bed microforms and the changing integrity of the armour-
layer appears 10 provide some explanation as to why bed load discharge s often out of phase with
changing hydraulic conditions (Reid & Frostick, 1987; Hassan & Reid. 1990, Hoey & Sutherland, 1991)
Reid & Frostick (1987) argue that most bed load transport equations are based on the assumption that
the bed of a stream will respond to the applied stress in the same way, and that bed load begins and ends
at the same threshold value of applied force. Both these assumptions have been shown 10 be
mappropriate (¢f. Brayshaw, 1985; Reid & Frostich, 1987). Furthermore. bed load transpont equations
assume that bed load transport rates will continue to rise as a function of increasing stream energy
(stream power or shear stress)

Reid & Frostick (1987) argue that the mismatch between the flood hydrograph and sediment transport
rates can be ascnibed to the effects of bed microforms and pebble clusters, and the fact that there are
significant differences between traction thresholds at the beginming and ending of sediment motion.
Pebble clusters are the most common microform in gravel-bed rivers (Reid e7 af . 1997). In sand-bed
rivers these are usually ripples and dunes. Pebble clusters are groups of interlocking clasts formed around




Chaprer 40 Geomorphological approaches 1o bed material transport Page 5
] . Py /4 .

exceptionally large bed particles and standing above an otherwise planar gravel-bed. The principal
components of clusters have been shown 10 be an obstacle clast. around which is developed an upstream
stoss deposit and a downstream wake deposit (Bravshaw, 1985) (Figure 4.1). Gramns in the lee of an
obstructing particle suffer considerable reduction in lift and drag forces. Accordingly wake-side clasts
are far less susceptible to entrainment than are their exposed counterparts ( Brayshaw, 1985), Bravshaw
(1985) has further shown that in a number of gravel-bed streams. only 29% of the particles can be
considered 10 occupy reasonably exposed positions - the implicit assumption in treatment of inital
motion and bed load transpon equations. Furthermore. Bravshaw (1985) argues that between 50% and
0% of bed particles can expenence a delay in predicted incipient motion beyond that predicied for more
exposed equivalents of like size and shape. Rooseboom & le Grange (1992) have shown that these
microforms can ncrease roughness to such an extent in sand-bed rivers that neghigible transport may

weur. even during flood condinons
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4.5 Temporal variations in bed load transport rates

Temporal variability in bed load transport rates under quasi-steady flow conditions were first identified
in the 1930s (Carey, 1985: Hoey, 1992). As mentioned in Section 4.3, transient bed load transpon
conditions are commonly found in many different environments in the field (cf. Lekach & Schick. 1983:
Proffint & Sutherland. 1983: Ashworth & Ferguson, 1989: Ashmore, 1991: Schmidt & Ergenzinger,
1992; Wharburton, 1992; Reid ef «l., 1998). Short-term variations in bed load transport have been
observed in gravel-bed rivers at times of steady streamflow (el Klingeman & Emmett. 1982: Carling
et al., 1998), while longer-term pulses at uniform flow have also been shown 1o exist (¢f. Pickup er of.,
1983: Nicholas er al., 1995). As mentioned carlier. at a given discharge, bed load transport rates for the
nising and falling limb of the hydrograph can differ by an order of magnitude. with the rising limb rate
being less than the falling limb rate or vice versa (Kuhnle, 1992: Moog & Whiting, 1998),

During the rising limb., availability and mobility of bed material for transport appear to be controlled by
the armour laver These conditions may exist well beyond those producing critical tractive forces. During
the falling limb there is generally a reduction in bed load transport as the armour layer is re-established
during the waning limb of the flood flow (Gomez, 1983). Reid ef @f. (1985) have suggested that one of
the factors that may help explain the confusion surrounding hysteresis effect with the passage of a flood
wave is the availability of sediment from one flood to another. This availability need not necessarily be
due to the temporal exhaustion of supply (¢f. Leopold & Emmett. 1976), but may be due to temporal
differences in the resistance of the bed material to movement. Long periods between floods may allow
[or particle interlocking, thus adding strength 10 the bed. As a result, the first flood generates sigmificam
coarse bed load during the recession limb. only after the rising imb has loosened the structure and
winnowed out the fines,

Reid & Frostick (1987) have shown at Turkey Brook. north of London. that the incidence of bed load
transport in relation to floods is highly variable. At times bed load may be initiated on the rising limb
of the hydrograph, at other times no movement occurs until afier the flood peak on the recession limb
of the hydrograph. 1t 1s clear from the international literature that transport rates do not tollow a simple
pattern mimicking the flood hydrograph. From a river management perspective, the occurrence of large-
scale bed load pulses presents considerable difficulties for any attempt to sample or predict mean bed
load transport rates (Goff & Ashmore, 1994), The movement of macropulses has been argued as being
a major factor in controlling channel change (¢f. Lane ¢f af . 1996). Where bed load moves in the form
of pulses, actual transport rates may be considerably lower than predicted rates.

A further comphication in bed load transport is that of velocity reversal. Sidle (1988) has shown that
during moderate flows, transport competence is greater in the riffle than in the pool and largely sand-
sized particles are transported. As flow increases, the hydraulic gradient of the pool-ritfle sequence tends
to even out and coarse particles become entrained and are subsequently deposited on downstream riffles
Keller (1971) suggested that this phenomenon accounted for the areal sorting of sediments and the
maintenance of pool-riffle sequences. Jackson & Beschta (1982) similarly suggest that this results in a
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“leap frogging " effect where bed material is moved from niffle to riffle. New evidence has shown that this
situation 1s not necessarily found in all pool-riffle sequences (¢f. Knighton, 1998),

A conceptual approach is needed that takes account of the two phase transport process that may occur
in coarse-bedded rivers (cf, Beschia, 1981, Jackson & Beschta, 1982; Klingeman & Emmett: 1982,
Bathurst, 1987a: Knighton, 1987). Phase I transport occurs when the flow is below a threshold for the
breakup of the armour layer and bed load consists of the finer fraction of the bed material moving
between the coarser fraction (Gomez, 1983:; Kmighton, 1987). The fractions are small and, consequently,
bed load transport equations based on the assumption of a uniform sediment size will necessarily over-
predict the observed volume as they assume that all size fractions are mobile when transporn begins. In
boulder-bed streams. where most transport is Phase Lype, Knighton ( 1987) suggests that over-prediction
may be several orders of magnitude.

Phase I transport occurs when the flow exceeds a critical value for the movement of the coarse or
armour layer, or bed macroforms. Under these conditions, it is possible for all size fractions to be moved.
and therefore sediment supply is unlimited. Parts of the coarse surface layer may be maintained and as
a result of the subtle balance derived from the coarse surface material and from the exposure hiding
eflect. there is approximately equal mobility for all size fractions. The effect of the non-uniform size
distribution is then minimal and predictions of bed load transport can be based on one size diameter
without serious error { Knighton, 1987). Phase 11 1y pe transport equations occur where there is a restricted
range of bed material sizes (1-100 mm) and in which sediment moves in events much greater than the
thresholds necded for bed load transport (Knighton, 1987). These are hikely to be gravel-bed rivers and
have slopes of less than 1%.

Much of the research into bed load transport has been conducted in sand- or gravel-bed rivers with a
permanent flow. Research into bed load transport rates in ephemeral arid systems has only recently made
progress. Laronne & Reid (1993) have reported on data from a bed load trap in Isracl which shows that
ephemeral rivers can on average transport bed load up 10 400 times more efficiently than perennial
counterparts. They argue that this increased efficiency is due to the different vertical structure of the
stream bed. While perenmial gravel-bed rivers have a well-developed armour layer, ephemeral rivers have
poorly developed or no armour layers. The lack of an armour laver results i a reduction in size-selective
transport, and consequently ephemeral rivers may be more effective bulk sediment carriers (Reid &
Laronne, 1995). This leads 1o the problem of predicting bed load transport in ephemeral streams., as most
sediment transport equations are calibrated and designed for sand- and gravel-bed rivers (Reid o ol
1946)

4.6 Approaches to predicting bed load transport
Ihere are a number of approaches 1o predicting bed load transport. These include formulae based on

shear stress (e.g. DuBoys, |879), discharge (¢.g. Schoklitsch, 1934), stochastic functions for sediment
movement (e.g. Einstein, 1950) and those based on stream power (e.2. Bagnold. 1980). The development
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of these models are based on certain theoretical considerations that attempt 10 link bed load transport
rates 10 hydraulic and sedimentological properties, empirical observation and testing 1o determine the
coefficients and constants on the basis of the available data (Gomez & Church, 1989).

The theory behiind most bed load transport equations is that there is always a determinant relationship
between sediment discharge and a dominant independent vanable such as flow discharge, flow velocity,
energy slope or shear stress (ef. Yang, 1973, Bathurst, 1987b; Karin, 1998). The preceding discussion
has demonstrated that this is not always the case. Part of the problem of relating bed load equations to
tield conditions 1s that most bed load equations were developed n the laboratory with uniform sized
sediments (Yalin, 1963; Bathurst, 1987a). Rhoads (1994a) has pointed to the significance of the type of
lume in determining incipient motion. In a sediment-feed flume. the final cquilibrium state is
determined by flow and sediment input and is independent of initial conditions. In a recirculating flume.
the upstream sediment input depends in part on the initial composition of the bed material. Thus the
cquilibrium state is not independent of initial conditions. Further important considerations are that all
available sizes are assumed to begin to move at the same critical Mlow conditions, that sediment density
is uniform, and that negligible movement occurs below this eritical condition

Furthermore, many field based studies of sediment transport are directed towards assessing sediment
related problems, rather than seeking to evaluate theory . Bagnold ( 1966) states that the dilemma is that
no established branch of physics has interested itself in the two-phase flow (fluid-solid) that is nvolved
in sediment transport. It follows that the complexity of two-phase flow cannot properly be tackled until
the intricacies of (luid-flow are mastered, fluid turbulence in particular. The complex nature of sediment
transport simply cannot be recreated in a lume environment, thus all equations developed for sediment
transport estimation remain at best estimates.

Ackers & White (1973) rejected the early preference for using shear stress as the main parameter
defining a rivers transporting power. They suggested that the total shear on a deformed bed is i pan
composed of along-stream components of the normal pressures on the irregular bed profile. Although
these pressures may contribute indirectly to sediment motion through suspension, many sediment
transport equations scparate the bed shear into non-transporting form loss, and shear on the grains. The
rate of transport is sensitive to transporting power, and as such inaccuracy in the separation procedure
gives rise 1o large prediction errors. Ackers & White (1973) argue that this factor is important. as very
few natural sireams have a plane bed. They suggest that because shear stress 1s not the most rational basis
of sediment transport function, stream power should be used instead

An aliernative approach to predicting bed load transport is 10 use the virtual velocity method. This
method uses data of the virtual velocity of the particle movement, dimensions of the active channel layer,
and the porosity and density of the bed material (Haschenburger & Church, 1998). Virtual velocity is
defined as the 1otal distance travelled by individual grains divided by the measurement interval -

typically the total time of competent flow during a flood event. The fundamental equation for the mass
transport of bed material is given by
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Gomvdw(1-pip, (Equation 4.5)
v, mean travel rate of the bed material (m h')
d active depth of the stream bed (m)
w, active width of the stream bed (m)
» fractional porosity of the channel sediment
P, mineral density of the sediment (kg m™')

Haschenburger & Church (1998) were able to show that the virtual velocity method provided good
results and, in general. replicated what 1s known about sediment transport-flow relations in gravel-bed
rivers derived from conventional sampling approaches. In particular. they found that the virtual velocity
approach confirmed the sensitivity of transport to stream power that is typical for gravel transport near
the threshold for significant transport. Results showed the often quoted disproportionate importance of
the highest Mlows in transport which arises from the non-linear increase in transport with flow magnitude
(Haschenburger & Church, 1998).

4.7  Limitations of bed load transport equations

Despite over a century of work on bed load transport, a satisfactory. universal formula has yvet 10 be
developed. Gomez & Church (1989) note that there are more transport formulae than there are reliable
data sets by which to test them. Read & Frostick ( 1987) hav e stated that even the best known predictive
equations have not yet been sufficiently developed for universal application 1o rivers outside the one
from which they were derived. They ascribe this to two factors. First, each river has a unique hydraulic
and sedimentological character. Second. even where complicated bed arrangements have been
acknow ledged (cf. Emnstein, 1950; Proffin & Sutherland. 1983). there has been a tendency 10 seek an
average response of particles to applied stress. A number of assumptions are made when using bed load
transport equations. These include:

. that the flow and sediment properties for the period in question are invariant and can be
described with reference 1o a steady state;

. that the bed load transport is a unique function of tangible and comprehensive flow and sediment
parameters: and

. that the maximum possible amount of bed load is being transported. In other words, that the
formulae describe an equilibrium state.

Computed results are susceptible 1o errors stemming from uncertainties in the exact values of the
hydraulic vanables, in particular velocity, depth and slope, which afTect calculations of critical shear
stress and stream power (McLean, 1985). Gomez & Church (1989) have shown that sampling errors and
conceptual errors may produce errors of up 10 an order or two of magnitude. Most bed material is
transported by runoff events in which flows are very unsteady in nature. yet the cffect of flow
unstcadiness on the rate at which sediment is transported remains poorly understood. Despate this. all bed
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load transport equations assume steady uniform flow  Furthermore  formulac are derived from a
restnicted data base. This has resulted in a proliferation of bed load formulac rather than a consolidation
of existing knowledge. The traditional approach has been to calculate the transport rate for a single
characteristic grain size, for example, the median. This can lead to poor results in bimodal bed rivers
(Wilcock, 1998).

As mentioned previously, where a heterogenous bed occurs, only the nghest flows are capable of moving
the entire bed. Even where moderate events occur, only partial sediment transport occurs with some sizes
in motion and others not. Under these conditions the transport rate for the moving size fraction is not
directly comparable with the rate for a uniform bed material of the same mean size as those fractions
within the bed material. As a result, equations assuming a uniform bed material size will overestimate
the observed rate since they assume that once any transport begins, all size fractions are in motion. One
way of overcoming this problem is to apply the transport equation separately to each bed material size
fraction and sum the resulting partial rransport rates to give the total rate. Additional problems are then
encountered as the relative effects of the different size fractions in impeding or promoting each others’
movement and for the effect of bed armouring need to be taken into account (Reid er of . 1997) Lintle
progress has been made in this regard.

4.8  Comparison of bed load transport equations

Yang (1973) applied the following criteria for evaluating sediment transport equations: the equation
should be theoretically sound: it should be dimensionally homogenous: it should be thoroughly verified
by both laboratory and field measurements that cover a wide range of variations in both flow and
sediment conditions: the parameters used in the equation can be obtained from both laboratory flumes
and natural streams without much difficulty: and the computations should be simple and straightforward
Due 1o the large number of sediment transport formulac available, it is instructive to select a formula
most appropriate 1o the physical conditions of the bed. The suitability of the formulae should be judged
on the generality of the basic assumptions used and. most importantly. by comparison of the bed load
discharge prediction with measurement. A number of comparisons for accuracy of different formulae
have been made. These include White ef af (1975); Alonso (1980) and Yang (1984). Most bed load
transport formulae were developed for sand-bed rivers and as such should not be applied outside of these
conditions (Vanoni, 1964; Giraf. 1971; Simons & Sentlirk, 1977). Fewer equations have been developed
for gravel- and boulder-beds, those that exist have been reviewed in White er af. (1975): Bathurst er of
(1987) and Gomez & Church ( 1989). The modification of popular sediment transport models to fit local
conditions is common (cl. Misri ef @/, 1984: Smart, 1984; Bathurst, 1987a: Diplas. 1987: Phillips &
Sutherland. 1989: Shih & Komar, 1990),

Many attempts have been made to verify bed load transport equations. However, one of the problems is
that the various approaches can only be tested in relation to one another (Reid er al.. 1997). Three major
problems with verification were identified by Gomez & Church (1989):

ecedl———
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. Most attempts at verification have been based on comparing the calculated bed load transpon
rate with the bed load transport rate measured in a flume or a natural stream (Carson & Griffiths,
1989). Relatively few verifications refer to channels outside the sand- to fine-gravel range. The
performance of these formulac has therefore not been assessed with respect to the range of gran
sizes for which they were ostensibly derived.

. I'here 1s considerable overlap of data employed in the development of many subsequent
evaluations (cf. Ackers & White, 1973, White ef al.. 1975 Yang. 1973). The formulae which
are most reliable were developed on the basis of relatively extensive data.

. Ihere has been hittle attempt 10 select test data whnch refer consistently 1o the hydraulic and
sedimentological conditions that the data specifically purport 1o describe (e steady Now and
equilibrium transport conditions).

Gomez & Church ( 1989) selected ten formulae for testing. These were divided into two categornies, those
apphicable to sand-bed and those applicable to sand- and gravel-bed rivers. The sand-bed river equations
tested included Schoklitsch (1934: 1950) and Mever-Peter & Muller (1948). The sand- and gravel-bed
equations included DuBoys-Straub formula (Straub. 1935), Einstein ( 1950), Ackers & White (1973),
Bagnold (1980) and Proftit & Sutherland (1983) Gomez & Church (1989) found that the equations of
Bagnold. Einstein and Ackers & White perform best. (For the purposes of this report. the Yang. Ackers
& White and Engelund & Hansen equations were used. Justification for the use of these equations are
given in Chapter 8). Only the Einstein equation consistently under-predicts the niver data. Most of the
formulac over-predict, possibly as a result of the failure 1o account for surface coarsening in reducing
the rate of transport of fine matenal in gravel-bed rivers with low, overall rates of transport. Similarls.
they fanl o tahe account of the fact that the whole discharge may not be available or utilised for sediment
transport (Gomez & Church, 1989). This effect is realised in two ways. First. no account is taken of the
resistance afforded by bed forms. Second. the use of average hydraulic variables (¢ g average velocity )
which relate 10 the entire cross-section fail to take into account the fact that only & portion of the bed
may be active at any given time.

I'he complexity of the bed load transport process is such that lintle real progress has been made in the
field (Carling ¢ wl.. 1998). Part of the reason for this 1s that modellers have not taken sufficient notice
of the role of process in bed load transport. Ashworth er @/ (1992 p.1895) make a plea for “the need for
larger research teams. pooled equipment and expertise, and a focus on taking intensive and representative
spatial and temporal hydraulic and bed load measurements using a rigorous research design™.

4.9  Bed material transport and river management

Many of the problems associated with river management are related 1o an inadequate understanding of
the role of bed maternial transport in rivers. Changes in the sediment load and/or bed type in rivers usually
have complex. long-lasting bological consequences (Kondolf & Wolman, 1993; Trimble, 1997),
Surficial bed-matenial size 1s often the primary influence on benthic invertebrate community composition
and density. Bed sediment influences habitat suitability for fish, and to a lesser extent for inventebrates
that five on or in the bed (ASCE. 1992)
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Human impacts may change the relationship between channel hydraulics and bed sediment size. While
short-term temporal variations in bed-material type are common. longer-term temporal variations in bed
tvpe occur infrequently. I sediment loading is greater than capacity. channel morphology or bed tvpe
may change. Incoarse-bedded channels, such as boulder-cobble or cobble-gravel-bed streams, interstitial
voids provide important habitat - the hy porheic zone. If these interstitial vouds are filled or covered by
finer matenal, such as sands and silts, their habitat value is greatly reduced. Human activity has been
shown to result in hyporheic interstitial sedimentation (ASCE, 1992). It is clear that sediment
management is an important component of river management. It is only recently. however, that sediment
management has been considered a pan of an environmental flow (Mithous ef ol , 1994)

Van Steeter & Putlick (1998) have shown that flow reductions in the Colorado River have resulted in
significant channel narrowing, as well as reductions in side-channel areas. Discharges that approximate
the bankfull stage are necessary for a clean loose substrate, critical 1o the reproductive success of
Colorado squawfish. Narrowing of the channel represents sigmificant losses in potential fish habitat. They
found that sediment accumulation on the bed can degrade the quality of the spawning bars and fill the
interstices in the bed where organisms live. These can only be winnowed out by moving the protective
gravels around them (Pitlick & Van Steeter, 1908).

Wilcock eraf (1996a: 1996b) have shown how flow regulation in the Trinity River has reduced the mean
annual flood from 52510 73 m's ' and the 2 year Nood from 484 10 30 m's”'. Concurremt increases in
tributary  sediment vield resulung from road construction and timber harvesting have created a
sedimentation problem. Little transport of the bed material occurs in the river at flows less that 85 m's ',
and no transport of bed material coarser than | mm occurs at typical post-dam minimum flows of 4 m's*
(1961-1978)and 8.5 m's " (1978 onwards). This has resulted in the encroachment of riparian vegetation
and a narrowing of the active channel. The active channel has narrowed by 20 to 60% of its pre-dam
width. resulting in a straightened channel and reduced 1opographic variability (Wilcock er al.. 1996b)

4.10  Conclusions

The preceding discussion has demonstrated the significance of bed material and bed material transport
in fuvial systems. [t has been shown that bed material transport is a complex process which is difficult
o model accurately. particularly in coarse grained. heterogenous beds under unsteady flow conditions.
Very Intle real progress has been made either in gaining an understanding of the process itself, or in the
development of realistic sediment transport models that can be applied 10 natural systems(Carling eraf |
1998). Furthermore. as long as the physics of bed load transport remain incompletely undersiood. there
15 no reason 10 believe that any of the available bed load transport formulae will result in accurate results
(Gomez & Church. 1989)

Nonetheless, when faced with a practical geomorphological problem such as recommending flows that
will perform a specific sediment transport task (e.g. entraining gravel or maintaining a riffle). the
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application of highly simphified, imprecise sediment transport models calibrated using empirical data is
often the only practical path forward. The transport equations should therefore be seen for what they are,
an approximation of the truth over a limited range of conditions, within the bounds of professional

practice. It 1s within this context that the bed load transpon equations were utilised in this rescarch
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Chapter 5: The research problem: aims, objectives, study area
and overview of research design

5.1 Introduction

Ihe magnitude frequency concept provides a logical approach to setting geomorphological flows for the
Ecological Reserve. This will allow us to address a number of relevant guestions. What is the magnitude
and frequency of flows which do most work transporting channel sediments” How are these flows related
10 channel form? Can we use channel form as an indicator of channel forming Tows” What is the

geomorphological consequence of changing the magnitude-fequency spectrum through flow regulation

The aim of this research was therefore stated as:
to determine the magnitude and frequency of channel forming discharge for selected
southern African rivers,

A number of objectives were set in order 1o achieve this aim.
5.2 Research Objectives

Objective 1 T'o determine the relationship between channel form. bed matenial transport and flow
discharge for selected rivers.

Field surveys of cross-sectional data and bed material class for sites in three different river sysiems were

used to estimate long term bed material transport based on the hyvdrological record. Hydraulic vanables

determined from the cross-section data were used as input to bed load equations. Stage discharge rating

curves together with long term flow duration curves were then used to determine the effective discharge

for sediment transport

Objective 2 l'o determine the magnitude and frequency of the natural bankfull discharge with
respect 1o channel form for selected rivers

Morphological features identified on channel cross-sections were related 1o hydrological data to explore

the relationships between bankfull discharge, dominant discharge and effective discharge. The results

of this analvsis can guide interpretation of channel morphology interms of geomorphologically effective

flows.

Obyective 3 T'o develop a conceptual model of channel forming discharge for selected rnivers

It was necessary 1o develop a conceptual understanding of the importance of different flows for South
African fMuvial systems so as to contribute towards a better understanding of the discharges that are of
“significance” or “importance” in selected South Afrnican rivers. This is of paruicular relevance in South
Africa, where rnivers are often controlled or semi-controlled by bedrock. have steep gradients with

irregular long profiles. are often supply -limited and are subject to a highly vanable hydrological regime

Lattle attention has been paid 10 these sorts of fluvial systems in the literature, and they are therefore
poorly understood.
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5.3 Selection of representative rivers

Three South African rivers were selected for research, These were the Mkomazi River in KwaZulu-Natal,
the Mhlathuze River in northern KwaZulu-Natal and the Olifants River in Mpumalanga. These rivers all
drain the eastern sea-board of South Africa. Because of significant uplift in the Miocene and Pliocene
(c. 15 M and 2M years BP respectively), the dominant process over the geological time scale has been
valley incision. No true meandering occurs in these systems. The Mkomazi River is a cobble-bed river
with strong bed rock control and remains one of South Africa’s least disturbed rivers. As vet. there are
no impoundments along the course of the river, but this is due to change soon (Louw, 19984). The
Mkomazi provides an opportunity 1o study a relatively un-impacted system and therefore forms the main
research component of the study. The Mhlathuze and Olifants Rivers on the other hand are highly
regulated systems. The lower Mhlathuze River has a regime sand-bed channel which flows over
Quaternary alluviom. In contrast, the upper Olifants River has a highly impacted cobble-bed river. with
strong bed rock control. The rivers also formed part of an Ecological Reserve assessment (Louw, [998b:
Louw. 2000). These nvers therefore provided an opportunity to test the methods developed for the un-
impacted Mkomazi system on two regulated systems - the Mhlathuze and Olifants systems are therefore
the application systems.

5.3.1  The Mkomazi River

53 1.1 Regional sening

The Mhomazi River drains an area of approximately 4387 hm® in KwaZulu-Natal (Figure 5.1). The Great
Escarpment forms its headwaters and it exits into the Indian Ocean at the town of Umkomaas. The upper
catchment geology s fairly simple, with Karoo sequence Elliot and Clarens sandstones capped by
Drakensberg lavas. The upper-middle catchment is dominated by Tarkastad mudstones and dolerite,
while the Ecca and Beaufort Group dominate the middle catchment. The lithology produces clay and clay
loam soils. which are only moderately erodible (Midgley er @l , 1994). According to the Surface Water
Resources of South Africa (WR90) (Midgley er af | 1994) the estimated “natural” sediment vield from
the catchment is around 155 tUkm“/yr for the upper. middle and lower-middle catchment. The lower
catchment produces an estimated 175-190 Vkm“/vr. The middle and lower parts of the catchment display
a more complex geology. The catchment lithology here forms part of the Natal structural and
metamorphic provinee, consisting of granites and gneiss. The terrain is faulted, and structural control on
the channel is considerable. The geology has produced an upper catchment with steep relief, while the
middle catchment can be classified as undulating. Steep relief in the lower catchment is a function of the
underlying lithology

I'he distribution of rainfall is reasonably consistent throughout the catchment, ranging from nearly 1300
mm per annum in the headwaters to around 1000 mm per annum in the middle and 900 mm per annum
in the lower pans of the catchment. Catchment land use i1s mainly grazing and commercial forestry
(wattle, pine and eucalyptus). Under natural conditions, the catchment vegetation would be dominated
by pure grassveld and temperate and transitional forest and scrub, with false grassveld and coastal
tropical forest dominating the middle and lower catchment, Overgrazing and high population densities




Chaprer 5: The rescarch problem Page 63

in the upper-middle and lower parts of the catchment probably produces an increased sediment yield.
although this remains untested.

Hydrological charcteristics were obtained from Midgley o7 ol L (1994) The Mean Annual Runoff (MAR)
of the Mkomazi 1s 1089 million cubic metres. Most of the runofl is generated in the upper pan of the
catchment, with the lowest 33% of the catchment contributing only 14% of the total MAR. The Mkomazi
catchment is in the summer rainfall region of South Africa, and consequently most of the discharge
occurs during the summer months (December to March). The winter is characterised by low flows (April
o October November). The average coefficient of variation (CV) for the catchment is 041 The upper
part of the river has a more variable regime, with a CV of up 10 0.74. The Mhomazi has experienced a
number of large floods. These are usually related 10 cut-off low pressure systems and appear to have an
average return period of 20 10 30 vears, Chapter 6 provides more information in this regard,

5312 Idenuification of macrosreaches

The long profiles of many South African rivers display a diverse form (Rowntree & Dollar, 1996a).
seldom with a uniform concave profile. This is in part a function of tectonic history and climate change.,
but also of variable lithology . Major breaks of slope are often coincident with changes in channel 1ype,
bed material and reach type (Rowntree & Wadeson, 1999) 1t is therefore instructive to subdivide the
long profile into morphologically uniform reaches - these have been termed macro-reaches (Rowntree,
2000). This provides the basis for site selection and for extrapolation of sites from one reach 1o another
(Rowntree, 2000). Two methods for delineating macro-reaches have commonly been used for South
African rivers. The first is a technique developed by Rowntree & Wadeson (1999) which delineates
reaches based on the percentage gradient change as measured off a 1:50 000 topographical map -
generally, where gradient changes of greater than 50%6 occur, a reach break is denoted. A second
technigue is 10 use the CUSUM plot to identify major breaks of slope. This technigue is similar 10 the
previous technique in that it sums the cumulative percentage slopes thus making the major breaks of
slope casily identifiable. For the purposes of this report. both techniques were used to identify the breaks
of slope and good agreement was found between the two. Four macro-reaches (Figure 5.2) were
identified for the Mhkomazi River. Table 5.1 presents the characteristics of each macro-reach

5 31 3 Identificatim of sites

Within cach macro-reach, sites were selected that were considered 1o best represemt the reach
morphology . Difficulties of access 1o the river constrained site selection. Thirteen sites were chosen for
analysis and where possible cach site was surveved using at least three fixed-point cross-sections, but
at a number of sites only one or tWo Cross-sections were surveved where 1t was considered that these
were sufficient o characterise the site. A stage-discharge relationship was generated for each cross-
section by repeated calibration survevs. The bed material transport modelling for cach site relied on
hydraulic information based on the stage-discharge curves. [t was therefore necessary 10 limit the amount
of cross-sections at cach site 1o maximise efficiency. It is considered that the surveved cross-sections
adequately represent the sites, and in total twenty-eight cross-sections were surveyved for the Mhomazi
Chapter 7 will discuss the site surveys in more detail. Details of all sites, including the cross-sectional
data, sketch map and photograph. can be found in Dollar (2001)
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Figure 5.1: The Mkomazi catchment
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Figure $.2: Long profile of the Mkomazi River




Table 5.1:

haracteristics of the Mhkomazt River

Macro-reach Characteristics Average Geology Site numbers
Gradient

1 Confined valley. Low population density. Cobble-bed foothills to 0.0073 Shales and 1.2.3.4
(2850m to 1020m)  mountain stream zone with cobble-bed channel characterised by plane mudstones with

beds. step pool morphology. rapids and pools. Floodplains generally dolerite

absent, but lateral depositional bench features occur intrusions
2 Confined to semi-confined valley . Moderate population density with 0.0046 Shales and 5.6.7
(1020m 1o $40m) extensive cultivation. lrregular channels with infrequent islands. cobble- mudstones with

bed foothills zone with gravel- and cobble-bed river. Pool-niffle or pool- dolerite

rapid morphology. locally bed rock controlled. Narrow floodplain of intrusions

sand and gravel may be present.
3 Confined to semi-confined valley, cultivation on foodplan arcas 0.0213 Shales and 8.9
(840m to 400m) Commercial farming of timber and livestock. Mainly single channel with mudstones with

well developed lateral bars. From 620 metres the channel goes nto a extensive dolerite

gorge with an anabranching channel. Mixed pool-riffie or pool-rapid intrusions

morphologies in lower gradient reaches, bed rock or boulder/large cobble

dominated channels in steeper sections. Rapids, cascades and bed rock

controlled pools common.
4 Confined to semi-confined valley. Many small 1" and 2™ order 0.0037 Instrusive 10,11,12.13
(400m to sea level)  tributaries. High rural population densities. Anabranching channcls granites with

common, foothill zone has mixed alluvial bed rock channel. pool-niftle sedimentary

morphology . sand or gravel bars. sequences
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532  The Mhlathuze River

5321 Regional setting

The Mhlathuze River drains an area of approximately 4209 km’ in northern KwaZulu-Natal (Figure 5.3).
I'he Mhlathuze rises at about 1280 metres around Babanango and discharges into Richards Bay harbour.
The geology of the arca is complex, with faulting and thrust faulting impacting on the traverse of the
river. The upper catchment geology is dominated by Dwyka tillite, The lower part of the upper catchment
consists mainly of Natal Structural and Metamorphic province rocks such as granite, quartzite and
basaltic lava. The middle catchment consists mainly of sedimentary rocks of the Ecca group, with
Viyheid, Volksrust and Pietermartizburg formations occurring. The lower catchment is dominated by
Quaternary sands. Weathering of the quanzites, tillites and granite produces mainly sand-sized material.,
resulting n a predominantly sand-bed channel. The highly faulted middle terrain affects considerable
structural control on the channel. The impact of this can be seen in the numerous orthogonal tems on the
river,

Estimated sediment vield from the sub-catchments range from 27 Ukm/yr 10 216 vkm /'yt with an
estimated average sediment yield of 160 Uhm™/yr (Midgley ¢ al., 1994). Catchment land use includes
commercial wattle, pine, cucalyptus and sugar cane production.

Mean annual rainfall distribution in the catchment varies from 870 mm in the upper and middie
catchment to around 1100 mm in the lower catchment. The Mhlathuze forms part of the summer rainfall
region of South Africa. Most of the rainfall (and hence discharge) occurs during the summer months
(December to April). however the seasonal distribution of flow is not as marked as for the Mkomazi
River.

The Mhlathuze has been impounded by the Goedertrouw Dam since 1979. The Goedertrouw Dam 1s an
81-metre high canthfill embankment dam with a maximum surface arca of 12 km® and a maximum
storage capacity of 321x10"m". This dam has had a significant impact on the flow regime of the
Mhlathuze River. The virgin MAR of the Mhlathuze River has been estimated to be 362 million cubic
metres, but the construction of the Goedertrouw Dam has reduced the MAR 1o around 217 milhion cubic
metres per annum (Hughes & Smakthin, 1998). It has also resulted in the attenuation of flood peaks and
higher Nows (van Bladeren, 1992). This will be discussed i greater detail in Chapters 6 and 10,

The Mhlathuze has a very high CV of 0.934 (Midgley er @, 1994). This is due 10 the geographical
location of the Mhlathuze catchment in northern KwaZulu-Natal, an arca subject to heavy and prolonged
rains due 10 the frequent (once every 20 years or s0) occurrence of cut-off lows which result in large
floods. These cut-ofl lows are specific types of low-pressure systems which are strongest in the upper
troposphere and are associated with strong uplift and the occurrence of widespread rain on their castern
sides (Tyson, 1986). The northern pants of KwaZulu-Natal are particularly prone 1o this meteorological
phenomenon. (The Mkomazi catchment which is further south, is also impacted on by cut-ofT lows, bui
not as frequently.)
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Figure 5.4: Long profile of the Milathuze River




Table §.2: Characteristics of the Midathuze River

the Natal structural and metamorphic province. Rapid
gradient changes are common in this macro-reach as a
result. Below the Goedertrouw Dam, remarkable changes
occur in channel type from a pool-rapid channel type to a
sinuous single thread channel. Channel narrowing and
vegetation encroachment is evident. The depositional
features that are common i macro-reach 3 are no longer
evident.

Natal structural and
metamorphic province

Macro-reach Characteristics Average | Geology Site numbers
gradient
| Confined valley with a mountain stream and a bed rock 0.0373 Dwyka tillite 0
(1280m to 1080m) and cobble-bed channel. No floodplain is present but
lateral depositional features occur in a few places.
2 Confined valley with no floodplain present. The 0.0126 Natal structural and 0
(1080m to $20m) topography is undulating. metamorphic province
rocks including granite.
quanzite and basaltic lavas
3 The boundary between macro-reach 2 and 3 is coincident ~ 0,0215 Sedimentary rocks of the 0
(820m to 180m) with the faulting of the sedimentary and volcanic rocks. Ecca Group. including
The gradient is generally steep and is associated with Vrvheid. Volksrust and
resistant lithologies and periods of tectonic re-adjustment, Pictermanitzburg
The reach, although steep. displays a remarkable number formations
of depositional features.
4 The boundary between macro-reach 3 and 4 is coincident  0.0096 Sedimentary and intrusive 1,234
(180m to sea level) with thrust faulting of sedimentary rocks associated with rocks associated with the
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5322 ldemttfication of macro-reaches

Four macro-reaches were identified using a combination of the CUSUM plot and the percentage gradient
change. Table 5.2 displays the characteristics of each macro-reach. Figure S 4 displays the long profile
of the Mhlathuze River

5323 ldentification of sites

Four sites were selected to represent the macro-reaches. The terms of reference of the Feological Reserve
assessment were that all the sites should be located below Goedertrouw Dam (Louw, [998b)(Figure 5.3)
Site | s approximately 25 hilometres below the dam. No major tributaries jomn the Mhlathuze between
the dam wall and Site 1. Site 2 occurs some 35 Kilometres downstream of Site 1. Between Site | and Site
2. a major tnbutary. the Mfule River jons the Mhlathuze. The Mfule also has a sand-bed channel. Sie
3 15 a further 35 Kilometres downstream of Site 2. No major tributaries join the Mhlathuze between these
two sites. Site 4 s approximately 15 Kilometres downstream of Site 3. just upstream of a major tributary
mput, the Nseleni. Site 4 s an artificial channel that was cut by the Port authorities at Richards Bay 10
accommaodate the development of Richards Bay harbour (Dollar, 1998b).

Site 1 has multiple channels with different water elevations. This necessitated the survey ing of six cross-
sections 1o ensure accurate hyvdraulic calculations. Sites 2.3 and 4 were simple sand-bed channels. and
were therefore only represented by one cross-section at cach site. Site details, including the cross-
sectional data. sketch map and photograph of each site, can be found in Dollar (20801)

5.3 The Olifamts River

5331 Regromal setting

The Olifants River is a highveld niver that drains the Gauteng and Mpumalanga provinces of South
Africa before entering Mozambigue 1o the east and exiting into the Indian Ocean (Figure 5.5) For the
purposes of this report only the upper Olifants catchment will be considered. The upper Olifants River
above Loskop Dam drains an area of approximately 10 841 k' The upper Olifants catchment has three
main stems, the Wilge 1o the west (4356 km?). the Klein Olifants to the east (2391 km ') and the Olifams
proper (4094 km”). The upper Wilge, Olifants and Klein Olifants drain a flat. gentle rehief plateau
underlain by Vrvheid formation Karoo sequence rocks. In the middle parts of the catchment the channels
are mcised into the ancient basement rocks of the Transvaal sequence (mainly Pretoria group quarnzite,
shales and granite, Rooiberg group rhvolite and sandstones) and the Bushveld Igneous Comples (BIC)
I'he geology of the area has a considerable impact on the structure and flow direction of the niver. The
country rochs are intruded by dolerite and diabase dykhes and sills. The flat relief and basement geology
in the upper parts of the catchment are associated with shallow, sandy soils. while the undulating rehief
in the lower parts of the catchment is associated with moderate to deep clayey loam soils. The soils are
only moderately erodible. The grassveld and false grassveld produces a good vegetation cover. This
results i moderate 10 low estimated annual sediment vield for the catchment of approximately 45
Uk yr' (Madgley eral, 1994). The gross channel structure and planform is to a large extent determined
by bed rock. A number of lincaments and faults cross the niver, forming local gradient changes. Where
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the river is incised onto the more resistant lithologies. significant structural changes occur in the channel
and in the long profile. Resistant bed rock outcrops create local downstream steepening, but also result
in an upstream decrease in gradient. reducing channel energy and creating areas for sediment
accumulation. A number of knick-points and abandoned plunge pools along the course of the Olifams
attest 1o the incised nature of the channel. Mcean annual ramnfall in the catchment varies between 600 and
700 mm. with mean annual potential evapotranspiration ranging from 1500 mm n the east of the
catchment 1o around 1700 mm in the west,

The hydrology of the Olifants River is described in terms of the three main-stem tributaries for virgin
conditions. This is because there is insufficient information on the operation of the dams, water
abstraction for irrigation, return flow from efMuent treatment works and land use change impacts to
maodel the present-day conditions, The Wilge River (Site 4) has an MAR of 167 million cubic metres,
with a CV of 0.73. The Klein Olifants (Site 3) has an MAR of $1.6 million cubic metres, with a CV of
0.72. The Olifams proper (Sies | and 2) has an MAR of 449 million cubic metres, with a CV of 0.70.
Ihe Olifants system falls in the summer rainfall area of South Africa. Consequently, most of the
discharge occurs during the summer months (November 10 February). The high CV indicates that the
Olifants is a highly variable system, with high magnitude, short duration storm events which are
concentrated in rapidly rising and receding Mow events (Hughes, 2000).

The Wilge River is impounded by two major dams, the Bronkhorstsprust Dam and the Premier Dam. The
Bronkhorstspruit Dam is a 30-metre high arch/carthfill combination dam nearly 80 Kilometres upstream
of Site 4. [t was completed in 1950 and has a surface area of nearly 9 km? and a capacity of 39.4x10'm".
Downstream of the Bronkhorstspruit Dam s the 9-metre high Premier Dam, [t is a concrete gravity dam
which was completed in 1909 with a surface area of 0,60 km” and a capacity of 5.036x10"m . Site 4 15
approximately 40 Kilometres downstream of Premier Dam.

I'he main Olifants stem is regulated by two dams, the Witbank Dam and the Doornpoort Dam. The
Withank Dam is a 9-metre high earthfill dam with a very small capacity and surface arca. Just
downstream of the Withbank Dam s a much larger dam, the 9-metre high carthfill Doompoort Dam, with
a capacity of £.7x10"m’ and a surface area of 0.10 km’. The Doompoort Dam was completed m 1924
Site | was 15 Kilometres downstream of Doormpoort Dam.

e Klein Olifants River is impounded by the 27-metre high concrete buttress Middelburg Dam, The
dam has a surface area of 4.7 km” and a maximum capacity of 48.4x10°'m’. Site 3 was approximately 45
kilometres downstream of Middelburg Dam.

Site 2 was the lowest site on the Olifants syvstem and, at this point, the river is regulated by all five
impoundments. These impoundments have been in place for some time (over 50 years) and have had a
major impact on the flow regime of the Olifants system,
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§ 332 ldemtification of macro-reaches

Four macro-reaches have been determined for cach of the three main-stem tributaries of the upper
Olifants catchment (Figures 5.6 10 5.8). The macro-reaches were determined from an analysis of the long
profile, geology and gradients from the 1:50 000 wpographical sheets and the 1:250 000 geological
maps. A CUSUM plot was used to determine the major breaks of slope for cach of the three main-stem
rivers of the upper Olifants. Tables 5.3 10 5.5 display the characteristics of cach macro-reach.

$.3.3.3 ldentificarnm of sites

Ihe analysis of the Olifants formed pan of an Ecological Reserve assessment (Louw, 2000). The terms
of reference of the Reserve assessment were that one site be located on the Wilge River. one site be
located on the Klem Olifants and two sites be located on the Olitants River (Figure 5.5). The four sites
were surveved with a minimum of three cross-sections per site. All the chosen sites are located at the
lower end of the upper Olifants catchment. Site | represents a single thread sinuous channe! reach. Site
218 in a reach classified as pool-rapid but is transitional 1o single thread sinuous. Site 3 and Site 4 arc
pool-rapid channel types, Site details, including the cross-sectional data, sketch map and photograph of
cach site, can be found in Dollar (2001),
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Figure 5.5: The Olifanes cavchment




Table 5.3: Chvracteristics of the (lifants River

(1230m to 1000m)

Kanongat). These are likely structural Knick-points (rather than tectonic
or evelical kmick-points), but have served to allow the Olifants to adjust
to different base-levels. The boundary between macro-reach 3 and
macro-reach 4 1s probably such a Knick-point. Given the nature of the
bed rock. the channel type is pool-rapid.

Macro-reach Characteristics Average Geology Site
gradient number
s
-

| No information is available. 0.0225 0
(1780m to 1670m)
2 The reach has low reliel. and this is reflected in the channel type which  0.0026 Permian age 0
(1670m to 1570m)  is mainly sinuous single thread. At the lower end of the reach, the Vrvheid formation

Doompoort and Withank Dams are underlain by Sclonsrivier formation inerbedded

sandstone and quartzite. The channel is partially controlled by bed rock. sandstones and

Bank erosion is a significant source of sediment. shales
3 Ihe country rock is intruded by diabase (metamorphosed dolerite) and 0.0098 Mogolian age |
(1570m to 1230m)  diabase dyhes and sills which strike across the Olifants resulting in Wilgerivier

significant gradient adjustments. These sandstones have been deformed. formation

There are numerous structural controls on channel form and pattem. sandstone,

including faults and joints. The Olifants has exploited lines of weakness dolerites and

which has determined the traverse of the channel. Variable rock diabasc

hardness has resulted in a pool-rapid channel type. The more resistant

lithologies producing rapids and creating hydraulically controlied

upstream pools. )
4 There are a number of knick-points along this stretch (one being 0.0047 Mogolian age 2

Wilgerivier
formation
sandstone,
dolerntes and
diabase

wapgoad yrapdsad gy ¢ 1a1dviyg )

L ooty

.




Table $.4: Characreristics of the Wiige River

Macro-reach Characteristics Average | Geology Site
gradient numbers

l The channel structure of the Wilge River is controlled by the 0.0223 Wilgerivier 0
(1770m 10 1430m) underlving bed rock, and its post-depositional formation such as sandstone and

faulting and weathering along joints. The gorges are incised into quantzite

Wilgerivier sandstone and quartzite
2 Fhis reach is underlain by Vaahan age Pretona group sediments 0.0004 Pretoria group 0
(1430m to 1360m) consisting of quartzite, shales and subgrayvwackes. Also present is quartzite, shales and

diabase, This is reflected in the channel tyvpe for the reach which is subgravwackes and

sinuous single thread. diabase
3 Fhis reach is underlain by Mogohan age Waterberg group sediments  0.0003 Wilgerivier R
(1360m to 1170m) consisting of Wilgerivier sandstones. There are numerous structural sandstones

controls on the channel form and pattern, including faults and joints.

As the river traverses the Wilgerivier sandstones, lines of weakness

have been exploited which have determined the direction of the

channel. Structural control of the channel m this macro-reach is

considerable. Vanable rock hardness has resulted in a pool-rapid

channel type. The more resistant hithologies producing rapads and

creating hvdraulically controlled upstream pools.
4 This reach is underlain by Waterberg group Lebowa granites 0.0001 Lebowa granites 0

(1170m o 1090m)

Granite is extremely resistant to weathering and very little jomnting
occurs. hence the Natter topography . Sinuous single thread channels
dominate together with mixed anabranching channels,

wopgoad ioavaxaa wgf ¢ avidvy )
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Table 5.5: Characterisiics of the Klem (Nifats River

(1440m 1o 1250m)

quartzite as well as diabase and diabase dykes and sills
T'his has resulted in a pool-rapid channe! type

and quartzite as well as
diabase dykes and sills

Macro-reach Characteristics Average | Geology Site
gradient numbers

| No information is available 00117 0
(1700m to 1630m)
2 No information is available 0.0037 0
(1630mto 1585m)
3 Fhe reach is one of low reliel and strong bed rock control 0.0035 Selonsaivier sandstone 0
(1585m to 1440m) Ihe channel type 1s mixed, ranging from sinuous single and quanzite as well as

thread 1o pool-rapid. Bank crosion is an important source of diabase

bed material.
1 Macro-reach 4 is underlain by Wilgerivier sandstones and 0.0049 Wilgenivier sandstones 3
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5.5  Research design

The rescarch has two major foci: the research system (the Mkomazi River) and the application systems
(the Mhlathuze and Ohtants Rivers). The method and results sections are presented in this context.
Figure 5.9 presents a flow diagram which illustrates the project research design. The Mkomazi River was
used as the main study river. where the techniques to determine the magnitude and frequency of channel
torming flows were developed. The Mhlathuze and Olifants Rivers were selected for pragmatic reasons,
but also 10 1est the methods developed for the Mhomazi on two impounded systems.

The remainder of this section 1s

FIELD SURVTY .
| HYOROLOGY structured as follows. Chapier 6
= CROSS-SECTIONAL FORM “T~ SED MATERIAL | presents the methods and results
—— FLow DURATION Curves | of the hydrological data that were
) :"'“_"_E_" rﬂ‘ti(AULm . used in this research. Daily time
I 1 : : \

series w e 10
EVENT BASED LONG TERM | series were requnrcc! ateach site 1«
SEDIMENT TRANSPORT SEDMENT TRANSPORT ! generate flow duration curves and
! flood frequency curves. These

FLOOD FREQUENCY CURVES q. - K )
| were used in conjunction with the

L

- ation fro e ficld surve
FEEDBACK FOR information from the field survey

. FLOOD FREQUENCY CURVES — . DOMINANT DISCHARGE of channed cross-sections. bed
A ESFECTIVE DISCHARGE

matenal  characteristics  and
hydraulic computations for each
of the rnivers (Chapter 7) 1o
generate bed material transport
rates (Chapters 8). The gencration of bed material transport rates allowed for the determination of
eftfective and dominant discharge for each cross-section for each site for each river. This was then related
back 1o cross-sectional form and hydrology. The synthesised results are presented for the Mhkomazi in
Chapter 9 and for the Mhlatuze and Olifants in Chapter 10. The implications for the development of

Figure 5.9: Flow diagram indicating the structure of the
research

magnitude and frequency concepts and thew application to environmental lows are discussed later w
Chapter 12 (Section D).

5.6  Summary and conclusions

I'he preceding discassion has presented an overview of the nivers that were selected for analysis. The
rivers represent examples of different channel types that occur in the southern African landscape. These
channels reflect a range of rivers, from an un-impacted semi-confined cobble-bed channel (Mhomazi ).
1o a highly impacied. alluvial, single-thread channel (Mhlathuze ), and a highly impacted semi-conlined
bedroch-controlied channel (Olitants). The sutes selected within each river were systematically chosen
to be representative of different channe! types associated with particular macro-reaches. The rivers were
surveved and studied in a manner that would achieve the stated research objectives The following five
chapters present the methods and results of the rescarch.
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Chapter 6: Hvdrological analysis
6.1 Introduction

A hvdrological analy sis was used 10 generate representative daily time series for cach of the selected sites
on the Mkomazi, Mhlathuze and Olifants Rivers. These daily time series were used as input to the bed
material transport model (Chapters 9 and 10). Asa large volume of daily data was generated for 21 sies.,
it s impractical 1o display all the information within the body of the report. Much of the data are
presented in Appendices B 1o D of Dollar (2001),

Fhere are two main sources of hvdrological data in South Africa. The first 1s primary data from gauging
weirs controlled by the Depantment of Water Affairs and Forestry (DWAF), and the second 1s secondany
data from the Surface Water Resources of South Africa 1990 (WR90) (Midgley ef af . 1994). WR%
provides virgin monthly modelled data based on the Pitman model for quaternary catchments and
therefore serves as a useful reference for total flow volume and monthly flows.

6.2  The Mhkomazi River
6.2.1  Data availability

Ihere are two stream{low gauges for the Mkomazi with flow records dating from 1960 an upper gauging
station. U 1THOOS, gauging 1 744 km' and a station close to the mouth, U LHO06, gauging 4349 km. These
records are stationary and are of good quality. The data used in all cases can be considered to represent
natural flow conditions in the catchment. There is a problem with extreme high flows, especially at the
lower station which has a vers low Discharge Table Limit(DTL), UTHOOS has a DTL of 6378 m's " and
has been overtopped only once since 1960, UTHO006 has a DTL of 226 m's”' and has been overtopped 35
times since 1962 The high flows must therefore be treated with circumspection. Simulated monthly flow
data for virgin flow conditions are available for a 70 year period (1920-1990) from WR90. WR%0 has
divided the Mhomazi catchment into 12 quaternary sub-catchments. These quaternary catchments were
used 10 check and calibrate the daily data generated for cach of the sites. These details will be discussed
later in the chapter.

The daily flow duration curves for UITHOOS and UTHOO6 clearly indicate the similarity in the
hvdrological regime of the two sites (Figure 6.1). However, UTHODMG demonstrates a slight increase in
the mamtenance of low flows during drought periods compared 1o UTHOOS (flows equalled or exceeded
more than 90% of the time). Analysis of the seasonality of the flows demonstrates that these differences
are more pronounced during the dry months of the year. This is an indication that, at the lower end of
the Mhomazi, the regime is more base-flow driven. By inference then, the upper end of the Mkomazi is
probably more flashy. This assumption was used to estimate the shape of the target daily flow duration

curves for the study sites
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Mkomazi river
1-day daily flow duration curve
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Figure 6.1: 1-dav dathy flow duration curves for UIHOOS5 and U HO06.

6.2.2 Selection of appropriate calibration stations

This section describes the data and techniques used to generate the representative daily streamflow time
series at cach of the thirteen selected sites for the Mkomazi River. Figure 5.1 shows the location of the
flow gauging stations in relation 10 the sites selected for analysis There are a number of ways 1o generate
a daily time series at a particular station, including stochastic and deterministic modelling. However,
since these models require detailed mformation such as catchment soil types, vegetation and antecedent
soil moisture indices, which was not available for the Mkomazi catchmenta different approach was

adopted

Fhe technique used s an adaptation of that used to generate flow data for Ecological Reserve
assessments (Hughes & Smakthin, 1996). The model uses an algorithm to patch and extend (if necessary )
observed time series of daily streamflow. The technique is based on typical flow duration curves and on
the assumption that flows occurring simultaneously at sites in reasonably close proximity to each other
correspond to similar percentage points on their respective flow duration curves. Figure 6.2 displays the
technique in graphical form. The technique involves identifving the percentage point position of the
source site’s streamflow (Figure 6.2b) on the source site’s flow duration curve (Figure 6.2a), and then
reading off the Now value tor the equivalent percentage point from the target site’s flow duration curve
(Figure 6.2d). The weighted average of the target site flow value is then assumed to be the target site’s
flow value. The technique is based on two steps:
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I the generation of source flow duration curve tables for source and target sites;
the simulation of the time series using target flow duration curves for each site
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Figure 6.2: Method used for generaiing datly time servies from flow duration
crurves (after Hughes & Smakithin, 1996).

6.2.3 Generating target flow duration curves

6.2 3.1 Regionalising the flow data

In order 1o run the model. source daily time series and target daily flow duration curves were required.
he danly time senes for UTHOOS and U ThO06 were used as the source daily time senes. The target daily
flow duration curves were more problematic. They were generated using the following techmique.

Twelve gauging stations in and around the Mkomazi were selected for analysis. These stations were
chosen on the basis of their length and reliability of record., and proximity to the target sites. Daily flow
data were obtained from DWAF and were imported into the hydrological package //YMAS (Hughes &
Smakthin, 1996). For cach of the twelve stations, a | -day daily flow duration curve was generated. The
flow duration curves were then regionalised to compare the shape of the 1-day curve with the shape of
the |-day curves for the Mkomaz: gauging stations. The average daily flow (in cubic metres per second)
was thus calculated with equation 6.1:

Average daily flow (ADF)= (MAR+ 1000) (Equation 6.1)

(365« 24+ 36)
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MAR  Mcan Annual Runoff in million cubic metres.

and regionalised using equation 6.2:

Q (Equation 6.2)
ADF

0 discharge for a given poimt on the flow duration curve in cubic metres per second.

Using this method. it was possible to determine which of the 12 selected flow stations produced similar
shaped NMow duration curves to those of the Mkomazi River. Figure 6.3 demonstrates that the curves
penerated for stations UTHO07, VZHOO7. VZHOO0S. VTHO16. VTHO1 7. TSHO02 and TSHOO7 all plot very
close to UTHOOS and U THO06 between the 1% equalled or exceeded and the 907 equalled or exceeded

Daily flow duration curves
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Figure 6.3: Daily flow discharge to average daily flow for |1 gauging stations

fNlows. For the purpose of this study, the low flows (those flows equalled or exceeded 90% of the time
or more) are of little consequence, as these do not generate sufficient stream power or shear stress 1o have
any impact on channel form or bed material transport. The high flows are of greater significance
Simulating high flows in South Africa is problematic as South African flow gauging stations are very
poorly calibrated for high flows and are often overtopped, resulting in poor flood peak estimates. Those
stations that plotted with a different shape (TSH003 and TSH005) to the two stations for the Mkomazi
were excluded from further analysis
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6.2.4 Generating target daily flow duration curves

Once the percentage pomts of the 1-day daily flow duration curve were determined for each of the
regional stations, the ratio between cach percentage point and the lower percentage point was calculated.
Forexample. for station UTHOO7. the 0.10% Q' ADF 15 19.86. and the 0.01% Q' ADF 15 57.96. This gives
aratio of 292, e the Nlow equalled or exceeded 0.01% of the time i1s 2.92 times the size of the flow
equalled or exceeded 0.10% of the time (Table 6.2). This gave an indication of the relative sizes of the
flows in relation 1o one another. However. it is clear from the evidence presented in Figure 6.3 that
although the curves from each of the flow stations overlap between the 1 and 90" percentile. the two
stations that gauge the smaller carchments and have a lower mean daily flow. also have a “flashier”
hvdrological regime as measured by the coefficient of variation (CV) (Table 6.1). This is also reflected
n the ratios between the percentage points between the 1% and (0. 1% and the 0.1% and 0.01% equalled
or exceeded range. This would suggest that in this region. smaller catchments in the upper parts of the
drainage basin have a “flashier” type Indrological regime, while the lower parts of the systems tend 10
be more base flow dominated with a less “Nashy™ high flow regime.

Table 6.1: Flow gauging stations around the Akomazi caichment.

Station River Years MAR ADF Coeflicient Arca
(10'm*)  (m"s)  ofvaristion  (km’)

UTHOOT (Beaulieu Estate)  Lovu 19641999 23 0.74 0.60 14
V2IHOOT (Broadmoor ) Hiatikulu 1972.1909 32 1.02 0.54 109
VTHOI6 (Drakenshers) Ncibidwane 1976-1999 48 1.53 044 121
VIHO0S (The Bend) Mool 1972-1999 1S5 3.65 0.46 260
VTHO17 (Drakensbery) Boesmans 1972-1999 138 437 043 27
TSHOO02 (Nooitgedacht) Bisi 1960-1974 154 488 038 867
U THOOS (Camden) Mkomazi 1960- 1999 636 2015 047 1744
TSHOOT (Bezweni) Mzimkulu 1956- 1978 937 3035 0.36 3586
UTHOO6 (Debos Estate) Mhomiaz 1962-1999 1033 32.% 045 4349

2 241 Generaimg the scaling facior for the wavget dath flow duration curves for sites 1 1o 10

The target daily flow duration curves needed 10 be adjusied 10 accommodate the flashier nature of the
upper catchment as well as the base-flow driven nature of the lower catchment. In the /YALAS model,
the target daily time series is accommodated by utilising a scaling factor. To generate the daily time
senes for sites 1 10 10, the source flow data was taken 10 be the daily series for UITHO00S, as these sites
were closer 1o UIHOO0S than UTHOD6. For sites with an MAR less than 70. the average of the ratios for
U7HO007, VZHO07, VTHO16 and U'1HOOS were used 10 downscale (sites | to 4) the target daily flow
duration curve for the 0.1 and 0.01 percentiles. For the 1 1o 99.99 percentiles. the target daily flow
duration curve was downscaled using the ratio of the site’s MAR 10 the MAR of UTHOOS, The MAR of
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cach site was calculated using the available data from the quaternary catchments from WR90 and the
catchment arca for each site (measured using the 1:50 000 topographical map)

o generate the daily time series for sites 5 and 6, the source flow data was taken to be the daily series
for ULH00S, as UTHOO03 is within two Kilometres of cach of these sites. The ratios for U 1HO00S5 were used
1o downscale the target daily flow duration curve for the 0.1 and 0.01 percentiles. For the | 10 9999
percentiles, the target daily flow duration curve was downscaled using the ratio of the site’s MAR to the
MAR of UIHO05. The MAR of cach site was calculated using the available data from the quaternary
catchments from WR90. For sites 7, 8, 9 and 10 the same technique was used, but the scaling was in the
upward direction. In this way, daily time scries were generated for sites | to 10 for the Mkomazi River
Figure 6.4 displays two examples of the daily time series for the Mkomazi River. Figure 6.5 displays
examples of the 1-day daily flow duration curves for four sites for the Mkomazi River

6242 Generanng the scaling factor for the target daily flow duration curves for sites 11 1o 13

o generate the daily time series for sites 11 1o 13, the source flow data was taken to be the daily series
for UTHO06, as these sites are closer 10 U THO06 than U11H005. For sites draining greater than 70 MAR,
the average of the ratios for VZH005, VTHO17, TSH002, TSH0O07 and UTHO006 were used to downscale
the target daily flow duration curve for the 0.1 and 0.01 percentiles. For the | 10 99.99 pereentiles, the
target daily flow duration curve was downscaled using the ratio of the site’s MAR 10 the MAR of
UTHOO06. The MAR of cach site was calculated using the available data from the quaternary catchments
from WRY0. In this manner, daily time senies were generated for sites 11 to 13 for the Mhkomazi River.

Table 6.3 presents the flows for the 1-day daily duration curves that were used 10 generate the daily time
series for cach site. The daily time series for all sites are available in Dollar (2001). (Appendix B)

6.2.5 Flood frequency analysis

The daily time series generated for each site were used to generate Mood frequency curves using the
annual and partial senies. Standard techniques were applied (el Dunne & Leopold, 1978: Gordon er al .
1992). The cutoff for the partial senes was taken as the smallest annual flood for the period of record.
It must be noted that the flood frequency analysis was based on mean daily flows and not the peak flows
Instantaneous peak flows are not available as these flows often exceed the Discharge Table Limi (DTL)
of the flow gauging stations, as previously explained. However, it is argued that given the focus of the
research and the impontance of modelling bed material transport, average flow conditions better represent
long-term sediment transport patterns. This does not negate the significance of instantaneous peak
discharges. these will be dealt with in Section 6,2.6. 1t is not practical to display all the data for the flood
frequency analysis. Examples of the analysis are provided in Figures 6.6 and 6.7. Full details are
presented in Appendices C and D of Dollar (2001).




Table 6.2: Regional flow gavging stations arovrd the AMkomazi caechment
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Table 6.4: Highest extreme flood peaks on record for the MRomazi River (modified after van Bladeren
& Burger, 1989 and van Bladeren, 1992).

Ycear Catchment  Equivalent  Discharge  Period Maximu Return
area current (m's’) under m depth period
p (km?) rescarch review (m) (veurs)
site

1959 1744 Sand 6 1490 1931-1990 20-50
1975 1744 Sand 6 2010 1931-1990
1987 1744 Sand 6 2770 1931-19% 5.28 S0-100
1988 1744 Sand 6 1230 1931-1990
1959 3177 92 2470 1931-1990 3.55 20-50
1959 3339 11 3480 1931-1990 8.79 S0-100
1987 3339 i 6030 1931-1990 11.42 =200
1989 4349 12 and 13 2618 1931-1990 4.31 36818
1856 4378 12and 13 7150 1856-1990 11.91 =200
1868 4378 12and 13 5820 1856-1990 1ol 100
1917 4375 12 and 13 3570 1856-1990 8.55 20-50
1925 4375 12 and 13 G100 I856-199%0 .61 100-200
1959 4375 12 and 13 S510 I856-1990 .69 SO-100
1976 4375 12and 13 2880 I856-1990 5.99

1987 4375 12and 13 6830 1856-1990 10.78
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Figure 6.4: Svuthesised daily time series for sues | and 13 for the Mkomazi River
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Mkomaazi river
1-day daily flow duration curve
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Figure 6.5: Svnthesised -dav daily flow duration curves for sitex 1. 6. 9 and 13 for the

Vkomazi River
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Figure 6.6: Annual flood frequency curves for sites 1, 6, 9 and 13 for the Mkomazi River
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Mkomaazi river
Partial duration series
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Figure 6.7: Partial duration series flood frequency curves for sites 1, 6, Y and 13 for the
Afkomuezi River.

6.2.6 Historical Nood records

Historical flood records for the Mhomazi River have been compiled by van Bladeren & Burger (1989)
and van Bladeren (1992). These records were compiled using a combination of historical records.
hydraulic modelling using the slope-arca method and cross-sectional data. Table 6.4 presents the data
in summary form. Van Bladeren (1992) demonstrated that the inclusion of the historical record has a
significant impact on the frequency distribution of the gauged data. Results indicate that caleulating
historical flood data may provide more realistic flood estimates. These records serve as useful
mformation and will be utihised in the discussion of results

6.3 The Mhlathuze River
6.3.1 Data availability

Svnthesised daily hydrological data was available for the Mhlathuze River. The data was generated by
Hughes & Smakthin (1998). Here, a short review of the context of the data is provided. There were two
strcamf{low gauging stations available for the Mhlathuze River, the first 1s at the site of the Goedertrouw
Dam which was completed in 1979, Prior to the building of the dam, a flow gauging station, W1H006
(Normanhurst), had data ranging from 1964 10 1973, but also contained long periods of missing data
After the construction of Goedertrouw Dam, the present gauging station, W 1HO28, was re-opened. This
has data from 1980 to the present-day. A second gauging station, W IHO09 (Riverview) has data from
1963-1991 (see Figure 5.3). These latter two stations were used by Hughes & Smakthin (1998) 10

generate virgin and present-day daily time series for the four sites dentified for the Mhlathuze River
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o generate the virgin time series. Hughes & Smakthin (1998) calibrated the model 10 achieve mean
annual volumes and monthly distributions that were similar 10 those presented in WR90 and the pattern
of daily flow variation 10 the station WIHO09. To simulate present-day conditions. the model was

calibrated against water use data supphied by the local water authority. Mhlathuze Water.
6.3.2  Hydrological regime of the four Mhlathuze sites

Fight daily time series were generated for the four Mhlathuze sites, four daily time series for the virgin
conditions and tour daily time series for the present-day conditions. This information s available in
Appendin B of Dollar (2001). Examples of the virgin daily time series data are given in Figure 6.8 and
examples of the present-day daily time series in Figure 6.9, The virgin | -day daily flow duration curves
arce presented in Figure 6,10, while Figure 6.11 displays the present-day 1-day daily flow duration curves.,

633 Flood frequency analysis

Results of the analysis of the virgin time series and present-day time series for the annual series are
presented in Figures 6.12 and 6.13 respectively. The results of the analysis of the virgin time series and

present-day time series for the partial duration series are given in Figures 6.14 and 6.15 respectively
6.3.4 Historical flood records

The Goedertrouw Dam has been shown 1o have a significant effect on flood peaks downsiream of the
dam. Van Bladeren (1992) has shown that the September 1987 inflow flood to Goedertrouw Dam was
3760 m's™, while the outflow was 550 m's™". A similar flood in 1984 was also severely attenuated by the

dam (Table 6.5). These records serve as useful information and will be utilised in the discussion of

results,
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Table 6.5: Highest extreme flood peaks on record for the Mhlathuze River (modified after van

Bladeren & Burger, 1989 and van Bladeren, 1992).

Y ear

1940
1963
1984
1985
1987

1988

1940

1913
1917

1940

1987

1984

1987

1913
1917
1918
1940
1971
1977

1987

Catchment

area
(km’)

1273
1273
1273
1273
1273

1273

1348

2409
2409
2409
2409

2409

2409 *

2409 *

2771

Fquivalent
current
research site

w W W

3

Discharge
(m’s’)

4100
850
2620
540
3780

450

4100

2170
3290
3630
2420

3590

4790

6000

2330
3530
R

3890

4130

Period under
review

1940-1989
1940-1989
1940-1989
1940-1989
1940-1989

1940-1989

1940-1989

1913-1990
19131990
1913-1990
1913-1990
1913-199%

1980-1990

1980-1990

1913-1987
1913-1987
1913-1918
1913-1987
19131987
1913-1987
1913-1987

Maximum
depth (m)

11.98

8.31

10.04
10.42
870
845

Return
period
(vears)

S0-100

20-50

Jo818
20-50
20-50

20-50

* Calculated as if the flood peak had not been attenuated by Goedertrouw Dam.
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Figure 6.8: Virgmm darly time series
for twor sttes for the Midathuze River

Figure 6.9: Preseni-day daily times
series for two sites for the
Mhlathuze River
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Mhlathuze river (Virgin)
1-day daily flow duration curve
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Figure 6.10: Virgin |-day daily flow duration curves for four sites for the Mhlathuze River
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Figure 6.11: Present-day 1-day daily flow duration curves for four sutes for the Mhiathuze
River
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Mhlathuze river (Virgin)
Annual flood frequency curves
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Figure 6.12: Virgin annual flood frequency curves for four sites for the Mhlathuze river

Mhlathuze river (Present-day)
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Figure 6.13: Presemt-day anmual flood frequency curves for four sites for the Mlilathuze river.
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Mhlathuze river (Virgin)
Partial duration series
10000 00
3
- ' .
% 1000 00 .”:::: :
- B
§
L]
{‘2 100 00
10 00
0.01 01 1 10 100
Recurrence imterval (years)
« StelV o Site2v . Ste3v . Site 4V

Figure 6.14: Virgin partial duration series flood frequency curves for four sites for the
Vidathuze River
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Figure 6.15: Present-day partial duration series flood frequency curves for four sues for the
Ahlathuze River.
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6.4 The Olifants River
6.4.1 Data availability

Good quality hydrological data were lacking for the Olifants River, as was information on the operating
procedures of the dams that control streamflow in the upper Olifants River. As a result, synthesised
hyvdrological data generated by Hughes (2000) using the V I'I model were used.for cach of the four sites
of the Olitants River. The VT model contains four basic functions for the generation of streamflow
(Hughes, 2000),

1. An infiltration excess function that is largely controlled by the surface soil characteristics and

the intensity of rainfall
2 A saturation excess function that is controlled by soil depth, water holding capacity and drainage

characteristics as well as the total rainfall amounts that can occur.

-

A soil moisture draimage or baseflow function that is controlled by topography. water holding
capacity and the rate of drainage characteristics of the soil

1 A groundwater dramnage function that can generate groundwater outflows as spring flows or
through intersection of the regional groundwater table with the river channel system.

Hughes (2000) argues that the data from the DWAF gauging stations (BIHO1S and B2HO003) suggests
that under virgin conditions the upper Olifants is dominated by the runoff generation processes
represented by the first function (infiltration excess). but with a significant. slowly responding
groundwater baseflow contribution. The VT1 model was run using this scenario and calibrated against
an carhier yield assessment generated by consulting engineers BKS. Hughes (2000) suggests that the
model oumtput simulates larger events than appear in the DWAF observed records (flow gauging stations
BI1HOIS5 and BZHOO03). The daily time series that were generated for the four sites for the Olifants river
can be assumed 10 be for virgin conditions.

6.4.2  Hydrological regime of the Olifants sites

Four dmly time series were generated for the Olifants sites, representing virgin flow conditions. Ths
information is available in Appendix B af Dollar (2001). Examples of the virgin daily time senes data
are given in Figure 6.16. The virgin |-day daily flow duration curves are presented in Figure 6.17.

6.4.3  Flood frequency analysis

I'he annual duration series Mood frequency curves are presented in Figure 6.18 and the partial duration
series in Figure 6.19.
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Olifants Site 1 daily time series
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Figure 6.16: Virgin daily time servies for iwo sites for the Olifams River
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Olifants river
1-day daily flow duration curve
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Figure 6.17: Virgin <day dailv flow duration curves for four sites for the Olifams River
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Figure 6.18: Virgim annual flownd frequency curves for four sies for the Olifanis River
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Olifants river
Partial duration series
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Figure 6.19: Virgin partial duration series flood frequency curves for four sites for the
(Nifanis River

6.5 Summary and conclusions

I his chapter has presented the techniques used and hydrological data generated for use in the magnitude-
frequency analysis. Table 6 6 presents the summarised hydrological data for the three systems

The Mhomazi generates the largest MAR of all the rivers considered for this research. It also has the
lowest CV. The data for the Mkomazi River was based on target flow duration curves generated on the
basis of the source data and regionalised flow duration curves. For all intents and purposes, the
synthesised data can be regarded as the natural flow regime as there is as yet no impoundment on the
Mhomazi. It is difficult 10 assess the accuracy of the data in that, apart from the flow gauging stations
in the catchments around the Mkomazi, there is nothing to calibrate the data agamst. It is clear from the
historical flood record s that the method used does not accurately reflect the flood peaks (Table 6.6)
Fable 6.4 has shown that since 1856 there have been a number of floods in the middle and lower
catchments that well exceed the Discharge Table Limits (DTL) of the gauging stations. In the upper
catchment, there have been at least four major floods exceeding 1230 m's™”' since 1959, This would
suggest that a Mood of this magnitude or greater is fairly common (perhaps a 1 in 20 year flood). Van
Bladeren ( 1992 ) has calculated the 1987 flood (2770 m's™) as being somewhere between the S0 and 100
vear flood, while the flood n 1959 of 1490 m’s”' was calculated as a 20 to 50 vear flood. In the lower
catchment at least seven major floods exceeding 2880 m's ' have occurred in the last 150 yvears. Again,
this would suggest that once in 20 vears a major flood s likely to occur. Van Bladeren (1992) has
calculated that floods in the range of 3500 m's”' 1o 5000 m's " are likely 10 have a return period in the
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range of 20 to 50 years. The point is that large floods occur fairly frequently in the Mhkomazi River. Thewr
significance on channel form. maintenance and bed material transport will be discussed in Chapter 9

The Mhlathuze has a lower MAR than the Mkomazi (virgin and present-day ), but has the highest CV of
all the nivers under consideration( Table 6.6). This i1s due to the cut-off lows that generate extreme floods
in relation to the “normal flow . For the Mhlathuze River. svnthesised records were generated for two
scenanos - the pre-dam flow record and the post-dam flow record. Again, it 1s difficult 1o determine the
accuracy of the NMow record. In the case of the Mhlathuze, however, the synthesised data sets are in good
agreement with the historical flood data ( Table 6.6). For the upper part of the Mhlathuze, six major flood
events have been recorded since 1940 (Table 6.5). Again. this would suggest a return period of around
20 vears. The Nood discharge n the lower channel has been severely attenuated by the construction of
the Goedertrouw Dam in 1979, Since 1913 there have been at least seven major floods at the lower end
of the Mhlathuze. These are reflected i the synthesised virgin flow record. As mentioned carlier this has
been shown in the September 1987 flood where the inflow to the Goedertrouw Dam was 3760 m's ' and
the outflow was 550 m's”". The imphications of these reduced flood peaks are considerable

Table 6.6: Summary Ivdrological data for the Mkomazi. Mhlathice and Olifants Rivers

Parameter Mkomazi virgin Mhlathuze Mhlathuze Olifants virgin
virgin present-day

Arca (km”) 4387 4200 4209 10 891

MAR (million 1089 362 217 449

cubic metres)

Wet scason Summer Summer Summer Summer
CvV 041 093 - 0.70
Highest modelled 1021 4896 4163 735

flow (m's™")

Highest flood 7250 6000 4790

record flow (m's™)

I'he data for the Olifants svstem indicates that the Olifants proper has an MAR between that of the
Mkomazi and Mbhlathuze (Table 6.6). It has a higher CV than the Mkomazi, but lower than the
Mhlathuze (Table 6.6). The hydrological data gencrated for the Olifants River is based on the VI model
(Hughes, 2000). The data were calibrated against flow gauging stations BIHO1S and BZH003. The data
idicate that the synthesised data set probably over-predicts the present-day flow enmvironment. Records
from BTHOIS and BZHOD3 indicate that now there are sigmificant periods when there 15 no flow in the
Olifanms River (between 10% and 30% of the time). Unfortunately there are no historical flood records
tor the Olifamts River against which 1o compare the svnthesised record. It is thus difficult 10 assess the
accuracy of the synthesised record.
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I'he daily time series must be seen within the context of the historical tlood records that were available
for the Mbomarz and Mhlathuze Rivers Furthermore. Zawada er aof (1996 and Smiith ¢ 1991 have hoth
sugeested that the present flow environment i southerm African fluvial systems probably came into
being around 1850, It is possible that prior to this many southern African fluvial systems experienced

higher mean annual runot! and larger flood peaks (see Chapter 2 for a discussion on this subject)
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Chapter 7: Field measurements of cross-section data and bed
material and hvdraulic calculations

' | Introduction

This chapter presents the methods and results for the cross-sectional data analysis, bed matenial sampling
and hy draulic computations for the Mhomazi, Mhlathuze and Olifants Rivers. A total of 65 cross-sections
were surveved at 21 sites, 13 on the MKkomazi, four on the Mhlatuze and four on the Olifants. Because
of the large amount of data collected. examples of cach type of analysis are presented. Full details of
analyses of all sites can be found in Dollar (2001).

7.2 Cross-sectional data
.21 Mhkomazi River

Figure 5.1 displays the location of the thirteen sites that were selected for analysis. The sites were
selected to represent the macro-reaches. taking into account also the degree of disturbance and
accessibility, Sites were avoided if on a river bend, had a high degree of human impact (stock grazing
or trampling for example), were close 1o an enginecring construction (e.g. bridge or drift), or were
immediately upstream or downstream of a major tributary input. Table 7.1 displays a summary of the
characteristics for each of the sites for the Mkomazi River. They were classified either as pool-niffle,
pool-rapid or boulder-rapid sites. Many of the sites were controlled or semi-controlled by bed rock in
the channel perimeter.

7.2 1.1 Cross-sections

Where practical at cach of the sites, a mimimum of three cross-sections was surveyved using a Topcon
Total Station. The cross-sections were spaced at an interval of one channel width apart. Cross-sections
were chosen 1o represent the reach, but were also located so that the local hyvdraulic conditions were such
that the stage-discharge curves could be computed without too many complicating factors, Cross-sections
were also chosen so that. where possible. pools and riffles or rapids were represented at cach site.

The cross-sections were marked using a fixed point in the form of a concrete bench mark with metal
stake. Along cach cross-section, relevant morphological data were marked so that, for example, the top
of a point bar or the estimated bankfull discharge could be related to stage. The estimated bankfull stage
was based on a sharp change in topography (Table 7.2). This occurred where there was a clear break of
slope between the active channel and the macro-channel (see Chapter 2, Section 2.4). Figure 2.3 shows
a diagrammatic representation of these features for the Mkomazi. At some sites this topographic break
was accompanied by sand deposition (transect 9b), by the start of grassy vegetation (transects 10a, 10b,
12 and 13), or was coincident with the top of a lateral bar (transect 8a).
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Table 7.1: Channel characterisucs for thirteen sites for the Mkomazi River

Site Latitude Catchment  Macro-  Regional Number Reach Bed
and area (km’)  reach Slope of cross-  type rock
Longitude sections present

| WA ORS 171 | RS 3 Pool- NO

(1320m) 20031' 1 E nihe

2 20035528 3M ] 0.0039 3 PPool- Yes

(1260mm) 2034 1S E riffle

3 20°35'05S 872 1 0. 00285 3 Pool- Yes

(1160m) 29°41'38 E rifMe

1 W 3IFr2SS 901 | 00028 2 Pool- Yes

(1120m) 29°44'26 E riftle

5 20044' 56 S 1665 2 00028 2 Pool- Yes

(940m) 200°44' 26 E riffle

6 20044' 56 S 174] 2 0.0040 3 Pool- Yes

(920m) 20" 54 47 E rapid

7 AN 208 1949 2 00028 2 Pool- Yes

(860m) 30°S56°43 E nife

8 20047 12S 1965 3 0.0036 2 Boulder-  Yes

(840m) 30"5T 28 E rapid

) 20°55'55S 2931 3 0.0062 2 Boulder-  Yes

(520m) W05 23 F rapid

10 WO0o03Ss 3436 1 0.00434 2 Pool- Yes

(380m) 3001051 E riftle

1 000043 S 3462 4 0.0036 | Pool- Yes

(360m) A0S E riffle

12 30005'30S 4177 4 0.00266 I Pool- Yes

(220m) 30024' 20§ nfMfe

13¢40m) 300 07°S50S 4334 4 000266 | Pool- Yes
30°40' 00 E rapid
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Table 7.2: Bankfull stage and bench-full stage characteristics for the Mkomazi River

Site Bench stage Estimated Site Bench stage Estimated

(m) bankfull (m) bankfull

stage(m) stage(m)
la 248 328 Ha 2.53 3.53
b 3.05 6b 292 4.27
lc 3.15 i 4.60
2a 2.76 443 Ta 3.74
2b =8l 4.26 7h 2.21 346
2¢ 208 373 Sa 2.5§
3a 1.74 591 8b 288
ib .15 4.96 a4 2.13 263
RIS 5.00 9h 3.11
la 268 4.06 10a 248
ib 275 4.78 10b 221
Sa 4.39 4.79 11 220 3.38
Sb 4.31 12 2.80
13 2.32

Benches and terraces were identified on the basis of their relationship to the bankfull stage as estimated
in the field. The bench-full stage estimate was based on two eriteria. The first was an obvious break in
slope below the banktull stage. This slope was characienistically concave. The break i slope had 10 be
related 10 a clear bench-like feature. with a distinet flat surface parallel and adjacent to the active
channel-bed, but raised above it. The second factor was a change in vegetation. In many cases, the flatter
bench was covered by grass. In this manner, a consistent defimtion of the estimated bench-full stage was
achieved ( Table 7.2). Major breaks in the cross-sectional profile above the estimated bank full stage were
designated terraces. The terraces were numbered in sequential order from the lowest 1o the highest

Figure 7 1 displays two examples of the types of cross-sections surveved for the Mkomazi River. Table
7.3 displavs the elevation of the benches and terraces above the lowest point in the bed together with
their associated vegetation and sediment characteristics. It can be seen that the features above the low
bench are all associated with sediment in the sand-sized range and finer. The vegetation is mainly grass
and trees
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Figure 7.1:

Crass=sectioms for sites Ta and 7 for the Mkomazi River




Table 7.3: Morphologicol featuves for the Mkomazi River

Site \egetatson Sediment Tereace 1 lm) \cgetatbon Sedement lerrace 2 im) \egetation Sediment
la AL grass and wees sand and finer 47 pra ol and finct
b 149 grass and rees samd and Tiner §42 gra samd and finer
C iTK grass and 12ces sand and Tinet 437 " sand and Nince
4 | JUR] cand and lingr ' grass and trees st and finge 6 ora <and and finer
) N grass and trges sane) andd Finer
) 4106 rass and liees ) and Finer 653 grass sand and hiner
‘a T i1 sand and iy L N grass and Liges sand and hg
th $72 grass and trecs «nd and Fner 703 s sand and finer
L
) L5 1ee soowd 2w we 28 er s and trees sand ad liner s grass sand and limer
ih 9 Erass ind 1o samd and Tt HhAox Srass sand ad himer f
!
a § 93 grass and regds samd and it R gras amd 11ocs sand and limer
~ €74 grass and reeds sand aind linct 713 pracs e troce sand and finer
: i 89 grass and tece nd aad finer 7 gras and tiees sand and fine
!
h $10 grass and ex sand and i |
‘. 654 Brass sand awd linee 850 grass sand and finer
|
|
3 L I grass and trees sand and linge i
“h 1.77 erass and trees wd ed et
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Table 7.3 continuwed: Morphological features for the Mkomazi River.

Site \egetation Sediment Terrace | \egetation Sediment Terrace \egetation Sediment lerimee 3 Vegetation  Sediment
(m) 2im (m)
Ka L84 grass and sand and 558 prass and sand and 1.7% grass and sand and
trees finer trees finer woes finer
Kh $.00 grass and sand and 6 34 grass and sand and
frees finer tress finer
Ya grass sand and 178 prass and cand and
finer trees finee
ah 474 prass and sand and
e fmer
102 47 grass sard and TS grass and
et rees
1o (L gras sand and 768 grans ang
fincr trees
" grass sand ard UL grass and sand mnd s grass and
finer trees finer trees
12 b1s plass and sand wpd 675 grass and
trees fner trees
13 TOR prass and savd and §R2 grass and sand and 1207 gras and s and
wees finer ress fince wrees finer
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Plate 7.1:

Plate 7.2:

Mkomazi Site | looking downstream

\fkomazi Site 7 looking upstream
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7.2.2  Mhlathuze River

Four sites were chosen for the Mhlathuze River. Figure 5.3 displays the location of the sites that were
selected for analysis. Table 7.4 displays a summary of the characteristics for each of the sites. Site | is
just below the Goedertrouw Dam and as such has been affected by the regulated flow regime. This has
resulted in the channel narrowing and deepening. Site 1 is semi-controlled by bed rock. as the right bank
of the site contains a dyke that has intruded into the country rock. Site | consists of three distributary
channels, each with a different flow level. The complexity of Site | was such that seven cross-sections
were surveyed to ensure that the hydraulic calculations were accurate. Sites 2. 3 and 4 are wide. regime
sand-bed channels

Table 7.4: Channel characteristics for four sites for the Mhlathuze River

Site Latitude Catchment  Macro-  Regional Number  Reach Bed
and arca (km’)  reach Slope of cross-  type rock
Longitude sections present

] 28°44°31S  194) 1 0.0015 7 Pool- Yes

(100m)  31"36'20E rffle

2 28°44°50S 2666 A 0.00282 2 Regime!  No

(40 m) 3144 S0 E

3 28°50°45S 2860 R 0.00087 | Regime No
(20 m) IS E

- 28°37'25S 3608 K 0.00070
(10m) 34426 E

L]

Regime No

" A regime channel is defined by Rowntree & Wadeson (1999) as a channel with a mobile bed that adjusts rapidly
10 changes in imposed flow.

7.2.2.1 Cross-sections

Figure 7.2 displays two examples of two surveved cross-sections at sites | and 3 in the Mhlathuze River
Plates 7.3 and 7.4 show the general characteristics of these sites. As in the Mkomazi River, a common
feature in the Mhlathuze River is the occurrence of distinct benches and terraces. Table 7.5 displays the
criteria used to define the bench-Tull and bankfull stage for the Mhlatuze sites, while Table 7.6 displays
the heights above the lowest point in the bed as well as the sediment and vegetation characteristics for

cach of these features for the Mhlathuze River




Table 7.85: Bankfuil discharge and benchi-full discharge characterisiies for the Mblathuze River

Site Number Bench 1 (m) Bench-Tall estimate criteria Estimated bankfull (m) Bankfull estimate criteria
la 145 Break in slope and start of the  3.00 Change n topography
reed yegctation
Ib 2.16 Change in topography
2 119 Break n slope, top of grassed 267 Change i wopography
wshand and start of the read
) rgctﬂum
i 269 Change i topography
1 229 Change m topographs
Table 7.6 Morphological features for the Mlilathuze River
Site Vegetation  Sediment Terrace  Vegetation  Sediment  Terrace  Vegetation  Sediment  Terrace  Vegetation  Sediment
1(m) 2(m) Jm)
la Reeds sand and
finer
I 386 reeds and sand and 445 reeds and sand and 661 trees sand and
ees finer trese finer finer
2 Reeds sand and 447 reeds and sand and $87
liner trees finer
3 184 reeds and sand and 7.28
frecs finet
4 14 reeds sand and S, 78 reeds and sand and
fimer frees fimer

SHOUDIIID IO PUD STUII NSO P - d20dmg )
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Mhlathuze Site 1
Riffle section
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Figure 7.2: Cross-sections for sites | and 3 for the Mhlathuze River
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7.2.5  Ohtants River

Four sites were chosen for the Olifants River. Figure 5.5 displays the location of the sites that were
selected for analysis. Table 7.7 displays a summary of the characteristics for each of the sites. The
Olifants River is a predominantly bed rock controlled system, and as such has little capacity for changing

its overall channel morphology except by sediment deposition.

Table 7.7: Channel characteristics for four sites for the Olifants River

Site Latitude Catchment  Macro-  Regional  Number  Reach Bed
and area (km’)  reach Slope of cross-  type rock
Longitude sections present
[ 25°45'31S 2520 3 000366 7 Regime  No
(I1380m) 291846 E
2 25°20°34S 10820 4 000403 7 Pool- Yes
(1030m) 29715 18E rapid
3 25°40° 24 S 2350 Kl 000616 6 Pool- Yes
(1265m) 29" 1858 E rapid
4 2537108 4300 3 0.00015 6 pool- Yes
(1200m) 28°59'59E nifle
anabranc
hing

T2 31 Cross-sections

Figure 7.3 displays two examples of cross-sections surveved for the Olifants River. At each of the sites
for the Olifants River at least six cross-sections were surveved. This was because the channels were

complex with multiple distributaries. The water surface in the distributary channels was at differem

elevations due to strong upstream hydraulic control. Morphological features were noted and fixed onto

the survey. Table 7.8 displays the criteria used 10 determine the bankfull discharges. Table 7.9 displays
the height of each of these features above the lowest point in the bed as well as the sediment and

vegetation characteristics of cach site,




Table 7.8: Bench-full disclharge and bonk full discharge characteristics for the Olifants River

Site Number  Bench (m) Beneh-full estimate Estimated Bankfull estimate criteria
criteria bankfull (m)
1 1.57 Change in topography. start of reed growth
2 - 3.21 Change in topography, start of reed growth
3 . 258 Change i topograph
4 - - 2.7 Change m topography
Table 7.9: Morphological fearures for the Olifants River.
Site Terrace | Vegetation  Sediment Terrace 2 Vegetation  Sediment Terrace 3 Vegetation  Sediment
(m) (m) (m)
| 447 grass, reeds  gravel and 6.57 grass and gravel and
and trees finer trees finer
2 381 recds and boulders, 538 grass and gravel and 761 grass and sand and
trees cobble, trees finer trees finer
gravel and
sand
3 5.08 reeds and Graveland 623 priss and gravel and 7.62 grass and sand and
trees finer trees finer trees finer
4 6.17 reeds Gravel and 7.89 grass and gravel and 9.26 grass and sand and
finer trees finer trees finer

SUONDIRID JIRDIPAY PUD STUNUXIRSDNE PI21g - aopdmy )
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Figure 7.3: Cross-sections for sites | and 3 for the Olifants River
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Plate 7.5: Olifanis Sire | looking upstream
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Plate 7.6: Olifanis Site 3 looking downstream
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7.2.4 Quality audit and summary

I'here are a number of issues that must be mentioned with respect 10 the cross-sectional surveys. First,
27 cross-sections were surveyed for the Mkomazi, 12 for the Mhlathuze and 26 for the Olifants River,
a total of 65 cross-sections. Thirty-seven of these have been rated 1o produce stage discharge curves.
This required repeated site visits. A minimum of four calibration visits were made, in some cases as l
many as seven calibration visits were achieved. Given time and financial constraints, it was not possible

to survey any further cross-sections. The number of cross-sections may, therefore, be a limiting factor '
in terms of the representivity of the data.

Second. the number of cross-sections at each site vanied. One of the reasons for this was the variable
complexity of the sites. Where multiple channels occurred with different water levels. a greater number
of cross-sections were necessary 1o adequately perform the hydraulic computations. For example. Site
! on the Olifants River had four distnibutary channels, this required seven cross-sections 10 reflect the
water levels at different discharges. Site 3 on the Mhlathuze on the other hand, was a simple sand-bed
regime channel and therefore only one cross-section was used to represent the site. The number of cross-
sections also depended on the reach type. For example where a pool-riffle reach type occurred, the cross-
sections were situated to reflect both the pool and the riffle. Itis argued that the cross-sections adequately
represent the macro-reaches of the three rivers under investigation.

Third. the accuracy of the bed matenial transport computations is in part dependent on accurate surveying
of the cross-sections. Any error in the cross-sectional surveys will be compounded in the hyvdraulic
computations and in the bed matenal transport values. For this reason, the cross-sections were surveyed
using a Electronic Total Station which results in a very accurate survey.

7.3 Bed material data

Bed material was sampled to determine the calibre of bed material at each site so that it could be used
in the bed material transport cquations. The problem of obtaining an accurate, reliable and representative
sample of bed material is well known (ef. Wolman, 1954; Church er af | 1987). Authors have suggested
different methods for bed material sampling. These include surface clast counts. surface and subsurface
bulking and sieving (Ferguson & Ashworth, 1991 ), surface counts using a grid system (Wolman, 1954),
pacing (Mosley & Tindale, 1985) and transect sampling (Kellerhals & Bray, 1971; Ibheken, 1974). Bed
material sampling techniques differ and are adapted to the objectives of the survey as well as to financial
and technological constraints

Based on the literature, as well as resource constraints, it was decided to use a combination of surface
clast counts and bulk subsurface sampling and sieving. the details of which will be discussed with
reference 1o each river. A sample of the bed matenial was taken on one occasion only at low flow for cach
site, enabling the sampling of deeper pools, faster flowing riffles and rapids. While it is acknowledged
that bed material characteristics can change over time, the logistics of bed material sampling, and the
laboratory time necessary to process the samples. placed logistical constraints on sampling. Indeed, based
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on visual and photographic evidence. there appeared to be little evidence to suggest any significant
change in the composition of the bed material during the period of study.

7.3.1 Mkomazi River

A combination of surface clast counts and bulk subsurface sampling and sieving was used for the
Mkomazi River. At least 500 samples were taken at cach site. Mosley & Tindale (1985) suggest that 70
samples per site are necessary to obtain a representative sample of the whole bed, while Wolman (1954)
and Brusch (1961 ) suggest a sample of 60 1s adequate. The Mkomazi samples should therefore have been
more than adequate to represent the local conditions. Where the samples were in the sand (-2 mm) to
fine gravel (<10 mm) range, a bulk sample was taken and sieved. Where the size range was medium
gravel (> 10 mm) or larger. the size of the median axis was measured with either a pair of calipers or a
measuring tape. The data were used to construct a curve to show the percentage finer bed material for
cach site, Figure 7.4 displays examples of the curves constructed for sites 1, 6, 9 and 13. From these
curves. the Dy Dy, and Dy, and so on were determined. Table 7.10 displays the results m tabular form.

Table *.10: Bed material characteristios for the Mkomazi River

Site D, D, Dy, S Mean CV  Silt + Clay Sand Gravel +

(mm) (mm) (mm) Yo %  Cobble +
Boulder %

| 1.8 5.0 16 7.1 59 0.80 0 154 846
2 2.8 10.0 45 21.1 239 0.88 0 6.7 933
3 1.1 42 4 6.3 74 0.85 0 19.6 804
4 04 12.0 90 448 452 0.99 0 306 69 4
s 0.2 1.7 15 7.4 7.6 0.98 23 279 098
6 is 260 100 48.1 519 093 0 14.6 854
7 86 480 220 1057 1143 092 0 40 96.0
8 130 300 150 68.5 81.5 0.84 0 33 96.7
9 4.2 60.0 410 2029 207.1 0.98 0 9.8 902
10 15.0 50.0 00 1925 2075 093 0 3. 969
11 22.0 65.0 160 6V 91.0 0.76 0 1.3 98.7
12 07 39 230 1146 1153 0.99 0 441 559

13 3.2 26.0 96 461 49.6 0.94 07 10.9 884
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Figure 7.4 Bed material for sites 1, 6. 9 and 13 for the Mkomazi River
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Figure 7.5: Bed material for sites 1 1o 4 for the Mhlathuze River,
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Figure 7.6: Bed material for Sites | 1o 4 for the Mhlatuze river
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Ihe data indicate that the Mkomazi River is mainly a cobble-bed river. Most of the sites, with the
exception of sites 4, 5 and 12, consist of over 70% gravel and cobble, with only small percentages of
sand and virtually no silt or clay. The low values of silt and clay may reflect a sampling problem, in that
the silt and clays could have been washed out of the sample before they could be placed in the sample
bag The data also show that the expected downstream fining of bed material in the Mkomazi River does
not hold true, In fact, the general trend 1s an increase in the size of the bed matenial between sites | and
10. This holds true for the D . D, and the Dy, Sites 11, 12 and 13 display variability in the downstream
direction. Site 12 is predominantly a sand-bed channel, but has a large Dy,. Sites 8, 9 and 10, which are
in the gorge section of the Mkomazi, reflect a very coarse bed with a large Dy, and a high standard
deviation and coefficient of vanation. The charactenstics of the bed material of the Mhomazi therefore
reflect the channel type: Mater, wider sections are associated with relatively finer material, while the
steeper gorge sections reflect coarser bed material with a high standard deviation and coefficient of
vanation. The notion of downstream fining does not appear to fit the bed matenial characteristics of the
Mhomazi River. rather the bed material characteristics tend to reflect local hyvdraulic conditions.

The data indicate that the Mkomazi River is mainly a cobble-bed river. Most of the sites, with the
exception of sites 4, 5 and 12, consist of over 70% gravel and cobble, with only small percentages of
sand and virtually no silt or clay. The low values of silt and clay may reflect a sampling problem, in that
the silt and clays could have been washed out of the sample before they could be placed in the sample
bag. The data also show that the expected downstream fining of bed material in the Mkomazi River does
not hold true. In fact. the general trend is an increase in the size of the bed material between sites | and
10, This holds true for the D, D, and the Dy, Sites 11, 12 and 13 display variability in the downstream
direction. Site 12 is predominantly a sand-bed channel, but has a large D,,. Sites 8. 9 and 10, which are
in the gorge section of the Mkomazi. reflect a very coarse bed with a large Dy, and a high standard
deviation and coefficient of vanation. The charactenistics of the bed material of the Mkomazi therefore
reflect the channel type: flatter, wider sections are associated with relatively finer material, while the
steeper gorge sections reflect coarser bed material with a high standard deviation and coefficient of
variation. The notion of downstream fining does not appear 1o fit the bed material characteristics of the
Mhomazi River. rather the bed material characteristics tend 1o reflect local hydraulic conditions.

7.3.2 Mhlathuze River

For the Mhlathuze River. a combination of surface clast counts and bulk subsurface sampling and sieving
was used for Site | However, for sites 2. 3 and 4 the bed matenial 1s in the sand-sized range (<2 mm).
Here, thirty bulk samples were taken using a grid system at cach site. These were analysed in the
laboratory for grain-size analysis, Figure 7.5 displays the particles size curves for sites 1 1o 4. From these
curves, the D, D, and D, and so on were determined. Table 7.11 displays the results in tabular form,

With the exception of site |, The Mhlathuze River in the arca under consideration was a sand-bed
channel. Site | was a pool-riftle channel type and. therefore, the predominant bed material was gravel
and cobble. Snes 2. 3 and 4 were sand-bed channels, with sand constituting over 75% of the bed n all
cases (Table 7.71). The depth of the sand was considerable. During the sampling of the bed, a 5 metre




é

Chapter = Field measurements and hvdraulic calculations Page 120

won rod was inserted into the bed at sites 2, 3 and 4 and in all cases, the depth of the sand in the bed
exceeded five metres. Although there was some gravel present at these sites, this did not exceed 32 mm
in diameter. The mean grain size in the lower three sites was around | mm. Very little silt and clay was
measured. The low standard deviation and coefficient of variation in the lower three sites confirmed the
homogenceity and well-sorted nature of the bed.

Table 7.11: Bed manerial characteristics for the Mhlathuze River

Site D, D, D, S Mean (4 Silt + Sand  Gravel %
(mm) (mm) (mm) Clay % Yo

1 04 22.0 35.0 17.3 17.7 09 0.20 19.5 80.3

2 0.4 07 1.4 0.5 09 0.6 0.02 9219 s

3 04 0.8 2.0 0.8 1.2 0.7 0.05 75.7 243

. 04 09 1.3 0.5 08 0.5 0.06 874 125

7.3.3 Olifants River system

A combination of surface clast counts and bulk subsurface sampling and sieving was used for the
Olifants River system. A mimimum of 500 samples were taken at each site. Curves were constructed to
show the percentage finer bed material at each site. Figure 7.6 displays the curves constructed for sites
1 to 4. Table 7.12 displays the results in tabular form. The data indicate that all the sites are dominated
by coarse bed material. The material is often imbricated and armoured, There is very little silt, clay or
sand on the bed. Site | consists mainly of gravel-sized material, while sites 2, 3 and 4 are dominated by
boulder-sized bed material. There is very little sand sized material in the bed at any of the sites.

It should be noted that sites 1 and 2 are on the Olifants proper. Site 3 s on the Khein Olifants and sie 4
15 on the Wilge River. The highest discharge occurs at Site 2, followed by sites 4, | and then 3,

Table 7.12: Bed material characteristics for the Olifants River and iributaries

Site D, D, Dy, SD Mean (Y Silt + Sand Gravel +
(mm) (mm) (mm) Clay % % Cobble +
Boulder "%
| 22 96 27 128 149 0.85 06 26 9.8
2 5 220 520 258 263 0.98 0.0 12.6 874
3 140 250 480 170 110 0.55 0.0 04 99 .6

R 90 320 500 208 295 0.69 0.0 0.2 Q0 §
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7.5.4 Quality audit and summary

Ihe accurate determination of the bed material for a site 1s difficult. This is especially so as bed material

can change in the horizomal plane, with depth and over time. Due to Jogistical constraimnts, it was not
possible to sample the bed material more than once through the course of the project. However. it is
argued that the sampling programme resulted in a representative sample of the bed material, especially
at sites containing a homogenous bed. The Mkomazi, Mhlathuze and Olifants Rivers display different
bed matenial characteristics. The Mhomazi is mainly a cobble-bed river. the Mhlathuze is predominantly
a flat. sand-bed channel, while the Olifants is a steep, cobble-bed river. with a very coarse armour layer
mn the boulder-size range.

7.4 Hydraulic computations

The aim of the hyvdraulic computations was 10 generate rated sections for each site, This was required
for wo reasons. First, the relationship between stage. discharge. wetted perimeter and water surface slope
15 necessary to determine bed material transport. Second, the rating was required 10 relate stage 10
channel features. A stage discharge curve was created for each cross section based on field measurements
of stage and discharge and on theoretical calculations of discharge from hydraulic variables

Fach cross-section was re-surveyved between four and seven times to determine the water surface stage,
water surface slope and discharge. Discharge measurements were made using the velocity area method.
Velocity was measured using an electro-magnetic Marsh-McBirney Flow Mate current metre. Readings
were made at every metre or half metre at 0.6 depth from the surface. Using this technique. stage-
discharge rating curves were constructed for each of the cross-sections for each site for the Mkomazi
River,

These curves were extended beyond the range of measured discharges using estimates based on hyvdraulic
theory. There are a number of means of calculating flow discharge from stage. Three common methods
are the Chezy, Mannings and Darcy-Weishach equations (Chang, 1988). It has been common practice
in South Africa to use Manning s resistance equation (Broadhurst ef @l 1997), For the purpose of this
study and for consistency, the most common flow resistance equation (Manning’s) was used. A full
description of this techmique is available in most hyvdrological or hydraulic text books. Here, a short
review will suffice. The derivation of the basic equations that govern open channel flow begins with the
assumption that a fluid can be considered as a continuum (Lane, 1998). Manning s resistance equation

15 given by

(A S, '

o

P ) n ) (Equation 7.1)

where Qs discharge (m's”'). A iscross-sectional flow area (m°), P is wetted perimeter (m), S, is friction slope (mim)
and n s theManning resistance coefficent (s m ')
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The ‘resistance-friction slope” term in Equation 7.1 can be combined into a single term, given by

k=0 "~ ‘ (Equation 7.2)
)

Using Manning’s. a table of observed and modelled discharge is generated. The modelled discharge is
extrapolated beyond the range of field measurements by estimating the “friction slope-resistance” (n)
Fstimating "n’ is problematic. but the use of photographs (Barnes, 1967) and previously modelled data
(Chow, 1959) can help provide an adequate estimate. Indications are that the resistance coefficient
reaches an asymptotic value with increasing discharge, but increases exponentially with reducing
discharge as the flow depth becomes comparable 1o the height of the resistance elements (Broadhurst er
al. 1997). Applying Manning’s to extreme low flows is difficult, when the flow depth is about the same
depth as the resistance elements and. as a result, large coefficients are derived. In this case, the highest
n value s apphied

Estimating the slope also proved problematic. The estimated slope was calculated as a function of the
relanionship between the regional slope (1:50 000 topographical map) and the lowest water surface slope
measured in the ficld (Birkhead & James, 1998). The slope was estimated by:

(S+~(5-85
Estimated slope = ——— — )

(1+(0.01- Q)

(Equation 7.3)

where S, is the regional slope (m/m ), S, 15 the lowest water surface slope measured in the field (m'm)

I'he slope generally increases with increasing discharge, reaching an asymptotic level at approximately

the regional slope (calculated oft |:50 000 topographical maps). However, this is not always the case
At some sites, the slope calculated in the field was greater than the regional slope. This situation occurs
where the site is located on a steep section, often associated with strong bed rock control, or where the
section traverses a riffle. In these instances, the slope decreases with increasing discharge as the riffle
or rapid is drowned out. This has significant implications for sediment transport and will be discussed
in greater detail in the following three chapters.

Onee the observed and modelling stage discharge relations had been determined. a regression was fitted

to the data. The general form of the regression is given in Equation 7.4
v=aQ"+ ¢ (Equation = 4)

where v is the maximum flow depth (m), a, b, ¢ are the coeflicient, exponent and constant respectively
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741 Computations for the three rivers

Examples of stage discharge curves generated for the three rivers are shown in Figure 7.7, 78 and 7.9
Table 713, 7. 14 and 7,15 display the coefficients from the regression analy ses for different cross sections
at the thirteen sites for the Mkomazi River and the four sites on both the Mhlatuze and Olifants rivers.
Ihese regression coefficients were used 1o develop rating curves for the cross-sections,

Where there were multiple channels at a site, the individual channels were modelled separatels . When
a critical discharge was reached such that the individual channels flowed as a discrete unit. a different
rating was applicd. In this manner it was possible to rate cach of the distributary channels.

Rating curves for the Mhlatuze and Olifants rivers have been published (Jordanova, 1998 in Louw,
1998h).

7.4.2 Quality audit and summary

Ihe accuracy of the hvdraulic computations depends on a number of factors: an adeguate estimate of the
houndary roughness “n’. the water surface slope, and the range of flows utilised 1o calibrate the rating
curve. The modelled boundary roughness is subject to error. In an attempt to minimise possible error,
values from photographs (Barnes, 1967). previously modelled data (Chow, 1959) and available
roughness calculations from South Africa (Broadhurst er w/., 1997) were used. This increased the
confidence in the boundary roughness estimates. The slope was calculated as a function of the
relationship between the water surface slope measured in the field, and the regional slope as measured
off a 1:50 000 1opographical map. The resistance coetlicient and energy gradient calculated for high
flows probably achieves a higher degree of confidence. as local hydraulic controls become inundated and
drowned-out. resulting in a tendency towards uniform water surface gradients and asymplotic resistance
coefficient values,

Ihe range of flows used to calibrate the rating curve for all three rivers were deemed acceptable. A
minimum of four calibration site visits were undertaken for cach of the sites. The range of flows vaned.
but were sufficient 1o provide a reasonable level of confidence in the rating procedure. During the period
of study. the Mhomazi and Olifants Rivers experienced high Nows, and thus the confidence in the
hydraulic caleulations for these two rivers is good. The Mhlathuze River proved 1o be problematic, as
the flow was haghly regulated and. therefore, only low flows were used 1o calibrate the stage discharge

curve. This means that the confidence in high fow hydraulic calculations is moderate 1o low
7.5 Summary and conclusions

The preceding discussion has presented the methods and results obtained from the cross-sectional data,
the bed material analysis and the hydraulic computations. Of the three rivers selected for study . two. the
Mhomaz and Olifants, contain a coarse heterogenous bed, The third river, the Mhlathuze, contains a
homogenous, well-sorted sand-bed. All of the rivers are characterised by complex channels. with distinet
m-channel benches and terraces.
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Figure 7.8: Hvdrauhic rating curve for Mhlathuze Ste 1, cross-section B.
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Table 7. 13: Parameters in Equation =4 for thirteen sues for the Mkomaz: River

Site

la
b
Ict ' 10m's)

lc - 10m's)

6b
¢

Sa

8h

qb
10a

10b

0.645
0.665
0.297
0.732

0417

092
0.600
0313
0.847
0471
0.485
0.335

0.563

0,255
0.219
0.232
0.349
0.122
0165
0.234
0,541

0.158

0442

Parancter

b

0.326
0512
0617
0.340
0297
0

0229
0.449
0

0.757
0.500
2308
1.357
0834
0.599
2180
0.546
0.023
0630
0371
0.656
0.194
0.7258
0

0

0449

0646
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Table 7.14: Parameiers in Equation 7 4 for four sies for the Mhlathuze River

Site Parameter
a b (8
la 0.370 0.443 0.60
Ihi<11 m's" 0.377 0.248 0
Ib(=11 m's™") 0.165 0.722 0
Ja 0.221 0471 0
s 0337 0415 0
4a 0.245 0.467 0310

Table 7.15: Parameters in Equation 7.4 for four sites for the Olifants River.

Site Parameter

“ b C
I (<3.06m's™") 0.354 0315 0
| (<3.06 m's'<50 0.328 0376 0
m's’)
1(>50m's™") 0.282 0417 0
2(<100m's") 0377 0.321 0
2(>100m's") 0.186 0472 0
3 0.128 0.564 0336
4(<16.8m’s") 0.673 0.261 0
d(~168m's") 0,447 0416 0
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Chapter 8: Modeling bed material transport and sediment
maintenance flushing flows

8.1 Introduction

T'his chapter is divided into two parts. The first part deals with the methods used for the bed material
transport calculations, and the techniques employed in determining effective and dominant discharge.
The second part of the chapter discusses the methods used in determining sediment-maintenance Nushing

lows
8.2 Generating the effective discharge

I'he effective discharge was generated using the three bed material transport equations (see Section
8.2.1). 1ogether with the hydrology (Chapter 6). cross-sections. bed material data and hydraulic
computations (Chapter 7). Section 8.2.5 presents the procedure that was used.

8.2.1 Bed material transport equations

Due 1o the large number of bed material transport formulae in existence, the selection of reliable
cquations suitable to the physical conditions of a particular river are of significance. For the purposes
of this thesis, three bed material transport equations were selected. These are the Yang (1972), Ackers
& White (1973). and Engelund & Hansen (1967) equations. The three equations chosen are all based on
stream power, a factor considered 10 be more appropriate than shear stress (Chang, 1988)

In a number of comparative tests. the Ackers & White (1973) formula has been shown to perform well
(¢f. Chang. 1988: Gomez & Church. 1989); it has also been widely used in South Africa (¢f. Birkhead
eral . 2000). The formula accounts for bed load and suspended load and has been developed from best-fit
curves from almost 1000 sets of laboratory data. The Ackers & White equation has been formulated for
heterogenous gravel-bed nvers. As mentioned earlier the Mhomazi and Olifants Rivers consist of coarse
cobble-beds. and 1t 1s argued that the Ackers & White formula is suitable to the physical conditions of
these two nivers.

The Yang equation has also been shown to perform well in comparative tests (cf. Chang. 1988; Gomez
& Church, 1989), and is a useful cquation for a variety of bed-1ypes. It has separate components for sand
and for gravel and larger sized material. The Yang equations for sand and gravel are identical in general
form. but have different numerical values for the coefficients relating to the vanation in particle size. The
cquations can therefore be used with a reasonable amount of confidence for all three rivers under
consideration. The final equation chosen was that of Engelund & Hansen (1967). This equation was
developed specilically for regime-type sand-bed alluvial channels. The Mhlathuze s such a channel.
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Given the nature of the channels under consideration, it is argued that these formulae are suitable for
predicting bed material transport.

In order 1o account (to some extent) for the heterogenous nature of the beds, the transport equations were
applied 1o cach grain size class separately, and later summed so that the relative proportions of each grain
size class™s contribution 1o the total transport rate could be accounted for. This does not imply that the
equations account for the “liding factor” or the “obstacle clasts” (cf. Figure 4.1). Rather, the data sets
from which the Yang and Ackers & White equations were developed take into account the different types
of bed material transport that occur in sand- and gravel-bed rivers through differemt coefficients

A number of assumptions were made in using these bed load equations. The first assumption was that
the bed maternial sampling programme for each site was representative of the supply of material to the
channel. This assumption was made due 1o the lack of any viable alternative. Solving this problem would
require an extensive modelling exercise linking sediment delivery from the catchment to the channel,
which in itself would be based on a number of further assumptions. This solution fell outside the
boundary of this rescarch. A second assumption was that the bed material size distribution could be
averaged for the entire site and used to represent each cross-section. It is argued that although this may

misrepresent certain cross-sections, the averaged effect will compensate for this and will provide a more
representative result

The third assumption was that the supply of material 10 cach site is constant, and that the relative
proportion of sediment sizes (and volume) supplied to each site was the same as the relative proportions
of the sizes (and volume) of the sampled bed material. This assumption was necessary ., as the alternative
would have necessitated a complete shift of research focus towards routing the sediment through the
system, which would involve a further series of assumptions. [Birkhead ez ol (2000). for example, in
modelling sediment transport through the Sabie River, used one grain size (1.0 mm) to represent the
entire bed load). For this reason, an approach was adopted that uses channel cross-sections within a shorn
reach, from which the various hydraulic vanables were measured (see Chapler 7). The sediment transport
values that were generated were thus linked to individual cross-sections and represent bed material
transport potential within the limits of accuracy of the equations.

The fourth assumption was that, where there 1s armouring. the armour needs 1o be mobilised before the
sub-armour layer can be transported. This may mean that the transport values that were computed once
the coarse armour layer is mobilised under-represens the actual wanspon rate.

The fifth assumption was that average hydraulic conditions could be used. Where depth or velocity was
required, it was averaged over the cross-section. Although this may under-represent transport at certain
points along the cross-section (for example, where local conditions create high velocities). it is argued
that it will also over-represent transport at other points along the cross-section. In this way the averaged
effect will provide the most consistent results.
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Given the preceding assumptions, the following section provides an overview of the use of the three
transport equations. All notation for bedload equations is explained in Table 8 1. Table 8.2 gives the data
requirements for the three approaches.

K211 Yang s equation

Yang (1972; 1973; 1984) related the bed material load to the rate of energy dissipation of the flow. His
bed load transport equation is given in Equations 8.1 for sand (<2 mm) and 8.2 for gravel and larger (+2
mm). Equations 8.1 and 8.2 have the same form, but have different numerical values for the coefficients,
constants and exponents, C . the sediment concentration, is measured in parts per million by weight. The
various components of this equation are explained below,

o ) o V)
op(C, = 5435~ 0.286logl 5 }— 0457 Iog\ ")

\

' W”w 0409108 2] - 031410g] - 1o [5) (ﬁq”
L O ) \"-"J

k\u‘/ l\ ":;IJ

(Equation 8.1)

r I f

W, v.)
logC. = 6681~ 0633log —— - 4816log - |
X\ 0/ \ |

(Equation X.2)

[ (W.d VYT (e (us)]
4+, 2784 - (l305|og‘ .—] - 0.282Ind '_" lod\ j\”—,' - [ '"T ‘

To solve Yang's (1972) formula, the settling velocity must first be determined. The settling velocity
partly determines the rate, mode and distance of transport by shearing forces in a fluid (Chang. 1988).
The general method for calculating settling velocity is by the general drag cquation. Stokes™ law is
apphicable to particles of less than 60 microns which is clearly unsuitable for a general transport equation.
I'he rate at which a particle settles in a stationary fluid depends on the viscosity and density of the flud,
and on the size, shape, density, roundness and surface texture of the particle. The difficulty is that no
theory based on the physics of flow exists to predict the settling velocity of natural sediments. For this
reason. workers in the field have produced empirical curves based on laboratory work. Due to limitations
in the laboratory, most researchers have focussed on a limited range of particle and fluid properties. and
several do not identify all the factors responsible for settling velocities. The result is that these curves
are of imited use as this method is primarily applicable 1o spheres (James, 1998),

For natural sediments, the approach by Dietrich (1982) is deemed appropriate. Dietrich’s ( 1982) method
accounts for size, density, shape and roundness. First, the dimensionless particle size is determined:
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Table X 1 Nowation used in bedload equations
symbol | property commonly used units
values
S, sediment concentration ppm by weight
settling velocity of a particle m sec’
d the geometne mean diameter of the m
sediment size class
a. b ¢ | longest, intermediate and shortest axes of m
a sediment particle
D. dimensionless particle size dimensionless
D, nominal diameter, equivalent 1o the m
diameter of a sphere of the same volume
as the paricle -
s specific gravity of sedimemt 265 dimensionless
o, density of sediment 2750 kgm'
P density of the water 998.2 (@ 200 () hkgm”
v Kinematic viscosity of water 1.007 x 10* (@ 20° C) m’ s
2 gravitational acceleration 9.807 ms*
hydraulic radius m
U mean velocity of the fluid m sec”’
U critical velocity m sec’
A shear velocity m sec’
Re* shear Reynolds number
& sediment mobility number (Ackers and
White)
nm | exponents in Equations 8.14 and 8.18
(Ackers and White)
cA coefficients in Equation 8.14 (Ackers and
White)

——————— — e
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'(’,‘ - p)'ul)ll‘\
v | e — (Equation 8.3)
\ ,1 Vv /J

Second. the equation for predicting the settling velocity of spheres is calculated:

R, =-3.776715« 1.92944¢log D.) - 0.09815(log D.y

(Equation 8.4)
- 0.0575(log D.)* + 0.00036(log D.)*

To accoum for the impact of shape on settling velocities, the Corey Shape Factor (CSF) is included
(Corey. 1949), The shape factor which ranges from 0 to 1.0 is a ratio of the cross-sectional area of a

sphere to the maximum cross-sectional area of an ¢llipsoid. The smaller the value, the Natter the particle

‘_,

CSF = ' (Fquation 8.5)

where ais the longest axis, b the intermediate axis and ¢ the shortest axis.

Phe CSF s used in the following form 1o account for natural particle shape. where the ratio of the setthing
velocity of a non-spherical, well rounded particle to the settling velocity of a sphere with the same D. 15
calculated:

| (1=CSFY\)]
R.=logl I-| 085

(1-CSFY " u D, -4
S mh( log L b) (Equation 5 6)

+0.305 < CSF)N1 - CSF) (log . - 46)

To account for the roundness of the particle, Dietrich (1982) developed the following equation which
predicts the ratio of the setthng velocity of an angular particle 1o that of a well rounded panticle:

158
e g

f ( CSF) 7
R, =065~ _ 83 tanh(log D, - 4 b)] (Equation 8.7)
» |

where /" 1s Powers value of roundness (Powers, 1953) on a scale of 0 is perfectly angular 1o 6 is perfectly
round. The estimation of pis highly subjective. and is usually estimated with the standard method 10
assign roundness based on diagrams, photographs, or verbal descriptions. The scale ranges from 0.0 for

perfectly angular 10 6.0 for perfectly round (Dietrich, 1982)

Once R, R, and R. have been calculated, the dimensionless settling velocity W, is calculated as:

W, = R.‘. I()R" *R: (Lquation 8.5)
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This can be converted into a value for settling velocity () by

W "o
"., ' "”.'ip, -_P)i ]I . (Equation 8.9)

'he second component of Yang™ s equation that must be considered is shear velocity (U. . calculated as:
. (i §
U. = (QR.\) (Equation 5 10)

The last component is the ratio of entical velocity 1o settling velocity. The expression for this ratio

depends on the Shear Revnolds number (Re®), determined as

’ { '.d“ )
Re* = | ! (Equation X 11)
L v ]
In smooth and transitional regions where the Shear Reyvnold's number is between 1.2 and 70, the ratio
of critical velocity 1o settling velocity ratio is represented by Equation 8,12, In the rough region, where
the Shear Reynolds number is greater than 70, the ratio is a constant - independent of the Shear Reynolds
number (Lquation 8.13)

112 < Re* < 70.then

(U " 25 ! (Equation 8.12)
—= | = | — 40,66
W) loglll.d /v) - 006
1170 < Re*.then
(Equunion 8.13)
' [

N.2.1.2 Ackers & White equation

I'he Ackers & White formula (1973) is also based on the stream power concept (Ackers. 1993). They
related the concentration of bed material load as a function of sediment mobility. The sediment mobility
function is composed of two parts: the transport of cogrse sediment is transported mainly as a bed process
and 1s related 10 the stream power that generates the grain shear stress: finer sediments which travel in

suspension are assumed to be a function of the total bed shear. Ackers & White (1973) thus account for

both modes of transport
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‘ol

Ihe sediment concentration 1s calculated according to Equation 8.14:

d g’ F,)
C. =cs | . - |

(Equation 5. 14)

Values of the parameters ¢. n, A and m are calculated according 1o the value of the dimensionless grain

diameter 1, The first step in applying Equation 8,14, therefore. is to estimate @, for the given particle

size class. This s given as

(Equation 8 15)

The values of the parameters ¢. n. A and m can now be calculated depending on the value of d,

fovzd 21

loge = 2861og. “ngu/ ' 353

n=|-056logd
- r

023
{ = « 014
\ \..l. )
Y Hty
m . l ;-‘
f1.d ()
¢ 0025
n=1\0
A=017

m= 150

(Equation 5_16)

(Equarion 8.17)
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The sediment mobility number (F ) in Equation 8 14 is determined from:

U - 0 1 -1| "
Fy= . T T : ‘ (Equation 8.15)
* | - )™ (32) “log(10R *d"

-

N2 1.3 Engelund & Hansen equation

Engelund & Hansen (1967) used an adaptation of Bagnold's stream power concept to develop their
model. The equation was developed specifically for regime-type alluvial sand-bed rivers. The equation
relates the sediment concentration (ppm) 1o the rate of energy expenditure per unit weight of water (the
LS product) and the shear stress (the R-S product). Chang (1988) maimains that it can be apphied 1o the
upper flow regume to particle sizes greater than 0.15 mm without serious error. The Engelund & Hansen

cguation 15 thus written:

US ¥ Rs

¢ 8
C, = 0.05[ ] (Equation 8.19)

. \s= 1| ((s - 1)gd)” | (5= 1) |

8.2.2 Hydrological data

In Chapter 6. the method of generating the daily times series was presented. The daily flow data was used
to generate 1-day daily flow duration curves and flood frequency curves (annual and partial duration
series). Using the 1-day daily Mow durmtion curves, flow classes were caleulated for each site. The
breakdown of the individual flow classes was based on the assumption that flows equalled or exceeded
10"% of the time or less would probably be those flows that would be the most significant in terms of bed
material transport. In the light of this assumption, the flows from the 99.99% cqualled or exceeded 10 the
1076 equalled or exceeded are divided into 10% duration flow classes. The flow exceedences less than
this are divided into smaller flow class durations, 5%, 4%, 0,9% and 0.09% respectively. The geometric

mean of each flow cliass was then calculated

8.2.3  Hyvdraulic data

Chapter 7 has presented the methods used to determine the stage-discharge relations for each of the cross-
sections. These were applied 10 the Now classes calculated from the flow duration curves, and then
related to the cross-sections at cach site so that parameters such as width, mean depth. hydraulic radius,
slope. perimeter and average velocity could be calculated for the geometric mean of each flow class
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Table 8.2 Dara requirements for bedload formulac
Data input Data source Yang Ackers Engelund
and and Hansen
White
geometric mean of the particle size analysis of bed v v v
sediment class material
nominal diameter v
particle shape ficld measurement of a. b and v
¢ anes
particle roundness roundness charts v
specific gravity or tables for main rock type v v v
density of sediment
density of water tables of water properties v
Kinematic viscosity of tables of water properties v v
water
mean flow velocity hydraulic calibration v v v
hydraulic radius hydraulic calibration v v v
encrgy gradient hydraulic calibration v v

8.2.4  Bed material data

Chapter 7 has presented the methods used and the data obtained for the bed material data. These data
were used in determining the bed material transport for each of the rivers

8.2.5 Bed material transport equations

Having obtained the above mentioned information. it was possible to apply the three bed material

transport equations to cach flow class for cach site. It is important to note that the equations were utilised
such that cach gramn-size class was calculated separately. This enabled the calculation of initiation of
motion and setthing velocity for each grain-size class. as well as the proportion that each size class
contributed 10 the overall transport rate. The actual transport values for each flow class for each size class
arc presented in Appendix F of Dollar (2001). The procedure for applying the above methods to generate

the bed material transport for each site is as follows:
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a) Compute the Mow classes at cach site from the hydrological information (Tables 9.1 10 9.4)

b) Compute the width, mean depth, hydraulic radius, slope, wetted perimeter and average velocity
for cach Row class from the cross-sectional data and hydraulic rating curves

c) Determine relative size classes for the bed material

dy For cach bed material size class and for cach flow class compute the sediment concentration

according to the specified bedload formula
For the Yang equation:
compute the settling velocity using the Dietrich approach (Equations 8.3 10 8.9)
compute the shear velocity (Equation 8.10)
compute the Shear Reynolds number (Equation 8.11)
compute the velocity to setthing velocity ratio for the sand class and the gravel and greater class
(Equations 8.12 and 8.13)
compute the sediment concentration for the sand class and the gravel and greater class (Equations
8.1 and 8.2)
For the Ackers & White equation:
compute the dimensionless grain diameter (Equation 8.15)
compute the constants, coefficients and exponents (Equations 8.16 and 8.17)
compute the shear velocity (Equation 8.10)
compute the sediment mobility for fine and coarse sediments (Equation 8.18)
compute the sediment concentration (Equation 8.14)
For the Engelund & Hansen equation:
compute the sediment concentration using the Engelund & Hansen model (Equation §.19)
For each flow class/'sediment size class:

¢) Compute the sediment load in kg m™ s (concentration x discharge)
N Compute the total annual load in tonnes (load x flow duration)

Combining sediment size classes:

¢ Compute the total annual load in tonnes for all sediment size classes combined (sum of (1)

Combining flow classes:

h) Compute the percentage bed material moved by cach flow class as a proportion of the whole for
cach flow class

1) Compute the maximum competence for each flow class

These computations were carmied out using Quattro Pro

%£.2.6  Stream power and shear stress

Stream power was calculated for each flow class. Stream power (w) has been shown to be an effective
substitute for bed load transport potential. Williams (1983) has shown that a minimum power per unit

area of 1000 Wm™ or more will move boulders with an intermediate diameter of 1.5 m. The value is given
in Watts per metre squared. Unit stream power is written:




-
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o _Y_QS (Equatton 8 27)
-

¥ specific weight of the fluid (9800 Nm )

0 discharge (m's )

w channel width (m)

Shear stress (=) was also calculated. The conventional means of calculating boundary shear stress was
utilised. The value is given in Newtons per metre squared. Average depth was used in calculating the

boundary shear stress
t = pgDS (Eguation 8.22)
D average depth (area’width) (m)

8.2.7 Dominant discharge

Dominant discharge was calculated using the Marlette & Walker (1968) cquation (see Cquation 3.1).
Dominant discharge was calculated separately from the data that were generated for the three transpont

equations
83 Sediment-maintenance flushing flows

One of the consequences of impounded rivers is that reduced magnitude and frequency of flooding may
lead to the accumulation of finer sediment on the channel bed. The channel may then narrow, resulting
i increased flood risk and reducing the variety and areal extent of aquatic habitat. Furthermore, it was
shown in Chapter 4 that unless the coarse bed is moved on a ‘regular’ basis, fine material may fill the
iterstices resulting in higher incipient motion values, which in turn may lead 10 further sedimentation.
To avoud this situation, it is necessany 1o ensure that the sand- and fine gravel-sized material are moved
through the river syvstem. The determination of the magnitude and frequency of flows necessary to
maintain the aquatic habitat in a natural condition 15 known as sediment-maintenance flushing flows
(Reiser er il . 1989). Two options for setting sediment-maintenance flushing flows were considered: the
Milhous approach and the Relative Bed Stability (RBS) approach. These will be discussed in turn

8.3.1  Milhous's approach

Fhe Milhous approach uses a number of equations developed using the Oak Creek data 1o determine the
maximum size of the wash load. suspended load and bed load for cach flow class (Milhous, 1973). The
hydraulic component of the model determines the conditions required to remove and transport sediment
through the stream channel and to maintain the channel morphology (Milhous, 1998b). The maximum
size of the sediment 1o be moved is the maximum size of the wash, suspended or bed load depending on
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the specified objective. The following equations were used to calculate the maximum size of the wash
load (d . . ). suspended load (d . ) and bed load (d ., ).

RS

L

d - (Equarion 5.23)
My w Osa(l..’ l) i

RS

d <
m s 0.28(G,- 1)

(Equation 8.24)

. [ RS ]2 e .
o™ Gon - - (Equation X.25)
- 008G - 1), "

L4

R 15 the hydraulic radius (m)

S, is the energy slope (m/m)

G, 15 the specific gravity of the particles

de. is the median grain size of the stream bed armour and should only be used when the

median size of the bed load is less than the median size of the armour (Milhous, 2000),
The objective is 1o keep the bed material moving through the stream when the armour
is relatively stable.

I'he equation used in the calculation of the median size of the bed load (d,,) is:

dy o= d&;-l — -l ] (Equation 5.26)
0.046(G - 1M, |
When the median size of the bed material is less than the median size of the armour, the bed load
equations are for the calculation of the sizes of the bed load during flushing of the bed material. and not
for gencral movement at higher stream flows. Larlier, Milhous & Bradlev (1986) developed a stream
substralc movement parameter. P, 10 determine the flushing flows needed in a stream.  is the critical
dimensionless shear stress, calculated using the median size of the bed surface material. The equation for
the substrate movement parameter beta () is:
RS

B - - {Equation 5.27)

dy \G .- 1)

The selection of the values of the substrate movement parameters needed to define a flushing flow were
developed from data obtained from bed load transport research in Oak Creek, Oregon (Milhous, 1973)
The data indicated that the value of the § required for the removal of fines and sand from the surface of
a gravel-bed niver for surface flushing is 0.021, and for the removal of material within the substrate (depth
Mushing) s 0.035. An important inherent assumption is that the Oak Creek results can be extrapolated

to other nivers
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The mode of sediment removal is important. Milhous ( 1998¢) argues that the sediment should be moved
as washload when the objective is 1o move sediment rapidly through the stream and where the presence
of the target size is detrimental to the ecosystem. Sediment should be moved as suspended load when the
objective 1s to move sediment at reasonable rates. but where some deposition is acceptable. Sediment
should be moved as bed load when the larger sizes are 1o be scoured. for example the removal of gravel
from a pool. The load size equations were developed using gravel-bed rivers, and hence it is probably
unwise to use equations where the median size 15 less than 2.0 mm.

8.3.2  Relative Bed Stability (RBS)

Ihe central assumption i the RBS approach is that a channel can become unstable when particle sizes
equal to or greater than a critical percentile are moved at bankfull (or some other pre-determined stage)
(Olsen er al, 1997). For the purposes of this thesis, the critical particle size 1s taken as the Dy, (i.c. the
particle diameter for which 84% of the bed particles are finer). This is consistent with several studies (¢l
Carling. 1988 Sidle, 1988; Leopold. 1997; Olsen ef @/, 1997). The assumption in using the Dy, is that
a coarse grain size must be entrained before the bed becomes fully mobilised and unstable.

The first step in calculating RBS is 10 determine the threshold of motion. Mean shear stress over the bed
was caleulated using the DuBoys equation:

Tt * PERS (Equation 8 28)

I'he second step 1s to calculate the cntical dimensionless shear stress (<. *). The value of < * varies as a
function of absolute particle size (D)) and the relative size of D/Dg,. This dependence s explamed in
terms of particle hiding and exposure. Particles larger than the mean size are exposed 10 the flow due 10
their greater protrusion into the flow . and are thus more casily entrained than would be the case with more
uniform sediment. The converse is true for particles smaller than the median grain size, which remain
hidden in the armoured laver. Thus the Andrews (1983) equation is used:

L
e . -
T = (—) (Equeantion 8§ 29)
D,

0 dimensionless coetlicient (usually 0.045) (after Komar, 1989, Petit. 1994, Olsen of af . 1997)
A power slope relationship (usually 0.7) (after Komar, 1989; Petit. 1994 Olsen or of , 1997)
D particle diameter (m)
D reference diameter (usually D) (m)

Ihe Shields critenion is then used 10 predict the threshold of bed load initiation, where < is the critical

dimensional stream bed shear stress:

t = '.",(p‘- Pl (Equation 8.30)

S ormacul
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lo calculate RBS

T
RBS, Sl (Egquation 8 31)

" Aunial

1z, 1s greater than ... then the stream channel can be considered to be stable. The higher the value
of 1.0 0ver 1, . the greater the stability of the channel. If <, 15 less than « .. then the stream
channel can be considered 1o be unstable. For example, if t . 1s estimated to be S0 N'm-and = 1
00 N/m*, the RBS value would be 90/50 = 1.8, and thus the channel can be considered 10 be stable

Fhe RBS value was calculated for a number of scenarios for each flow class, meluding the RBS for the

D,,.D,. Dy D, gravel and sand classes. These are presented in Appendix H of Dollar (2001)
8.4 Conclusion
I'he approach that has been outhined in this chapter was applied to all three rivers under consideration.

Ihe following two chapters present the results and discussion of the implementation of this approach to
the Mkomazi (Chapter 9) and Mhlathuze and Olifants Rivers (Chapter 10),
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Chapter 9: Results and Discussion - the Mkomazi River

9.1 Introduction

I'his chapter presents the results obtained for the bed matenial transport analysis and the sediment-
maintenance flushing flow computations for the unregulated Mhomazi River. The chapter is divided into
two sections. The first deals with the bed material transport analysis and the second with the sediment-
maintenance flushing flow computations, In the first section, the results are discussed in the context of
a number of rescarch questions:

l What is the relationsiip berween the chammel morphology and discharge?

2 What is the dominant discharge?

3 What is the effective discharge”?

4 Is there any relationship berween estimated bankfull discharge. dominani discharge and effective

discharge’

It 1s important to note that the values that were obtained from the modelling exercise were compared as
percentages, rather than assigning them absolute values. The full data set relating 10 sediment transport
computations can be found in Appendices F to H in Dollar (2001)

9.2  Flow classes of the Mkomazi River

Tables 9.1a-¢ display the flow classes calculated from the 1-day daily Now duration curves for each of
the 13 sites on the Mhomazi River. The geometric mean of cach Mow class was used 10 represent cach
flow class in the bed material transport calculations. For example, at Site | (Table 9.1a) the range of
flows experenced between 0.1% time equalled or exceeded and the 0.01% time equalled or exceeded
istrom47 m's 10 103 m’s™". The geometric mean of this class is 69.6 m’s . This was used in conjunction
with the duration that cach Mow class represented as a proportion of one year (365 25 days). Forexample,
a flow class that represents 0.09% of the time occurs for 0.3 days in one year.

9.3 Research questions

9.3.1  Research question I1: What is the relationship between the channel morphology and
discharge?

Bank full stage

The estimated bankfull discharge ranges from 117 m's" (Sie 9)10482 m's ' (Siwe 3) (Table 9.2) with no
consistent downstream trend (Figure 9.1). The R-squared value between estimated bankfull discharge
and MAR is 0.04 (insignificant at the 95% level). The estimated retumn periods for the bankfull discharge
range from 1.1 years 1o >39 years on the annual series with an average return period of 8.6 vears, while
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Table 9.1a: Flow classes calewlated for the Mkomazi River sites [ 105 Valwes are in m's

geometric mean for the given flow class

(Jm is the

“e time duration Q Qm Q Om 0 Qm Q OQOm Q Qm
cqualled
or % Site 1 Site 2 Site 3 Site 4 Site §
esceeded
99 99 000 0.00 0.00 0.00 0.01
10 001 0.02 0.4 0.07 03
90 019 0.34 1.01 1.06 1.78
o 024 042 1.28 132 221
80 0.30 0.52 1.55 .63 2. 74
10 0.35 0.61 1.81 1 90 3,19
70 04 071 2.1) 2.22 3.72
10 0.48 0.83 245 2.58 432
o0 0.55 096 2.84 299 501
10 0.65 113 3.34 3.52 5 89
50 0.77 1.33 392 413 693
10 093 .60 4.71 4.97 833
40 11 1.92 5.67 597 10.0
10 1.39 240 7.08 746 12.5
30 1.74 3.00 8.84 932 156
U 223 3 85 14 120 20.0
20 2 86 495 14.6 154 25.7
10 399 6.89 203 214 359
10 5.56 9.60 283 20.8 50.0
5 7.18 124 36.6 385 64 6
\ 9.27 16.0 47.2 49.7 8§34
4 13.5 23.6 68.6 2.2 131
| 196 9 96 105 208
09 304 54,2 147 155 291
01 47.1 841 216 228 406
0.09 69.6 124 307 324 S03
001 103 183 437 460 622
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Table 9.1b: Flow classes calcwlared for the Mkomazi River sites 6 10 9 Values are mm's ', Om s the

geometric mean for the given flow clasy

" Lime duration Q 0 Q Q
equalled
or % Site 6 Site 7 Site 8§ Site 9
exveeeded
Oy Oy 0ol 0011 0011 0.50%
10 0156 0144 0 |48 1.29
90 |.82 1.923 | 98 3.27
10 226 2.39 2.46 381
80 - 80 2.9 3.05 445
10 06 145 3.58 5.12
70 380 402 4.14 £89
10 441 167 1.80 0,92
60 3.12 S45 5.58 814
10 6.02 6.37 6.55 958
J1] 70 749 7.70 1.3
10 8 50 901 926 134
40 102 109 (N 6.0
10 128 13.5 13.9 200
S0 159 169 17.4 50
10 0.8 21.7 r o L U } )
20 26.3 279 286 409
10 36.6 388 399 553
10 S 5 556 748
S 659 699 71.8 927
5 851 9.2 92.7 115
4 1351 i3 47 86
| 213 225 232 302
LURY 297 iS5 324 421
0.1 415 440 452 588
009 513 544 559 728
ool 035 673 691 QN
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Table 9.1¢: Flow classes calewlared for the Mkoma=i River sites 10 to 13 Values are in m's
" time duratwon Q Om Q0 Qm Q QOm Q Qm
cqualled
or % Site 10 Site 11 Site 12 Site 13
exceeded
99 99 0.532 ) 543 037 0<78
10 1.35 1.38 1 45 | 47
Q0 3.42 50 168 72
10 3.99 4.0 400 15
80 4.65 4.75 5.00 5,05
N 5.35 S 47 576 <8I
70 o0.16 629 6063 o069
10 7.24 7.40 7.79 787
6l R.51 570 916 92§
10 10.0 102 108 109
30 1.8 12.0 13.7 -8
10 14.1 144 IS 15
40 168 17.1 18.0 8.2
10 209 14 22.5 R
W 26.1 26.7 281 -84
10 ij4 42 60 i
20 238 43.7 6.0 16.5 :
AN 578 599 62.2 62 .
10 78.2 799 842 85.0
5 969 99 0 104 108
5 120 123 29 131
! 194 199 210 211
| 315 323 340 342
09 440 452 475 478
0.1 614 631 604 0667
0.09 759 780 821 826
0om 939 965 1016 102)
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the return periods for the partial series range from 0.1 vears to >39 vears with an average of 7.1 vears
(Table 9.3). Most of these values arc higher than the average annual return period of 1.5 years suggested
tor bankfull discharge by Leopold (1997), Furthermore. the bank full discharge as estimated in the ficld
does not appear to be related to any particular flow return period (Table 9.4). The estimated bankfull
discharge was compared to the | 5 and 2. 44 vear return period for the annual series and the 0.9 and 2 year
return period for the partial series - no relationship is evident (Table 9.4).

Mkomazi river
Comparison of discharges
500
-
400
[ -
oo .
E. - - - - e
200
2 - - -
o 100 = - e .
- - - *
- -
. 1 2 3 - 5 6 7 8 el 10 1 12 13
Site number
e benchiull discharge e bankfull discharge

Figure 9.1: Inundation stage for the benchfull discharge and the estimated bankfull discharge for
the Mkomazi River

There are three possible explanations for this lack of trend. First. the ficld estimated bankfull discharges
may be incorrect. Second. there may be no such thing as a bankfull stage feature, the variability of the
hydrological regime coupled with strong bed rock control precluding such & stage/feature - the
morphology of the channel may be related more to the resistance of the channel perimeter to erosion than
the shaping fluid (i.e. the flow). Third, the estimated bank full condition may represent the active channel
prior 1o the most recent flood and. in this sense. the equilibrium morphology has been disrupted by the
flood. These 1ssues will be discussed in Chapter 10

Benchfull stage

There is a more consistent downstream increase in the “benchfull” discharge (Figure 9.1), although the
calculated R-squared value between MAR and “benchfull® discharge is only 0.53 (insignificant at the
95% level). The “benchfull” discharge ranges from 49 m's” at Site 4 10 247 m’s " at Site 11 (Table 9.5).
The return period of the bench ranges from 1.0 years to 10 years on the annual seres with an average




Table 9.2: Summary data for the Mkomazi River. Data presented are the average data for each site. Values ave mm's”’

Site | MAR 0. L) Q. Q,:0 dominant | effective bench estimated | terrace | | terrace 2 | terrace }
discharge | discharge 0,

| Ly I8 il 30 is 19 35 67 121 245 803

2 122 il hb 53 nR 2R 7 R4 268 602 1028

5 iS5 R9 148 146 180 () | 18 2 482 1137 1527

4 375 al 156 154 189 5§ 72 " 244 157 GO0

S Hid 182 293 286 47 (R1) 291 115 165 $37 147

[ Hd0 186 299 2N LAY 19 225 X0 249 LR 2216

7 (5.1 197 7 R L) 175 242 276 ol LR N 1451

b (0 203 326 320 384 62 147 107 36 1546 272 LR |

G 910 258 440 497 57§ 156 43 17 1457

10 950 260 450 SIR ) 174 i58 260 13 4726

] 976 208 470 512 617 208 367 247 268 855 3239

12 1027 28§ Sax) ) 619 06 is7 174 SOR 83

13 02 W) sl SH3 651 154 Ll 169 67s 850 10164

where MAR is the Mean Annual RunofY in million cubic metres. Q, « is the 1.5 vear return period on the annual series, (), , is the 2.44 vear return period
on the annual series, Q,, is the 0.9 year return period on the partial series. Q. , is the 2.0 year return period on the partial series and estimated Q, is
estimated bankfull discharge.
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i ﬁ“c'




Table 9.3: Estimated discharges and retwrn periods for morphological features for the Mkomazi River (average values) g‘
L.\otr 1 2 3 4 £ O 7 A 9 1mn 1 12 15 Mean <
=
bench n"*' 67 <4 *: 19 115 L o4 107 2“ -
=
FRC vrs {1 s9 13 12 12 1 | 11 15 2.7 ~
-~
PDS yrs L 29 02 01 0l 01 0.1 01 02 1.3 -
=~
-
Fstimated 120 268 182 248 168 249 147 316 1"z 260 268 174 168 =
Obm's' z
=
FEC vrs 39 19 1 7.2 14 2.1 LI | 2.7 [N - 15 13 12 K6 '
F
PDS vrs 19 19 " 46 02 0s 1% 09 0l 02 02 09 0l 7.1 s
=
terrace | 2458 602 1137 47 37 599 14581 1546 1457 s RSS SU8 678 3
m's’ S
FFC vis -39 39 21 95 219 39 39 39 A9 -39 39 29 £ -39 ?
-
PDS vrs -39 (L) 19 6“s 191 19 -39 39 39 -39 a1 13 in -39
terrnce 2 803 1028 1527 906 1478 2216 27122 1726 1239 3183 4850
m's’
FHC vrs 39 4 19 1y v 39 39 9 39 =39 39 0
PDS vrs 39 14 19 10 v -39 »39 -39 3G 39 34 39
terrace 3 9 10164
m's’
FEC srs -39 -39 10
Values for bench, estimated Q,. terrace 1. 2 and 3 are inm’s ", FFC refers to the average annual return period on the annual series (vears).
PDS refers to the average return penod for the partial duration series (vears)
L p .
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Table 9.4: R squared values for the relationships berween flow variables and morphological features

for the Mkomazi River (* represems statistical significance at the 95% level)

R Do nn nn 0, Q, Q. (e Qs LW Qpn 0.:5
(AN (AW, (Em ()] (AW

DoY) 05 DAN" 072 079 LR RN 054" LR
DD iAW) 042 0.77¢ ) 33 034 03 034
DD (FH) 0.5x" 052" nx2* nx2e X3
Q 0Df 0 ) 44 "4 04y TR 5
O 1AW 0w A4 A4 04 (TR
Q. (km el L 072 | by
O, O ool (L 0005 LR 0T L UL 006 006
B 0=3 0.14 03 082" 038 02 0 4% 047 067 06s
T om o0 o on 0.20 om 0As o 0.10 o1

DD (Y) dommant discharge using the Yang equation

PDAW) dominant discharge using the Ackers & White equation

DD (EH) dominant discharge using the Engelund & Hansen equation

QYY) effective discharge using the Yang equation

Q. AW) effective discharge using the Ackers & White equation

Q. (EH) cliective discharge using the Engelund & Hansen equation

Q,: « 1.5 vear retumn penod flow on the annual senes

Qo 244 year retorn period fow on the annual series

Qs 0.9 year return period on the partial duration series

Q. 2.0 year return period on the partial duration series

Y estimated bankfull discharge

BI bench

Il low terrace

return period of 2.7 years, and 0.1 years to 8 years on the partial series with an average return peniod of
1.3 vears (Table 9.6). Other than for sites | and 2, these values are in the range of the 1.50 vear return
period on the annual series that Leopold (1997) predicted for the bankfull discharge (Table 9.6)

I'he analyvsis of terrace inundation is limited by the confidence in the hydrological analysis. The upper
end of the flow duration curve, especially the extreme events, is poorly represented for the Mkomaz.
Flow data generated by the hydrological modelling indicates that many of the terraces are not inundated
by the present flow regime (Table 9.6). In Chapter 6, Table 6.4 lists the known floods for the Mkomazi
River. In the middle parts of the catchment (catchment area 1744 km°) for the period of record 1931 10
1990, four large floods have been identified. The site at which these floods were estimated is close to
sites 5 and 6 (Table 9.6) where 1wo terraces were identified. At site 5, the hydraulic analysis estimated
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an inundation flow of 537 m's ' for the low terrace and an inundation flow of 1478 m s for the second
terrace. At Site 6. it is estimated that the low terrace is inundated at 899 m’s”, while the second terrace
15 inundated at 2216 m’s”. The largest flood on record close 1o this site is 2770 m’s™ in 1987 A flood of
a similar magnitude (2010 m's™) occurred in 1975, These floods were therefore sufficient o inundate
these terraces. Van Bladeren (1992) has estimated the return period of these Noods as being 50 10 100

vears and 20 10 50 yvears respectively.

The best Nlood record of extreme floods available for the Mkomazi s close 1o the mouth. This is in close
proximity 1o Site 12 and Sne 13 (Table 9.6). Site 12 has two terraces. the upper terrace has an estimated
imundation Mlow of 3183 m's”', while Site 13 has two terraces, one at 4850 m’s™" and a second, higher
terrace with an estimated inundation flow of 10 164 m's”". The histonical flood record for a site just
downstream of Site 13 15 given in Table 6.4, The largest flood on record was estimated as 7250 m’s " in
I856. with a similar sized flood in 1987 of 6830 m’s . There are a number of smaller floods on record.,
the smallest of which was 2880 m's " in 1976. During the period of record (1856 10 1990). there have
been at least seven floods which have inundated the lower terraces at both sites. This inundation thus
occurs approximately every 20 vears.,

From the hydraulic analysis based on the cross-sectional data, it is clear that these floods achieve high
velocities. shear stresses and stream power, and are capable of moving the coarsest bed material (see
Section 9.3.3). At Site 5. the largest flood of 2770 m's"' produced an estimated average velocity of 8 ms™',
and a unit stream power of 1019 Wm™. At Site 6 the largest flood on record produces an estimated
average velocity of ¢, 6.5 m's”" and a unit stream power of around 1175 Wm™~, At sites 9 and 10, similar
results were obtained .

11 is possible that the terraces are features that have formed as a result of the bi-polar type flood frequency
curve. The terraces may also be related 1o different climate and hydrological response in the past, a
hypothesis that remains untested and is bevond the scope of this rescarch.

9.3.2 Rescarch question 2: What is the dominant discharge?

The dommant discharge was calculated from the three transport equations using the Mardette & Walker
(1968) equation. The dominant discharge reflects the discharge that transports over 50% of the bed
material load. The results are presented in Table 9.5, The average dominant discharge increases
downstream (Figure 9.2). The R-squared value calculated for the relationship between mean dommant
discharge and MAR is 0.65 (significant at the 95% level).

The three transport equations used predict consistent values for dominant discharge (Table 9 5). The
Ackers & White cquation generally predicts the lowest transport rates for cach site and the highest
dominant discharge. For example at Site 7a the coarse bed material and high entrainment thresholds
meant that the Achers & White equation predicted that only the highest flow class could entran any
material, and consequently the calculated dominant discharge is high. At Site 7b the Ackers & White
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equation predicts that no bed material transport will occur, At Site 12, the wide channel results in very

low stream power and consequently the dominant discharge is also high

here 15 good agreement between the dominant discharge and flow return period for the Yang and
Engelund & Hansen equation, but not for the Ackers & White equation ( Table 9.7). The R-squared value
(significant at the 95% level) between the dominant discharge as estimated using the Yang equation and
the 1.5 and 2,44 vear return period on the annual series and the 0.9 vear and 2.0 year return penod on the
partial senies is 0.79, 0,83, 0.84 and 0.84 respectively. Likewise for the Engelund & Hansen equation the
R-squared values (significant at the 95% level) are 0.82, 0.82, 0.82 and 0.83 for the 1.5 and 2.44 vear
return period on the annual series, and the 0.9 year and 2.0 year return period on the partial series
respectively (Table 9.7). There appears to be no relationship between the dominant discharge as estimated
by the Ackers & White equation and the flow return period. The relationship between the dominant
discharges as estimated by the three equations is reflected by a high correlation between the Yang and
Engelund & Hansen estimates (R-squared of 0.88), but no correlation between the dominant discharges
estimated using the Ackers & White and either Yang or Engelund & Hansen equations ( R-squared values
of 0.39 and 0 42 respectively) (Table 9.7)

Mkomazi river
Mean dominant and effective discharge
400
o
-
;. 300 e - - e -
3
3 200 . - = -
.2, . = - - - -
2 100 -
- v : -
0 : -
1 2 3 4 5 5] 7 8 o 10 " 12 13
Site number
m Mean dominant discharge o Mean effectve discharge

Figure 9.2: Dominani discharge and effective discharge (mean value for sies) for the
Mkomazi River
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Table 9.5: Dominam discharge and effeciive discharge for the Mkomazi River Values are inm's” Note

that the values are the geometric mean for a particular flow class

Site Dommant Dominant Dominant Effective Effective Effective
discharge discharge discharge discharge discharge discharge
(Yang) (Ackers & (Engelund &  (Yang) (Ackers & (Engelund &
White) Hansen) White) Hansen)
la 1646 2014 13.66 W67 30367 30 567
b 19.30 212 13 .60 30567 30.367 30.367
¢ 17.42 i4.40 12.27 30 367 56.01 0367
22 24.19 1. 18.96 $4.193 124.21 $4.193
2b 24003 41.95 18.50 23.643 124.21 34.193
2¢ 317 31.17 1831 54.193 124.21 54193
3a 06 .84 76.84 66.51 146 69 146,69 146,69
b S8.00 62.% 66 13 68 557 146 69 146 69
i 7153 8474 67.15 146.09 14609 146 .09 '
da 53.14 §7.22 51.68 72.23 223 72.23
ib 207 S8.65 54 54 72.23 7223 12.23
Sa 127.19 149 96 132.50 201.28 291.28 291.28
Sh 127.19 14996 132.50 20128 20128 291.28
ba 119 89 13695 119.29 134.59 297.16 39.27
oh 6. 90 100 .44 118.16 134.59 134,59 29716
B 11748 143 86 1172.10 134.59 20716 207 16
7a 68.50 543.79 81.74 142.58 S$43.78 142 58
h 12525 . $6.12 142 58 - 142 58
Ka o 76 61 40 62.15 146,58 146 .58 |46 58
£h 6151 62.30 6269 146.58 14658 146 58
92 17201 179 36 139.70 186.15 421.35 121.35
9h 30.10 17624 13904 18615 186.15 421.35
H0a 55.73 22602 159.00 439.51 43951 194,30
10b 142 48 204,96 15534 194 .39 439 51 439.51
| -17.82 28081 124 .63 451.61 451 01 199 18
12 206.73 502.47 M 4 MK 7 475 313 175 33
13 146.73 150.74 165.74 =11.34 211.34 477,94
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9.3.3  Research question 3: What is the effective discharge?

For all sites. the most effective discharge was the discharge that was equalled or exceeded on average
between 3% and 0.1% of the time. 1.¢. the upper two flow classes but one (5- 1% and 1-0.1%)(Table 9.6)
I'he value caleulated for the effective discharge appears 1o be related to a combination of local conditions
(channel geometry, slope. bed material calibre) and the manner in which the equations calculate the
percentage transport. For example. in macro-reach 3. where there is high stream power and shear stress
due 1o steep channel gradients, flows become competent to transport bed material at lower flow classes.
Ihis results in the most effective discharge being predominantly in the 5-0.1% range. It also results in
the upper three flow classes (5-1%: 1-0.1%: 0.01-0.01%) being less “effective’, and the bed material
tends 10 be transported by a wider range of flow classes. A good example of this is Site 8, which has a
very steep, confined bed rock channel. Here, high shear stresses and stream power, even at lower Nows,
result in the upper three flow classes transporting little more than 40% of the bed matenial. The flow
classes lower than this thus account for 60% of the bed material transport.

I'he effective discharge for the Mkomazi was taken to be the geometric mean of the flow class that
transports the most bed material (Figure 9.3). This may be misleading as two adjacent flow classes
transpont often have very similar percentages of the 1o1al sediment load. For example in Sie 2a. the flow
class 23.643 m's” represents 36.82% of the bed material transported, while the flow class above it
(534193 m's") represents 36.86% (Yang equation). The former class is therefore identified as the effective
discharge although it transports only 0.04% more matenial than the flow class below it. Furthermore,
what appear to be large differences in effective discharge may be simply a shift into the next flow class
(Table 9.5). Another possible problem in the identification of dominant discharge is that the effective
discharge 1s thus to some extent dependent on the division of the flow duration curve. As described in
Chapter 8. the flow classes greater than the 10% equalled or exceeded range were divided into 5%, 4%,
0.9% and 0.09% flow class durations respectively,

To overcome these problems cumulative sediment transport curves were constructed so that the range
of discharges transporting the bulk of the sediment can be better identified. These are presented in
Figures 9.4 10 9.6. The results indicate that the bulk of the bed material transported (>80%) occurred (all
three equations ) between the 20% equalled or exceeded and 0.1% equalled or exceeded range, with most
bed material being transported by flows with an exceedence of between 5% and 0.1%. The higher and
lower flows transport proportionally less of the bed matenial. There are two outliers, sites 7 and 8. As
noted above, the steep slope and bed rock nature of site 8 generates high unit stream power and velocines,
which result in a greater proportion of the bed moving at lower flow classes than occurs at other sites,
hence the different shaped curve. Site 7 has an extremely coarse bed. The Ackers & White equation
predicts that no bed material transport occurs at site 7b and that transport will only occur at the highest
flow class (i.e. 0.1-0.01%) at site 7a. These two outliers demonstrate the importance of local conditions
in a stream bed. The results demonstrate that the sediment transport rates are probably supply imited
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Table 9.6: Fffective dischiaree flow classes for the Mkomazi River

Site Yang (MNow class) Ackers & White (Mlow class) Engelund & Hansen (Now
cluss)
la 1<0. 1% 1-0.1% 140, 1%
b 10 1% 1-0.1% -0 1%
lc -0 1% 1-0.1% 1-0.1%
2 1-0.1% 1-0.1% 1-0. 1%
b S5«1% S-1% 140, 1%
2¢ 1-0. 1% S.1% 1-0.1%
a 1-0. 1% 1-0 1" 10, 1%
3b 5-1% 1-0.1% 1<0. 1%
3 1<0. 1% 1-0.1% 1+0. 1%
da 5-1% 5<-1% S-1%
4b 5-1% $-1% 5-1%
Sa 1<0 1" 1-0. 1% 10 1"
b 1<0.1% 1-0.1% 1-0.1%
Ha S«1% 1-0.1% 1-0.1%
ob 5-1% S5«1% 1-0.1%
i S<1% 1-0. 1%, 1<0.1%
Ta S5«1% S«1%
b 3-1% 5-1%
Sa 5-1% S<1% 5-1%
sh S-1% 5«1% 5<1%
Ya 5-1° 1.0, 1% 1<0.1%
9 5-1% 1.0 1% 1-0.1%
1O
10b
)
12
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Figure 9.7 shows the maximum competence of the highest flow class (0.1-0.01% ) in relation o the D,
D, and Dy, of the bed material (bearing in mind the limitations of the equations). The data indicate that
at 10 of the 13 sites (1. 2.4, 6,7, 8, 9,10, 12 and 13) both the Yang and Ackers & White equations
predict that the highest flow class does not have the competence to transport the [y, Although the
Engelund & Hansen method predicts that, other than at sites 9. 10, 12 and 13, these flows have the
competence 1o transport the D, it must be remembered that this equation was developed for alluvial
sand-bed channels and, consequentiy, may not be valid for gravel- and cobble-bed rivers. It would seem,
therefore, that the coarse bed material in the Mkomazi is relatively stable at all but the highest flows

Infrequent (low events, with an exceedence less than 0.1%, may have the competence to transport the
largest material. As indicated in Section 9.3.1, the stream power gencrated during high magnitude flood
events 1s sufficient to transport even the coarsest material on the bed. Unit stream powers for these flood
events are in the 1000 Wm™ range - the stream power which, according to Williams (1983) . will move
boulders of 1.5 m in diameter. 1t s argued that these floods perform two main tasks: first, they maintain
the macro-channel and, sccond, they gencrate sufficient stream power 1o mobilise the entire bed, thus
‘resetting” the system. It may therefore be useful 1o think in terms of two sets of effective discharge. For
the majority of the time there are a set of discharges contained within the active channel banks (1 ¢ below
the bankfull stage). These effective discharges (5-0 1% on the flow duration curve which oceur on
average 18 10 0.4 days a year) appear 1o account for the bulk of the bed material transported over a long
period of time, It is likely that the “benchfull’stage and the bankfull stage are represented by
morphological features that are related to flows of these durations. A second category of high magnitude
low frequency effective discharges termed “reset discharges” are also  sigmificant as they “reset’ the
system. The terraces in the macro-channel are probably related 1o these larger flood events which appear
10 occur on average once every 20 vears or so. 1t is likely that the nested channel architecture 1s a
response 1o these two categories of effective discharge.

These results compare well with results from other countries. Pickup & Warner (1976) for example.
working on the Cumberland basin in New South Wales, Australia, found that the effective discharge for
sediment transport occurred on average between .15 years and 1.45 years on the annual series, while
the estimated bankfull discharge stage had a retum period between 4 to 7 years. Andrews (1980) has
shown that for the Yampa River basin in the United States, the average effective discharge occurred
between 1.5 and 11 days per year. Pitlick & Van Steeter (1998), also working in the United States on the
upper Colorado River, found that the effective discharge was equalled or exceeded for 2% of the time,
or approximately 7 days a year. The effective discharge transported approximately 30% of the annual
load. while 80% of the total load was transported by the highest 10% of the flows. Similar results have
been reported by Ashmore & Day (1988) and Nash (1994).
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Figure 9.7: Maxinmum competence of the highest flow class for the Mkomazi River in relation
1o the particle size distribution at cach site

934  Research question 4: s there any relationship between estimated bankfull discharge,
dominant discharge and cffective discharge?

There appears 1o be no agreement between the bankfull discharge and the dominant and effective
discharge ( Table 9.5). These findings were further checked by regressing the average estimated bankfull
discharge and the average dominant and effective discharge ( R-squared values of 0.01 and 0.10
respectively ). There is coarse agreement between the average benchfull discharge and both the average
dominant and effective discharges (Figure 9.8). Statistically, however, there 1s no relationship between
the benchfull discharge and the dominant and effective discharge for the Ackers & White and Lngleund
& Hansen equations (Table 9.7), but there is for the Yang equation (R-squared of 0.73 and 0.82 for the
dominant discharge and effective discharge respectively). If the average benchfull discharge is regressed
against the average dominant discharge. an R-squared value of 0.58 is calculated. This is insignificant
at the 95% level. Similarly. if the average benchfull discharge is regressed against the average effective
discharge an R-squared value of 0.54 is computed, this is also insignificant at the 95% level. Despite this
statistical msignificance. Figure 9.8 demonstrates that there 1s coarse agreement between mean
‘benchfull discharge’. dominant discharge and effective discharge.
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Figure 9.8: Relationship between benchifull discharge and dominant and ¢ffective discharge for the
\komazi River

9.4  Synthesis

The results have been discussed in terms of the rescarch questions set out at the beginning of the chapter.
It has been argued that there is no significant downstream trend in estimated bankfull discharge. It was
pointed out earlier that there are three possible explanations for this trend (see Section 9.3 1), It is argued
that the strong bed rock control and variable hydrological regime suggests that it may be inappropriate
to adopt the bank full stage (defined as the boundary between the active channel and the macro-channel)
as the effective discharge. Itis likely that the morphology of the channel is related more to the resistance
of the channel perimeter 1o erosion than to the shaping fluid

No relationship exists between the estimated bankfull discharge and the flood recurrence interval,
However there does appear to be good agreement between the bench and the 0.9 and 2.0 vear return
period on the partial duration series

The effective discharge as calculated by the three transpont equations shows good internal consistency

The effective discharge is in the 5-0.1% exceedence range on the 1-day daily flow duration curve. It was
also noted that the upper two but one flow classes account for the bulk (>80%) of the bed material
transported in the Mhkomazi. Although transport rates are high at the highest flow class (0.1-0.01%) this
is more than offset by the limited duration. and consequently this flow class was never the effective
discharge for any of the sites. It has also been demonstrated that the effective discharges do not have the
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encrgy 1o transport the entire bed. 1t is the larger floods, with average return periods of approximately
20 years, that generate sufficient stream power and shear stress 10 mobilise the entire bed. 1t is argued
that. for the Mkomazi, it may be instructive 1o consider a range of effective discharges. first the effective
discharges that transport the most bed material over a long period of time and, second. a “reset discharge”
that is able 10 mobilise the entire bed, thus serving as a channel forming discharge. These two sets of
discharges are. in fact, the geom rlogically effective discharges for the Mhkomazi River.

9.5 Sediment-maintenance flushing flows

This section of the chapter deals with the results obtained from the sediment-maintenance flushing flow
computations. Milhous™ approach for bed load and the b index were applied to the thirteen sites of the
Mikomazi River. Table 9.7 presents a summary of the results. This table was constructed so that the §
value and the d__,, and d__ ., were compared 1o the equivalent result obtained for the three transport
equations. For example, at Site Ta, the p index was calculated for the flow class 0.246 m’s " as being
0.0513. This 1s more than sufficient 1o flush sands as a “surface Nush’ and a “depth Mush”. (The @ index
predicts surface flushing for sands where 8 is equal 1o 0.021 and depth flushing for sand where §§ is cqual
10 0.035). This was compared 1o the equivalent initiation of motion for the sand-sized class predicied by
the three transport equations. For Site la, Yang predicts sand motion at 3.991m s, Ackers & White at
13467 m's” and Engelund & Hansen at 0.355 m's”. Thus the table (Table 9.7) s constructed in such a
way as to compare the initiation of motion of the sand-sized material for the three transport equations
1o the “surface” and “depth” flushing as predicted by the ¢ index. Where ¢ predicts surface and depth
flushing at lower flow classes than the equivalent for the transport equations. the letter “L" (lower) is
shown. Where |} predicts surface and depth flushing at higher flow classes than the equivalent for the
transport equations. the letter *H” (higher) is shown,

It can be seen that at all sites (Table 9.7), other than sites 10b and 11, the Milhous p value predicts
“surface flushing” and “depth flushing ™ at discharges lower than the equivalent Yang equation for sand.
Similarly, the § value predicts surface and depth flushing at discharges (other than at Site 10b) well
below the equivalent values predicted by the Ackers & White equation. The same general conclusion
apphies to the § value when compared 1o the equivalent Engelund & Hansen equation. [n this case the
i value predicts surface and depth flushing at higher flows than the equivalent value for the Engelund
& Hansen equation at a number of sites (6a, 6b, 7a, Th, 94, 9b, 10b, 11 and 13).

Table 9.7 also shows the relationship between the maximum competence predicted from the Milhous
equations (d,, and d__. ) and the maximum competence calculated for the Yang, Ackers & White and
Engelund & Hansen equations. The same approach was adopted for the f index. The letter *L7 is shown
where the d ., and d__ ., predict lower maximum competence than the equivalent for the transport
equations. “H™ is shown where the d_ , and d_, o predict higher maximum competence than the
equivalent for the transport equations. It can be seen that for sites | 105, 7, 10and 12 the d_ , predicts
considerably higher competence than the Yang and Ackers & White equation. However, at sites 6, 8,9,
1 and 13, the Milhous cquations predict lower competence maxima than the Yang and Ackers & White
equations. The Engelund & Hansen equation on the other hand predicts higher competence than the
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Milhous equations at sites 2a, 2b, 2¢, 4a, 4b, 6a. 6b, 6¢, Ta. 7b, 8a. 8b, 9a. 9b, 11 and 12 and lower
competence at sites la, 1b, lc, 3a. 3b, 3¢, 5a, 5h, 10a, 10b and 12.

The comparison of the competence of the d_, . and the maximum competence calculated from the three
transport equations ( Table 9.7) indicate that the d_ , predicts both higher and lower competence values,
even at one site. At Site 1, for example (Table 9.7), d, ., predicts higher competence at cross-sections
a and ¢ and lower competence at cross-section b for the Yang equation. This trend is reflected at all of
the sites for the d ., for all the equations. There appears to be no consistency in the results obtained.
This highlights one of the problems in determining sediment-maintenance flushing flows from equations
that were developed for one river (Oak Creek in this case) and extrapolating them to other rivers. It is
impossible to test which of the results are more accurate, as there is no actual bed matenial transport data
for the Mhkomazi against which to test these results. It is argued therefore that Milhous equations should
be used with extreme caution,

Figure 9.9 shows the RBS values (Relative Bed Stability ) obtained for the Mhomazi River. The y-axis
of the graph is the critical percentile on the 1-day daily flow duration curve where the D, and D,
become mobile so that the bed can be considered 1o be unstable for that bed material size class (RBS),
Similarly, the y-axis represents the critical percentage time equalled or exceeded on the |-day daily flow
duration curve where “surface” (0.021 Milhous) and “depth” (0.035 Milhous) flushing occurs. As can be
seen. sites | 10 5 of the Mkomazi are computed as becoming unstable at low flow classes, ranging from
the 10™ to 50™ percentile with an average of around the 30™ percentile. However, sites 6 1o 13 show a
different value. The RBS cstimate is that the bed will become unstable at much higher flow classes,
ranging from the 20™ 10 the 99.99" percentile with an average of around the 85" percentile. These values
are inexcess of the p values calculated for Milhous. It is difficult 1o assess the accuracy of the RBS value
without data against which to compare it. Once again, this stresses the need for caution in using methods
that have not been

thoroughly tested on a
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Figure 9.9: RBS values for the Mkomazi River. The p value is calculated
for the 0.021 (surface) and 0.035 (depth) flushing flows. These values
represent the flow class at which the £ value is 0.02] and 00,035
respectively.
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Table 9.7: Comparison of the Millowus approach 1o the transport equations approcch for the Mkomazi

River
b L J— [
| e N AW n y AW M N AW N
| la l I L H H H " H 1
Ih | I | ] 1] H | I |
Ic l I i H H H H | H
2a l 1 1 H 1] | | | I
<h l I i H 1] l | 1 I
2¢ 1. |} i i 1 I " 1 1
S I 1 1 " H " " H I
b I I L H H H I L I
LT | 1 I " n H " 1] I
4u L. I | " n I | L I
ih l 1 1 " " | | l I
$a | | | 1 " " " " "
Sh I | I H H H " " H
Oa I 1 i i 1 1 H ) H
oh I 1 H i 1 1 1 i 1
LS I 1 | I 1 1 1 I 1
Ta I i i " H 1 1 H |
b I 1 H " H 1 1 n I
K2 1 l I L | I | | |
sh 1 | | L | I I 1 L
e 1 L H L 1 I | I 1
b 1 | " 1 | I I 1 i
1 i | I " " H | H I
10h H H H H H I | | |
| H | I | i 1 | | I
12 l I 1 H H " " H H
13 l I H I i I | | I
! L = p predicts surface flushing and depth flushing at lower flows than the equivalent for the transport
equations, where Y is Yang, AW is Ackers & White and EH 15 Engelund & Hansen equations
H = p predicts surface flushing and depth flushing at higher flows than the equivalent for the transport
cquatons.
2 L=d_.andd . predict lower maximum competence than the equivalent for the transport equations

H=d . andd . predict higher maximum competence than the equivalent for the transport equations
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951  Effective discharge for sand, gravel and cobble

Using the method in outhined in Section 9.3 3 the effective discharge for sand, gravel and cobbles was
calculated utilising the Yang equation, as this equation appeared 1o produce the most realistic results
for the Mhomazi river. Figure 9,10 presents the summary data. [t can been seen from this figure that
although some vanation exists, the effective discharge for the sand fraction gencrates a lower percentage
ol bed matenial transport than for the gravel- and cobble-fraction. This suggests that, as expected. sand

is being transported at a wider range of flow classes than gravel and cobble.

Table 9.8 displays the effective discharge Mlow classes for the sand. gravel and cobble fractions of the
bed for the Yang equation. It can be seen that the effective discharge for the sand-sized fraction is mainly
in the 5-1% class (18 out of 27 ¢cross-sections), with the rest (9 out of 27 cross-sections) in the 1-0.1%
flow class. The effective discharge for the gravel fraction is mainly in the 1-0 1% flow class (13 out of
27 cross-sections ), followed by the 5- 1% flow class ( 12 out of 27 cross-sections) and the 0.1-0.01% flow
class (2 out of 27 cross-sections ). For the cobble fraction, the effective discharge 1s mainly the 0.1-0.01%
flow class (5 out of 8 cross-sections) followed by the 1-0.1% flow class (3 out of 8 cross-sections). As
mentioned carlier. this demonstrates that a greater proportion of the sand-fraction of the bed is
transported at low discharges than the gravel- and cobble-fraction of the bed. It is suggested that using
this method may provide a more realistic estimate of the sediment-maintenance flushing flow

requirement for the different grain-sized fractions, as the duration dimension is also incorporated

Mkomazi river
% transport by the effective discharge
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Figure 9.10: The effective discharge for sand. gravel and cobble using the Yang equation for the
Mkomazt River
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Table 9.8: Effective discharge flow classes for the Mkomazi River for sand. gravel and cobble for the

Yang equation.

Site Sand (Now class) Gravel (Now class) Cobble (Now class)
ba 1-0.1% 1-0.1%

Ib 1-0.1% 1-0.1% -

I 1-0.1% 0.1-0.01%

i 51" 1-0.1%

b S5-1% 1-0.1% -

2 1-0.1% 1-0.1"% -

ia 1-0.1% 1-0.1%

ib S5«1% 1-0.1%

e 1-0.1% 1-0.1% -

da 5-1% 5-1%

b 51" S5«1%

Sa 1-0.1% 5-1%

Sb 1-0.1% 1-0 1%,

62 5-1% 1-0 1% -

6o 5:1% 5«1% 0.1-0.01%
L0 S«1% S5«1% 0.1-0.01%
Ta 5<1% 5-1%

B 51% 1-0 1% 0.1-0.01%
Sa S-1% 5-1%

8h S-1% 51%

Ya S-1% 5:1% -0 1"
Yh S«1% 5«1 1-0. 1%

[ 0a S-1% 5:1% 0.1-001%
10b 5-1% 1-0.1% 0.1-001%
I 1-0 1% 1<0. 1% 1-0.1%
12 5<1% 0.1-001% -

13 5<1% 5«1%
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9.6 Summary

I'he results from the sediment-maintenance flushing flow analysis indicate that the Milhous approach
tends to predict incipient motion for sand at discharges well below the values predicted by the Yang and
Ackers & White transport models. However, the values are similar 1o the levels predicted by the
Engelund & Hansen model. This is probably because both the Engelund & Hansen model and the
Milhous approach are based on a simple exponential stream power approach. The RBS method needs
1o be used with a degree of circumspection, as the approach is based on critical shear stress which has
been shown 10 be inappropriate for coarse-bedded material (Yang, 1972). It is argued that both the
Milhous and RBS methods should be used with caution. The methods were either developed from one
data set (Oak Creek for Milhous) or are an amalgamation of existing equations (RBS approach). It is
argued that using the effective discharge for different grain-sized classes may be a more appropriate way
in which to define sediment-maintenance flushing flows. Although these models are imperfect. they are
based on a broader data set, and can be chosen to satisfy the physical conditions of the channel

9.7 Conclusions

The results suggest that the Mhkomazi River does not conform to conventional wisdom developed for
temperate alluvial rivers. It appears that the Mkomazi is strongly controlled by local conditions such as
bed rock. a variable hydrological regime and a coarse heterogenous bed. There does not appear 1o be any

relationship between the estimated bank full discharge and the hydrological regime. However, there does
appear 10 be some agreement between the 0.9 and 2.0 yvear retum period on the partial duration series
and the “benchiull discharge’.

1t has been argued that it is instructive to consider the magnitude-frequency debate in the Mkomazi River
in terms of two sets of “effective discharges’. First, an effective discharge that transports the most bed
material over a long period of time - this has been shown 1o be in the 5-0.1% range on the 1-day daily
flow duration curve, and second. a ‘resct discharge’ - a flood event with a return period in the range of
20 vears that has the energy 10 mobilise the entire bed and therefore to maintain the channel

It is suggested that the channel architecture of the Mhkomazi is a response 10 these two sets of effective
discharges. The active channel is controlled by the lower set of effective discharges, while the macro-
channel and overall channel form s a response 10 the “reset” discharge. 1t is argued that these two sets
of effective discharges do not operate independently of each other, rather the effective discharge sets the
template for the effectiveness of the “reset’ discharge.
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Chapter 10: Results and discussion - the Mhlathuze and Olifants
Rivers

16.1 Introduction

Phis chapter will present the methods and results obtained for the bed matenial transport analysis and the
sediment-mamtenance flushing flow computations for the Mhlathuze and Olifants Rivers, These two
rivers are both highly regulated and their channel forms will reflect 10 a varying extent adjustmetn to this
disturbed flow regime. The data analaysis will focus on answering a the following questions:

1. Do the results obtained from the two regulated systems add 1o the understanding gained from
the Mkomazi River?

2 Whar is the impact of flow regulation on the relationships? Are the observed morphological
conditions related to virgin flow conditions or to the regulated present-day conditions”

3 What lessons can be learnt for Insiream Flow Requirement (1FR) assessments”
J Given the results obtaimed. what flows should be recommended and why?

In the context of these broad rescarch questions, the chapter is divided into two sections, the first section
considers the Mhlathuze River and the second section considers the Olifants River.

10.2 The Mhlathuze River
10.2.1 Overview

Four sites were chosen for analysis for the Mhlathuze, all downstream of the Goedertrouw Dam. Site |
was approximately 25 Kilometres downstream of the Dam, while Site 2 was a further 35 Kilometres
downstream of Site 1. Between Site | and Site 2 a major tributary. the Mfule, joins the Mhlathuze. Site
2 15 35 Kilometres downstream of Site 3. Site 4 (an artificial channel) was a further 15 Kilometres
downstream of Site 3. Between Site 3 and Site 4 a major tributary, the Nseleni, joins the Mhlathuze. The
lower three sites (i.e. sites 2. 3 and 4) were all single thread sand-bed regime channels, while Site | was
a pool-riffle channel type with multiple distributaries. Because of the sand bed nature of the river, the
analysis was confined to considerations of channel morphology and dominant or effective discharge No
analysis is presented for Milhous’s flushing flows or estimates of Relative Bed Stability.

The Goedertrouw Dam was completed in 1979, This has had a significant impact on the downstream
hydrology of the river (Table 10.1). The MAR at Site | has been reduced from 185x10°'m 7 virgin flow
to the present-day scenario of 64x10°m ™. This represents only 34 8% of the virgin MAR at Site 1. Flow
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recovers downstream as tributary inputs mitigate the impact of the dam. It can also be seen from Table
10.1 that under virgin flow conditions the ratio of increase of MAR between the sites was considerably
less than it is for the present-day. The virgin MAR nearly doubled between Site 1 and Site 4 (1.96), while
for the present-day. the rate of increase is by a factor of 3.39. This has significant implications for the
channel morphology and bed material transport and will be discussed further later in the chapter.

Table 10.1: MAR for four sttes for the Mhlathuze River (million cubic metres)

Site number | Virgin MAR | Downstream | Present-day | Downstream | % of Virgin
ilncrease MAR ilncrease MAR
ratio ratio
I I85 64 48
2 258 L.38 127 1.98 49 8§
3 313 1.69 176 2.78 56.2
) 362 1.96 217 3.39 609

As noted in Chapter 5, the passage of tropical cyclones and cut-ofT low pressure systems is characieristic
of the Mhlathuze catchment and northern KwaZulu-Natal generally. Table 6.5 displays the highest flood
peaks on record for the Mhlathuze River. The values calculated for the 1984 and 1987 floods (below
Goedertrouw Dam)are 2420 m's ' and 3590 m’s ' respectively. Van Bladeren (1992) estimated that were
it not for the Goedertrouw Dam these floods would have been 4790 m's™ and 6000 m's” respectively
The Goedertrouw has therefore not only reduced the MAR downstream, but it has also attenuated the
flood peaks.

The methods that were used to obtain the daily flow time series for the virgin and present-day data for
the Mhiathuze were presented in Chaplers 6 and 8. Tabies 10.2 and 10.3 present the flow classes
calculated for the Mhlathuze River for the virgin and present-day data.

10.2.2 Analysis of channel morphology

The field methods that were used to classify the morphological features for the Mkomazi River were
applied 10 the Mhlathuze River. Tables 10.4 to 10.8 display the relevant data. Given the fact that there
were only four sites selected for analysis for the Mhlathuze River, no statistical analyses (R-squared
values) could be reliably applied to the data, The data are thus discussed in relation to the general trends
displayed.
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Table 10.2: Flow classes calculated for the Mhlathuze River for the virgin data Om is the geometric

mean of the flow class. Values are mom's”

%% time Q Qm Q Qm Q QOm Q Qm
cqualled Site 1 Site 2 Site 3 Site 4
05,99 0 0 0 0

exceeded

0 0 0 0
90 0.371 0.488 0.716 1.190

0.506 0.656 0932 1.510
80 0.690 0.883 1.212 1917

0.856 1.112 1.491 2.275
70 1061 1.401 1.833 2.700

1.280 1.721 2211 3.154
60 1.543 2.115 2.666 1684

1.787 2.469 3.095 4.201
50 2070 2882 3.592 1.790

2.399 3.342 4.112 5373
40 2.781 3876 4.708 6.028

3.258 4.521 5424 6.820
30 3817 5.273 6.250 1.715

4613 6.354 7.479 9110
20 5.575 7.657 £.950 10.758

7.604 10,378 12.236 14.170
10 10,5371 14.067 16.729 18.665

3416 17.907 21375 23653

S 17.354 22.795 27.311 29973

29.942 38388 48.661 53.078
| 51.662 64 646 86.701 93.994

145.270 195.995 245495 263.205
0.1 408.192 594.222 695.125 737.033

1020.30 1435.33 1736.42 184976
0.01 247270 3466 .99 4337.55 4642 44
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Table 10.3: Flow classes calculated for the Mhiathuze River for the present-day data. Valwes are i or's

%% time Q Qm Q Om Q Qm Q Qm
equalled Site 1 Site 2 Site 3 Site 4
r\é?:dul " v " .

0 0 0 0
90 0.279 0.306 0.369 0.537

0311 0.353 0429 0.657
S0 0.346 0.407 0498 0.803

0.374 0.455 0.565 0973
70 0.405 0.508 0.640 1.178

0.440 0.605 0.773 1.392
60 0477 0.720 0934 1.644

0.515 0.831 1.088 1.870
50 0.556 0.960 1.268 2.126

0.597 111§ 1.476 2418
40 0.641 1.294 1.718 2.750

0.696 1.514 2.009 3.138
30 0.756 1.772 2.350 3.580

0.837 2.135 2.837 1211
20 0.927 2.573 3.424 4954

1.215 3.522 4.883 6. 698
10 1.593 4.821 6.963 9.055

2.591 6.775 10.330 12,757
5 4214 9.52] 15.325 17.973

10046 200166 30.714 35.156
| 23.950 42.711 61.555 68.765

69.354 136.895 184 467 202.479
0.1 200.832 438.769 552 808 596,202

595.123 109427 141045 1530.55
0.01 1763.52 2729.08 3598.66 3929.17
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Table 10.4: Discharge data for the Mhlathuze River. Values are inm's' A & W« Ackers and Whie,

E& W = Engelund and Hansen,

Site 1 pool 1 rifMe 2 3 4
MAR Virgin 185 185 255 313 362
Present-day 64 64 127 176 217
Flows by recurrence interval
Virgin flow | Q. 40 40 47 88 on
11 - 105 105 118 168 178
Q, o 130 130 190 244 257
Q, 244 244 417 542 503
Present- Qs 13 i3 20 50 68
day fiom o 32 32 52 105 142
Q. s 68 68 139 181 210
Q, oo 153 153 269 377 464
Morpholog ical flows
bench 27 a6 77
Estimated 16 64 196 149 =234
terrace | 332 568 531 1380
terrace 2 1061 1007 1768
Dominant discharge
Virgin Yang 39 16 108 130 52
flow A& W 62 I8 105 153 100
E&H 47 29 246 185 106
Present- Yang 52 8 146 154 104
dav flow | A & W 70 7 137 124 122
E&H 45 28 305 229 131
Effective discharge
Virgin flow | Yang 1020 145 1435 1736 1850
ALW 1020 145 1435 245 1850
E&H 1020 145 1435 1736 1850
Present- Yang 595 10 1094 1410 1531
day flow | A & W 595 10 1094 184 1531
E&H 595 69 1094 1410 1331
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Table 10.5: Inundation frequencies and discharges for different morphological features for the virgin

annual series data for the Mhlathuze River.

Site Kench Discharge Estimated Discharge leremce 1 Descharge Terrace 2 lh:c.hlrgc
retarn m's’ ), return m's' return m's’ return m'y
period period pernd perind

I pool 1.3 27 2.5 116

I nille 1.8 64 68 332 16 1061

2 I3 36 34 196 7.5 568 12 1006

3 2.3 149 49 53] It 1768

4 1 4 7 3 234 13 1380

Average 1.3 2.6 64 14

Table 10.6: Inundation frequencies for differemt morphological features for the present-day annual series

data for the

VMhlathneze River.

She Rench Discharge } stimated uscharge Terrace ) Dlscharpe Terrace 2 Discharpe
returm m's! O, retern m'y! return m's' return m's!
perind perined poermnd persod

I pool 22 27 43 16

I riffle 3.5 64 10 332 26 1061

2 23 36 4.2 196 9 568 2! 1007

3 26 149 9.8 31 30 1768

Rl I8 7 3.8 234 19 1380

Average | 2.1 37 9.5 24

Table 10.7: lmendation frequencies for different morphological features for the virgin partial series data
for the Milarhuze River.

Site Bench Dischnrge Estimated Discharge Tervace | [hscharge Terrace 2 Discharge
return m'y! Q, retarn m's' return m's’ return m'y!
Pl perind perind perind

1 pool 0.1 27 08 e

I nifle 04 64 26 332 1 1061

2 0l 36 09 196 2.6 568 75 1007

3 0.6 149 19 531 ] 1768

4 03 7 08 234 6.7 1380

Average | 0.2 0.7 24 9.1
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Table 10.8: Imndation frequencies for different morphological features for the presemi-day partial series
dara for the Miathze River

Sine Bench Discharge Estimated Discharge Terrace | Discharge Terrace 2 Discharge
return ms! O, return m's' return - return m's'
porws pernd periesd persod

1 pool 0.3 27 1.5 116

I riftle 09 o1 1.5 332 17 1061

2 0.3 36 12 196 49 568 15 1007

3 08 149 2.6 551 16 1768

1 0.4 77 I 234 15 1380

Average | 0.3 1 S 16

The estimated bankfull discharges for the four sites on the Mhlathuze range from 64 m s (Site 1) 10 234
m's” (Site 4) (Table 10.4). The flood frequency analysis for the virgin flows indicates that the bankfull
stage ranged from a 1.8 vear 1o a 3.4 year return period on the annual series (average of 2 6) (Table 10.5).
The partial series ranged from 0.4 years to 0.9 years (average 0.7) (Table 10.7). These values are outside
but close 1o the range estimated for alluvial channels in temperate climes (Leopold. 1997). Under presemt-
day flow conditions the average return periods have increased ( Tables 10.6 and 10.8) 10 between 2.6 vears
and 3.7 years on the annual series (average 3.7) and 0.8years and 1.5 vears (average 1.1) on the partial
series. Thus the frequency of inundation of the bankfull level has decreased under the regulated flows,
and is further from the values given by Leopold (1997).

The estimated bench full discharge ranged from 27 m’s’ (Site 1) 1o 77 m's ' (Site 4). Under virgin flow
conditions, the bench had an average annual return period of 1.3 vears on the annual series and 0.2 vears
on the partial series (Table 10.5 and Table 10.7). This has increased to 2.1 years and 0.3 vears under
present-day conditions. The Q, . lows over-predict the bench full flow under virgin conditions and under-
predict for present-day conditions. 1t is proposed that the bench is equivalent to the bankfull stage of the
maodemn active channel, with a recurrence interval for inundation of around 2 vears in a channel with a
variable flow regime as characterises the Mhlatuze. From the partial series it can be seen that in wet vears
the bench must be mundated frequently.

Under virgin flow conditions, the terraces were regularly inundated. Terrace | had an average return
period on the annual series of 6.4 years and 2.4 vears on the partial series, while Terrace 2 had an average
return period of 14 vears on the annual series and 9.1 vears on the partial series (Table 10.5 and Table
10.7). The inundation frequency under presemt-day conditions has been significantly reduced, but the
highest terraces are still likely to be inundated approximately once in twenty to thirty years,
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Figure 10 1 displays the relationship between the inundation discharge and the virgin Mean Annual
Runoff (MAR), used as a surrogate for catchment size, for the different morphological features for the
virgin flow. The data shows that there 1s a clear increase i inundation discharge for cach of the
morphological features in the downstream direction. This would suggest that the Mhlathuze River is
functioning as an alluvial system in the sense that it has the capacity to change its boundary in response
to the observed discharge of water and sediment.

Mhlathuze river virgin data
Inundation discharge versus MAR
10000

1000 - >

Inundation discharge (cumecs)
“
L
4
L

100 - -

o -
=

-

104

100 1000
Virgm MAR (mdlwon cubic metres)
m bench e Estimated Qb o terrace! a lerrace 2

Figure 10.1: Imundation discharge versus MAR for different morphological features for the
Virgin daia for the Mhlathuze river

Under virgin flow conditions, the MAR increased between sites 1 and 4 by a factor of 1 96 (Table 10 1)

Under present-day conditions, this increase is considerably greater (3.39). This situation reflects the
impact of the Dam and the flow recovery due 10 two major tributary inputs downstream of Goedertrouw
Dam. the Mfule and Nseleni. 1t 1s likely that the dam has trapped a significant portion of the bed load

Evidence at Site 1 from aenal photography analysis confirms that this, together with the flow reduction.
has resulted in significant downstream narrowing and deepening of the channel with a concomitant
encroachment of riparian vegetation (Dollar, 1998b). 1t is only when the Mfule joins the Mhlathuze
between Site | and Site 2 that the channel recovers, not only in terms of flow, but also in terms of
sedument load. Thus. there is considerable evidence to suggest that the regulated flow regime has had a
noticeable impact on the channel morphology of the Mhlathuze River, particularly at Site 1. On the basis
of conventional wisdom, it is possible 1o arguc that this adjustment is an attempt by the river to alter its
morphology in sympathy with the imposed regulated flow regime. The morphological-flow relationships
indicate that the Mhlathuze below the Goedertrouw Dam has, to some extent, adjusted 10 the present-day
regulated flow regime. Downstream of the dam the river has an alluvial sand-bed channel and is free to
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aher its boundary . In a controlled or semi-controlled channel such as the Mkomazi, it is unlikely that such
an adjustment could occur as rapidly.

10.2.3 Dominant discharge

The dominant discharge was computed using the Marlette & Walker (1968) equation. The domnant
discharge as predicied by the different transport equations shows reasonable consistency (Table 10.4).
Figure 102 shows the relationship between dominant discharge and estimated bankfull discharge.
Dominant discharge is close to the bankfull discharge at Sites 2 and 3. but significantly below it for Sites

| and 4

The dominam discharge for the Mhlathuze increases (other than Site | riffle) under present-day flow
conditions ( Table 10.4). This does not imply that the sediment load increases under present-day flow
conditions, but rather points to the fact that higher flows (classes) are necessary to transport the bulk of
the sediment (i.e. the discharge that transports over 50% of the bed material load). The three transport
cquations predict a marked reduction in transport capacity (sec Table 10.9) downstream of Site 1. This
is due 10 flow recovery from the input of discharge from downstream tributaries

The data in Table 10.9 show that Site | rifTle has a greater estimated transport capacity than Site | pool.
The reason is that the riffie has a greater energy gradient than the pool (although this equalises at higher
fows), and thus the riffle generates greater unit stream power than the pool section. The three transport
equations are based on stream power and. consequently, the predicted transport capacity at the riffle is
greater than for the pool section. The transport equations predict that it is only at high discharge flow
classes that the pools generate sufficient stream power (o transport significant quantities of sediment,
Figures 10.3 and 10.4 display the relationship between mean dominant discharge and MAR for the virgin

and present-day flow respectively. Dominant discharge is not related to catchment size.
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Figure 10.2: Dominani discharge versus bankfull discharge for virgin and
presemt-day flow for ihe Mhlathuze River. Dominant discharge is the
average as predicied by the three bedload formulae
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Figure 10.3: Mean dominant discharge versus MAR for the Mhlatinee
River virgin flow
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Figure 10.4: Mean dominant discharge versus MAR for the Mhlathuze
River present-day flow.
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Table 10.9: Bed material transport capacity for the Mhlathuze River for virgin and preseni-day flow

comdhitions. Values are in tommes per annum.

| present-day
nille

395 246.16

102 73294

Site Y ang equation Ackers & White Engelund & Hanscn
cquation equation
1 virgin pool 358 413 08 69 022.46 2508 133.52
| presemt-day 108 274.69 1530499 838 59489
pool
Reduction factor 331 4.5/ 299
I virgin nftle | 633 893,07 560 810,19 787636114

20 145 38049

Reduction fuctor 413 545 ER
2 vargin 226 158.56 31 364.30 1 76506419
2 present-day 130 082.20 17631.78 985 260.14
Reduction facior 1.73 1.78 1.7Y
3 virgin 131 497.2 44 93526 242 999 47
3 present-day 85 222.71 2872544 158 773.38
Reduction factor ! 354 1.56 | 7.
4 virgin 142 855.25 54 707.55 180 039 54
4 present-day 86 362.39 29 982.55 11165997
Reduction factor 1635 152 163

10.2.4 Effective discharge

I'he effective discharge is defined as the geometric mean of the flow class that transports the most bed
material over a long period of time. The effective discharge for the present-day, regulated flow decreases
relative to the virgin flow. For example. the effective discharge calculated using the Yang equation is
1020 m s at site | pool under virgin conditions. this declines 1o 595 m's under present-day conditions
Similar results are obtained at all sites for the different equations (Table 10.4). For the virgin flows, all
sites along the Mhlathuze were represented by an effective discharge that was equalled or exceeded
between 1-0.01% of the time (Table 10.10). The only difference under the present-day flow regime was
a reduction of the flow duration for effective discharge at the riffle, Site |
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Table 10.10: Effective discharge flow classes for the Mhlathuze River
Site Yung Ackers & Engelund & Yang Ackers & Engelund &
(Mow class) White Hansen (Now class) White Hansen
(Mow class) | (Now class) (Mow class) | (Now class)
Virgin Mow Present-day Mlow
| pool 01-001"% 0.1-0.01% 0.1-0.01% 0.1:001% 0.1-001% 0.1-0.01%
1 rifle 1-0.1% 1-0.1% 1-0.1% S-1% 5-1% 1-0.1%
2 01-001% 0.1-001% 0.1-0.01% 0 1-001% 01-001% 01-001%
3 0 -0 01% 1-0.1% 0.1-001% 0. 1-001% 1-0.1% 0.1-0.01%
4 0.1-001% 0.1-001% 0.1-0.01% 0.1-0.01% 0.1-0.01% 0.1-0.01%

Under both flow regimes, the effective discharge for all sites other than Site | riffle are in excess of the
dominant discharge, the estimated bankfull discharge, or the Q, . Q, ., Q. and Q. (Table 10.4). It
should be noted that the two cyclones that impacted on the Mhlathuze in 1984 and 1987 (see Chapter §)
have shewed the flow duration curves and flood frequency curves, such that the highest flow class (0.01%,
equalled or exceeded) is almost seven times larger than the second highest flow class (0.1% equalled or
exceeded) (Tables 10.2 and 10.3). The bi-polar flood frequency curve has resulted in the generation of
extremely high values for the effective discharge.

I'he upper three flow classes (5- 1% 1-0.1%,0.1-0.01%) arc the most significant in terms of effectiveness
(see Figure 10.5 for the analysis for virgin flows). It is only at Site 1 riffle. that the upper three flow
classes do not account for more than 80% of the bed material transported. At Site 1 pool, and sites 2, 3
and 4. the effective discharge accounts for over 40% of the bed material moved (Figure 10.6).

Figures 10.7 to 10.9 display the distribution of the cumulative sediment transport under virgin flow
conditions for the three transport equations. The Yang equation indicates that other than Site | riffle, the
four sites along the Mhlathuze show similar shaped curves. As noted above, the bulk of the bed is
transported by the upper three flow classes. For example both the Yang and Engelund and Hansen
formulae predict that less than 10% of the total bed material load is transported by flows of less than the
20™ percentile (Figure 10.7). The curve for Site | riffle displays a different shape, as the sieeper siope and
higher unit stream power at the riffle results in higher predicted transport capacities at lower discharges
It is also evident that although the transport equations predict different transport volumes (Table 10.9),
they all predict similar trends.
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Figure 10.5: Percem bedload transported by the upper three flow classes 15-1%
1-0.1% and 0.1-0.01%) for virgin flow for the Mhlathuze River.

Mhiathuze river virgin flow
Effective discharge

- . |
1 . 4
| | !
- i
0 I L .
2 3 “

! poo ! rithe
She number

Yang - AN M

Figure 10.6: I'ercent bedload transported by the effective discharge for virgin
fiow for the Mhlathuze River
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Figure 10.7: Cumulative sediment transport for the Yang equation for all
sites for the virgin flow for the Mhlatince River
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Figure 10.8: Cumulative sediment wransport for the Ackers & White
equation for all sites for the virgin flow for the Mhlathuze River
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Figure 10.9: Cuwmudative sediment transport for the Engelund & Hansen
equation for all sites for the virgin flow for the Mhlathuze River
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Mhilathuze river present-day flow
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Figure 10.10: Cumdarive sediment transport for the Yang equation for all
sutes for the present-day flow for the Miathuze River.
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Figure 10.11: Cumularive sediment transport for the Ackers & Whice
equation for all sites for the presemt-day flow for the Mhlathuze River
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Figure 10.12: Cumulative sediment transport for the Engelund & Hansen
equation for all sites for the presemt-day flow for the Mhlathize River.
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Figures 10.1010 10.12 display the distribution of the cumulative bed material transport under present-day
conditions. The curves have all shifted 10 the right so that , other than for Site | niffle, 90% of the total
bed load is transported by the top 5% of the flow, rather than the top 20% under virgin conditions. This
represents a significant change in the effectiveness of the flow regime. Under the virgin flow conditions
it appears that there was a more even distribution of the load between the flow classes. Under present-day
flow environment, not only has the total load been reduced by a factor between 3.5 (the average for the
three equations for Site | pool) and 1,54 (the average for the three equations for Site 4) (Table 10 9) but
there has also been a clear change in the way in which the load is distributed around the duration curve.
This is of significance in recommending flows for the Instream Flow Requirement (1FRs) and will be
discussed further in Section 10.2.8,

For the Mhlathuze sand-bed sites. virgin flow conditions were more than sufTicient to mobilise the entire
bed (Figure 10.13). It should be noted that relative to the Mkomazi, the Mhlathuze sand-bed sites generate
low unit stream power and shear stresses. This is a function of the low slope and the wide channel. For
example, the unit stream power at the
0.1-0.01% flow class for sites 2, 3 and

Mhilathuze river virgin flow

Competence maximum 4is 260 Wm™*, 86 Wm™ and 65 Wm"~

“ respectively. At Site 1, the unit stream
- power is 280 Wm™ at the pool section
N and 1073 Wm™ at the riffie section,

The higher values are the result of a
narrower, deeper channel and a

»

B

" B steeper slope. These low stream

° ._!__ - e ___‘:!_ . power values at sites 2.3 and 4 would
Rl d

preclude the transport of coarse
material, even at high flows, There is,
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Figure 10.13: Maximum compeience for the Milathuze
River for virgm flow

however, no coarse matenial
tr:mxpun

Ihe regulated flow environment impacted significantly on the shear stress and unit stream power. The
boundary shear stress and unit stream power has been reduced for the effective discharges. Figure 10,14
shows the unit stream power for the effective discharge for the Yang equation. The effective discharge
for site 1 pool (1020 m's™) under virgin conditions produced a unit stream power value of 280 Wm™
(Figure 10.14), while the effective discharge for the present-day conditions (595 m’s™) produces a unit
stream power of 181 Wm™. Thus, while the discharge under present-day conditions represents 58% of
the virgin flow, the present-day unit stream power represents 65% of the virgin unit stream power. At site
| riffie this is even more marked with the unit stream power declining from over 650 Wm™® under virgin
flow conditions to just over 200 Wm™ under present-day conditions. At Site 2, the difference in unit
stream power is small (260 Wm= for the virgin conditions and 202 Wm ™ for the present-day conditions).
At sites 3 and 4 the difference is insignificant (86 Wm™ for Site 3 virgin as opposed to 72 Wm ™~ for Site
3 present-day, and 65 Wm™ for Site 4 virgin and 54 Wm™ for Site 4 present-day)
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The reduced transport capacity of the

regulated flow may be of limied
significance. as long as there s a
balance between the amounts of 200
material transported into and out of o
the river system. However, where !”‘
there are significant inputs of sediment , =

Mhlathuze river effective discharge
Stream power (Yang)

from downstream tributaries (such as

accumulation will occur downstream
of these tributary junctions, leading to vt [ Seeidyte

the Mfule and Nselem for the i::
Mhlathuze). it is likely that sediment . W m
T pos 100 ] b ] .
R

day conditions, due to the high wsing the Yang equation.
mobility  of the sand-bed the

channel aggradation. Under present-  Figure 10.14: Unit stream power for the Mhlatinee River

Mhlathuze is still competent to transport bed material at reduced (regulated) flows, but a reduced volume
of material is being transported (i.¢. the capacity of the Mhlathuze is reduced). There is no danger in this
system of fine material filling the interstices of coarser material. Were the Mhlathuze River a
heterogenous gravel- or cobble-bed river (such as the Mkomazi or Olifants). then a greatly reduced flow
regime would be expected to have a different impact. This will be expanded on later in the chapter.
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Figure 10.15: Mean effective discharge
versus MAR for the Mhlathuze River virgin

Figure 10.16: Mean cffective discharge
versus MAR for the Mhlathuze River

Slow present-day flow

Figures 10.15 and 10.16 present the relationship between MAR and the mean effective discharge for the

Mhlathuze for the virgin and present-day flow. The results suggest that effective discharge increases with
MAR and thus with catchment size.
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10.2.5 Effective discharge for sand and gravel

The effective discharge for sand and gravel was calculated using the same technique as outlined for the
Mkomazi River. This was done for virgin and present-day conditions for the Mhlathuze River. Results
from the virgin flow (Figure 10.17) indicate that the percentage bed material transported by the effective
discharge for sand is generally less than that for gravel. This would suggest that the sand s being
transported by a wider range of flow classes than the gravel, which is to be expected. Resalts from the
present-day flow indicate that the percentage transported by the effective discharge for sand and gravel
has changed (Figure 10.18). The percentage of bed material transported by the most effective discharge
has increased for both sand and gravel. It is clear that not only has the volume of sediment being
transportied by the present-day flow changed, but so 100 has the proportion of sand and gravel being
transported by the different flow classes. This result indicates that under present-day conditions less bed
material is being transported and that the material that is being transported 1s being transported by a
smaller range of flow classes. This finding is in agreement with the results presented in Section 10.2.4.1,

I'his has not, however, changed the effective discharge flow classes (Table 10.11). This would suggest
that although the capacity of the flow has changed, the competence has not.

Table 10.11: Effective discharge flow classes for the Midathuze River for sand and gravel for the Yang

Cquaiion

Site Sand Gravel Sand Gravel
(Mow class) (Mow class) (Mow class) (Mow class)

Virgin flow Present-day Mow

I pool 0.1-0.01% 0.1-0.01% 0.1-0.01% 0.1-0.01%

I nffle 1-0.1% 1-0.1% 1-0.1% 1-0.1%

2 0 1-0.01% 0.1-0.01% 01.001% 0.1-0.01%

3 0.1-0.01% 0.1-0.01% 0.1-0.01% 0.1-0.01%

4 0.1-0.01% 0.1-0.01% 0.1-0.01% 0.1-0.01%
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10.2.6 Synthesis

The Mhlathuze River is a sand-bed river and, as such, these findings demonstrate that some bed material
transport occurs at even the lowest flow classes. It was also mentioned that the construction of the
Goedertrouw Dam has had a significant impact on the flow regime, with a reduction of up 10 60% of the
MAR immediately downstream of the dam. The effective discharge has been reduced by almost 50% at
all sites. While these reduced flows remain competent to mobilise the bed material, the volume of the
transported material has been reduced due 1o a reduction in the transport capacity associated with a
reduction in unit stream power. The cumulative sediment transport curves have shifted to the right under
the present-day flow environment, which would suggest a higher percentage of the bed material is being
transported by less frequent flows. This, however, points to the fact that under present-day conditions,
the higher flows are of greater significance, as these are the flows that are more “effective’. Itis also clear
that, under present-day Mow conditions, the morphological features are inundated less frequently
(approximately half the time) than would be the case under the virgin flow regime.

It should be noted that the effective discharges calculated for the Mhlathuze River are far higher than for
the Mkomazi or Olifants Rivers. This is significant, as it illustrates the importance of the flow regime.
'he upper pant of the flow duration curve displays a marked steepening due 10 the occurrence of tropical
cyvclones and cut-off lows which appear to occur on average every twenty years or so in northemn
KwaZulu-Natal. The high variability of the Mhlathuze increases the importance of the higher Nows.

It 1s argued that due 1o the sand-bed nature of the Mhlathuze River, the channel can accommodate
significant reductions in flow without crossing the threshold of instability, provided that the amount of
sediment transported into the system is balanced by the amount of sediment that the channel can transport
out of the system. However, this is not the case for the Mhlathuze River. The channel immediately
downstream of the dam has narrowed and deepened in response to the regulated flow. It has effectively
been stripped of its sediment and consequently a new channel form has developed. This impact 15
compensated in the downstream direction by the input of sediment and discharge from the Mfule and
Nseleni tributaries. It is suggested that the input of sediment and discharge from downstream tributaries
is likely 1o have resulied in channel aggradation. This would suggest that the impact of the regulation
changes in the downstream direction. The results highlight a number of issues. First, the regulated flow
regime has reduced the bed material transport capacity of the Mhlathuze River by nearly four times
immediately below Goedertrouw Dam, and by approximately 1.5 times near the mouth. [ This may have
a number of indirect impacts, such as increased coastal erosion and degradation of beaches (cf. Cooper,
1991)).

I 15 argued that the Mhlathuze River has adjusted its channe! morphology in sympathy with the regulated
flow regime, There is evidence to suggest that a new set of in-channel features are developing. and that
the present-day in-channel bench is in fact the new bankfull discharge. This is supported by the
hydrological data. These findings suggest that methods used for setting a regulated Instream Flow
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Requirement (IFR) on the basis of morphological features in the channel (e.g. the bankfull stage) may
be inappropriate unless these beneh features are taken into account.

If the above hypothesss is correct, then the following should also be true: under virgin flow conditions,
the bench should have been absent and the estimated bank full discharge should have been the equilibrium
condition. If the bench is indeed a modern feature and related to modern flows, then the recurrence
interval of the inundation should be approximately the same as the recurrence interval of the bankfull
level under virgin flows. Furthermore, if the upper sites are incising then the recurrence intervals should
be relatively ngh. If the lower sites are aggrading, then the recurrence intervals should be relatively low.
The lack of a benchat Sie 3 suggests that the present bank full level may be the closer to the true bankfull
level than at the other sites. The data therefore support this hypothesis

10.2.7. Implications for Instream Flow Requirements (IFRs)

In setting a regulated flow regime that would attempt 1o mimic the significant pre-impoundment
discharges, it is necessary that the geomorphological objectives be clearly stated. In the case of the
Mhlathuze River. where ¢lear evidence exists that the regulated flow regime has had a significant impact
on channel morphology and bed load transport capacity. it may be useful 1o set flow objectives that
maintain certain aspects of the existing channel, rather than attempting to set flows to return the channel
10 a pre-impoundment state. It may be necessary, therefore, 10 set different flow requirements for Site |
which is immediately below the Dam and which is incising and narrowing, as opposed to sites 2, 3 and
4 which are below the confluence of the Mfule and Nseleni tributaries, and are therefore probably
aggrading.

Given the fact that the Goedertrouw Dam has a near 100% trap efficiency and that there are no major
tributary inputs of sediment between the dam and Site 1, it is unlikely that channel aggradation will occur.
It 1s more likely that the channel will maintain its downward trajectory and continue 10 narrow and
deepen. To avoid this scenario, it may be useful 1o set an IFR that will ensure that the channel maintains
its present width and topographic diversity. For this reason, channel maintenance flows should be
recommended that seek to maintain the siatus guo of the channel, as it is clear that it is not possible 1o
return 1o the pre-impoundment condition. Channel maintenance flows need 10 be set close to the effective
discharge. It is imporiant 10 note that the effective discharge also implies flow duration. It may be
possible to manipulate the hydrograph of the dam releases (especially in mobile sand-bed channels) to
optimise sediment transport and achieve a desired channel condition.

The sand-bed channels (sites 2, 3 and 4) are highly mobile. However, if the regulated flow regime does
not have the capacity 10 transport the sediment input, then aggradation will occur. It is argued that the
devclopment of inset channel benches are probably a response by the Mhlathuze River to the regulated
flow environment. Unless a balance between the input and output of sediment is achieved. the long-term
trajectory for the Mhlathuze at these lower three sites is one of aggradation. This effect can be mitigated
to some extent by flooding. However, given that the Goedertrouw Dam has had the effect of attenuating
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the flood peaks, present-day floods do not have the same transport capacity as they had in the past.
However, they are of greater geomorphological significance, as they have become relatively more
effective under present day conditions. In order for flooding to have the desired effect on the niver
channel. the high magnitude low frequency flows which are so significant in transporting the bed material
need 10 be allowed through the channel reach.,

For Site 1, the following objectives might be set:

. to remove fine sediment from the pool;

. to remove fine sediment from the gravel and cobble substrate in the riffle;

. to entrain the coarse material on the riffle, thereby exposing subsurface material to transport and
mamtaining a loose structure;

. to maintain the active channel width and topographic diversity: and

. to allow large floods to move through the reach.

For sites 2, 3 and 4 the following Now objectives might be set:

. to maintain the equilibrium of the channel by setting flows that transport the same amount of
material entering the channel as that leaving the channel: and
. 1o allow large floods 1o move through the channel reach.

It is clear from the channel geometry of the Mhlathuze River that the river has adjusted to a highly
variable flow regime. Flooding forms an important part of the operation of the system. As long as the
system remains regulated, geomorphological responses are inevitable.
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10.3  The Olifants River
10.3.1 Overview

I'he Olifants River 1s a highveld river in the Gauteng and Mpumalanga provinces of South Africa and
is strongly controlled by bed rock and by numerous lincaments and faults that traverse the river (Chapter
). The bed material is predominantly cobble-sized. The upper Olifants system consists of three main
stems, the Wilge 1o the west, the Kiein Olifants 1o the east and the Olifants proper, which have been
impounded by a number of dams which have been in place for over 50 years and have had a major impact
on the flow regime of the Olifants system. Four sites were selected in the Olifants system. Sites 3 and
4 were on the tributaries. Site 3 was on the Kiein Olifants, approximately 45 kilometres downstream of
Middelburg Dam and Site 4 was on the Wilge River, nearly 80 Kilometres downstream of the
Bronkhorstspruit Dam and 40 kilometers downstream of the Premier Dam. Sites | and 2 were on the main
Olifants river. Site 1 was 15 kilometres downstream of Doornpoort Dam and Witbank Dam. Site 2 was
the lowest site on the Olifants system and is thus regulated by five impoundments.

The flow classes calculated for the Olifants River are presented in Table 10.12. The methods for
determining the bed material transport, effective discharge and dominant discharge were the same as
those used for the Mkomazi and Mhlathuze Rivers. The sites on the Olifants River could not be related
toany longitudinal downstream changes, as two of the sites are on tributaries of the Olifants They were,
however. related to the Mean Annual Runoff (MAR).

It is important to re-emphasize that the hydrological data that were generated for the Olifants River relate
to the virgin flow conditions. As explained in Chapter 6, this was due to the fact that no present-day daily
data could be generated as information on the operational procedures of the controlling dams was not
available. The field methods that were applied to the classification of the morphological features of the
Mkomazi and Mhlathuze Rivers were also applied to the Olifants River.

10.3.2  Analysis of channel morphology

The estimated bankfull discharge for the Olifants River ranges from 62 m's” (Site 1) to 418 m's” (Site
2)(Table 10.13). On the annual series, these stages are inundated by flows ranging from a 1.6 10 9.5 vear
return penod. with an average of 5.8 years (Table 10.14). The partial series ranges from 0.3 years 10 4.2
vears with an average of 1.7 vears (Table 10.15). The results for the annual series other than for Site |
are considerably higher than the conventional wisdom suggested by Leopold (1997).

The results indicate that good general agreement exists between the estimated bank full discharge and the
1.5 and 2.44 year return period flows at Site | (Table 10.13). At Site 2. the estimated bankfull discharge
1s similar to the 2.0 vear return period on the partial series. At Site 3, the estimated bankfull discharge
is greater than any of the calculated return periods, while at Site 4 the estimated bankfull discharge is
close to the 2 44 year return period on the annual series. It appears that no consistent agreement exists
between the estimated bank full discharge and any hydrological statistic for the Olifants system.
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Table 10.12: Flow classes calculated for the Olifams River. Values are inmr's”’. MAR is in million cubic

melres

Yo time Q OQOm Q Om Q QOm Q Qm
:‘:""“"' Site 1 Site 2 Site 3 Site 4
exceeded 147 MAR 449.3 MAR 1.6 MAR 1669 MAR
99 90 0010 0.206 0.025 0.120

0.047 0.518 0.068 0.291
90 0.225 1.304 0.187 0.708

0.259 1.55 0.220 0.834
80 0.297 | 835 0.258 0.982

0.336 2.11 0.292 111
70 0.381 241 0.330 1.258

0.448 2.79 0.368 1.42
60 0.527 3.23 0.411 1.604

0.663 3.88 0.467 .81
50 0.833 465 0.530 2048

1.09 5.77 0.639 237
40 1.42 7.16 0.771 2.74

1.90 9.11 0.993 3.29
30 2.53 1.6 1.28 3.03

1.50 149 1.7 5.05
20 485 19.2 2.28 6.49

136 26.7 338 9.29
10 1.2 372 5.01 133

15.0 472 6.81 13.4
5 20.1 60.0 9.25 22.7

328 94.6 15.4 37.6
i 53.4 149 25.6 62.22

11 278 524 122
0.1 229 520 107 238

361 722 186 379
0.0 569 1001 324 606
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Table 10.13: Morphological data for the Olifants River. Values are inm's”.

Site 3 1 4 2
Virgin MAR 185 255 33 362
Qs 31 54 49 127
Qi 41 75 73 190
Q, e 46 97 126 274
Q, s 81 178 192 440
Morphological flows

Estimated Q, 160 62 80 418
terrace | 605 756 551 621
terrace 2 889 993 1245
lerrace 3 1295 1899 1462 2598

Dowrinant discharge

Yang 39 27 28 19
Ackers & White 64 32 29
Engelund & Hansen 63 32 43 27
Average 35 30 36 25
Effective discharge

Yang 52 33 38 95
Achers & White 52 11 95
Engelund & Hansen 186 Il 379 278
Average 97 85 209 156

Furthermore, this does not appear 10 be related to channel type. Sites | and 2 are both multiple-channel
tvpes with partial bed rock control and a number of distributary channels. Yet Site | shows good
agreement between the estimated bankfull discharge and the 1.5 and 2.44 year returm period on the annual
series, but Site 2 does not. Site 3 is strongly bed rock controlled, and the estimated bankfull discharge
(160 m's") is well in excess of any calculated hydrological statistic (Table 10.13). Site 4 is a cobble-bed
channel, with the estimated bankfull discharge (80 m's™) almost twice that of the 1.5 yvear return period
on the annual series (49 m's '), but considerably less than the 0.9 and 2.0 year retumn period on the partial
series (126 m's ' and 192 m's” respectively)(Table 10.12). The estimated bankfull discharge for the four
sites for the Olifants system therefore display no consistent relationship with any calculated hydrological
statushic.

This finding is also reflected in the relationship between the MAR and the inundation bankfull discharge.
Figure 10,19 displays the relationship between the inundation discharge and MAR for the Olifants River.
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The estimated bankfull discharge does not
appear to increase with increasing MAR.
Only terrace 3 displays a definite increase in
the downstrecam direction (using MAR as a
surrogate for downstream changes). Terraces
1 and 2 display no clear trend. This may
reflect local conditions in that there is strong
bed rock control at these sites and the channel
boundary 15 not free 1o adjust 1o the flow
regime. or the terraces may reflect the imprint
of a relict flow regime,

10,23 Dominant discharge
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Figure 10.19: Relationship between mundation
discharge and virgin MAR for the Olifants River.

The dominant discharge as calculated by the Marletie & Walker (1968) equation shows different values
for each of the three bed material equations (Table 10.13). The dominant discharge values for the Yang
equation range from 19 m's” (Site 2) 10 39 m’s”’ (Site 3). The valves for the Ackers & White and

Olitants river
Dominant discharge versus MAR
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M

Figure 10.20: Ploi of average dominamt
discharge versus MAR for the Olifants River

Engelund & Hansen equations range from 29 m's
"(Site 2) 1o 64 m’s ' (Site 3) and 27m’s " (Site 2)
10 63 m’s" (Site 3) respectively (Table 10.13). No
dominant discharge was calculated for the Ackers
& White equation for Site 4, as the equation
predicted that even under the highest flow class
conditions no bed material transport would occur.
The dominant discharge is gencrally lower than
the 1.5 and 2.44 year return period on the annual
series and the 0.9 and 2.0 year return penod on
the partial duration series (Table 10.13).

Figure 10.20 displays the plot of the relationship
between MAR and dommant discharge. Although

not tested statistically, the result indicates that an inverse relationship exists between MAR and dominant
discharge. The higher the MAR, the lower the dominant discharge.

10.3.4 Effective discharge

The effective discharges range from 33 m’s” (Site 1) to 95 m’s” (Site 2) for the Yang equation, and 52
m’s” (Site 3)10 111 m's” (Site 1) for the Ackers & White equation. The Engelund & Hansen equation
predicts significantly higher values ranging from 111 m's” (Site 1) 10 379 m’s” (Site 3)(Table 10.13).
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Table 10.14: Inundation frequencies for different morphological features for the annual data for the
(Nifants River

S I stimated Pischarge Terence | wscharge ferrace 2 Duscharge Terrace 3 Discharge
O, return m's! return m's’ return m's’ retwrn m's’
persd perd perind e iond

3 95 160 -6 605 ~64 889 64 1295

| 1.6 62 64 756 o4 1899

4 a8 80 30 S50 64 995 ) 1462

o 92 118 158 621 6l 1245 6l 2508

Average | 5.8

Table 10.15: Inundation frequencies for different morphological features for the partial series data for
the (Nifanis River.

Sie Fatimared Discharpe Terrace ) Descharge Ferrace 2 Discharge Terrace 3 Discharee
), return m's' retern m's’ return m's' returm m's’
pened period perind perisd

3 42 160 o4 60S 04 889 ‘64 1295

I 0.3 62 G 756 “Od 1899

4 04 80 15 551 “6d 993 04 1462

2 19 418 18 621 64 1245 64 2598

Average 1.7

Table 10.16: Effective discharge flow classes for the Olifants River.

Site Yang Ackers & White Engelund & Hunsen
(Now class) (Now class) (Now class)
| S-1% 1-0.1% 1-0.1%
2 5-1% 5-1% 1-0.1%
3 1-0.1% 1-0.1% 0.1-0.01%
4 5.1% 0.1-0.01%
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Table 10.16 presents the effective

Olifamts nver
Upper throe fow class % transporied

2 ....-aa e

discharge flow classes. These range from
the 5% 1o 0.01% percentage exceedence.
The Yang cquation predicts effective
discharge in the 5-1% range for sites 1, 2
and 4 and 1-0.1%6 range at Site 3. The
Ackers & Whine equation predicts a range
from the 5-1% class for Site 2. and 1-0.1%
for sites 1 and 3. No transport is predicted
for Site 4. Engelund & Hansen predicts

Figure 10.21: Percentage bed material ransported by
the upper three flow classes (5<1%; 1-0.1% and 0. ]-

U017 for the Olifants River

higher transport values. with effective
discharges in the 1-0.1% and 0.1-0.01%
flow classes

The upper three flow classes transport over 60% of the bed material load (Figure 10.21) while the

cffective discharge class transports
between 32% and 519 of the bed material
at the four sites (Figure 10.22). Figure
1023 1o 10.25

cumulative  sediment

Figure display  the
ransport - curves.,
According to the Yang cquation, the upper
three flow classes are responsible for over
60% of the bed material ransported at each
of the sites, while over 90% of the bed
material for the sites is transported by
flows that are equalled or exceeded by the
20" percentile and greater. Flows lower
than this are not competent to transport

significant quantities of bed material

Ofitants river
Effective discharge

e

Figure 10.22: Percemtage bed material transported by
the effective discharge for the Olifanis River.

Figure 10.26 demonstrates the relationship between the flow competence of the highest flow class and
particle size distribution at the four sites. At sites |, 2 and 3, the transport models predict that the D,
and below are moved at the highest flows. However, at sites 1, 3 and 4 the Yang and Ackers & White
equations predict that the highest flow class does not have the competence to transport the Dy, In
comtrast, the Engelund & Hansen model predicts that the Dy, is moved at the highest flow class. Field
observation suggests that the Engelund & Hansen model over-predicts incipient motion. The Engelund
& Hansen model is also designed for alluvial sand-bed rivers and, consequently, this model cannot be
reliably applied to a coarse cobble-bed channel. It would appear that given the coarse nature of the bed,
not all of the bed becomes mobile, even at the highest predicted discharges.
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Figure 10.23: Cumuiative sediment transport for the Yang equation for the
(Mifames River.
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Figure 10.24: Cumulative sediment ransport for the Ackers & Whue
equanon for the Olifams River.
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Figure 10.25: Cumulative sediment transport for the Engelund & Hansen
equation for the Olifants River
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Figure 10.26: Maximum compeience for the Olifants River.

The highest modelled flows generated for the Olifants River are not sufficient 10 inundate the upper two
terraces. I flows of sufficient magnitude were able 1o inundate these terraces, however, the shear stresses
and unit stream power generated would be sufficient to mobilise the entire bed. For example, the unit
stream power gencrated at the terrace 3 inundation stage at Site 3 i1s calculied as 2683 Wm*. Similar,
large values are generated at terrace 2 and 3 (2260 Wm™ and 2018 Wm™? respectively). Unfortunately,
no historical flood data are available for the Olifants system, and hence it remains untested whether these
terraces are inundated by high magnitude low frequency events.

10.,.3.5 Sediment-maintenance Mlushing flows

The same methods that were used 1o determine the sediment-maintenance flushing flows for the Mkomazi
were applied 10 the Olifants River. Table 10.17 presents a summary of the results. It can be seen that at
all sies, except Sie 4 (Ackers & White equation), the Milhous P value predicts surface Nushing and
depth flushing at higher discharges than the equivalent transport equations for sand. The internal
consistency of Mihous™ approach was also tested. It was assumed that the B value of 0.021 (surface
flushing of fines and sand) and 0.035 (depth flushing) would be equivalent to the discharge at which the
d.. and dy, (see Equations 8.25 and 8.26) would be 1.0 mm (sand) and 2.0 mm (gravel). Table 10.17
illustrates this relationship. It can be seen that in all cases, the P value predicts surface flushing and depth
flushing at lower flow values than the equivalent low at which motion begins for the 1.0 mm and 2.0 mm
grain sizes.

Table 10.17 also shows the relationship between the maximum competence predicted from the Milhous
equations (d_,,, and d__ .,) and the maximum competence calculated from the Yang, Ackers & White
and Engelund & Hansen equations. [t can be seen that for sites |, 2 and 3. the d_,,, predicts considerably
lower competence than the three transport equations. However, at Site 4 the Milhous equations predict
a higher competence maximum than the three transport equations. The comparison of the competence
of the Dy, and the maximum competence calculated from the three transport equations (Table 10.17)
indicate the d__ ., in most cases predicts a lower competence than the three transport equations. It appears
that the d_,., 1s closer in value to the maximum competence predicted by the transport equations.
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Table 10.17: Comparison of the Milhous approach 1o the transport equations approach for the Olifants
River

Site p p L - duiso
g | 'AW 'FH 'd Yo | Y AW  *EH 'Y AW ‘EH
-
! H H H L L L L L L L A
2 H H 1 L I L L L L
3 H H H L L L L L L L L
4 H L H L L H H L L H L
| L. = |5 predicts surface flushing and depth flushing at lower flows than the equivalent for the transport

equations, where Y is Yang, AW is Ackers & White and EH is Engelund & Hansen

H = P predicts surface fushing and depth Nushing at higher Mlows than the equivalent for the transport
equations, where Y is Yang, AW is Ackers & White and EH is Engelund & Hansen

L=d_,andd .. predict lower maximum competence than the equivalent for the transport equations

H=d_, andd ., predict higher maximum competence than the equivalent for the transport equations

"

Figure 10.27 provides the RBS values obtained for the Olifants River. The RBS values indicate that the
Olifants River has an extremely stable bed. The RBS value predicts that sites 1 and 4 become unstable
at the 99.99" percentile flow (i.e. the flow that is equalled or exceeded 0.01% of the time). At sites 2 and
3. however, the flow regime does not have the capacity to create the conditions necessary for channe!
mstability, i.e. the RBS values predict that even
under the highest flow conditions the D, will not

be mobilised. RIS s tanoue
. . - -
If the values for the RBS are compared with the " - .
effective and dominant discharges. the values l - .
show a distinct difference. The effective and "
dominant discharges are well below the RBS - :
values. It has already been mentioned that the | _ Y e .’ S S

transport equations generally estimated a poor

1 [R5  value:s - P
relationship between the P value and the sand AP IRE: R o i

Olifants River. The fvalue calculated for the 0.021

and gravel competent flows. (surface) and 0.035 (depth) flushing flows. These
values represent the flow class ai which the fvalue

These results support those from the three 5 (1021 and 0.035 respectively

transport equations, these being that the Olifants

River has an immobile bed and that there is unlikely to be any channel instability (based on the RBS

calculations). However, the p index predicts that higher discharges are necessary to transport sand and

gravel than the three transport equations and thus predict lower competence for the given flow classes
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than the three transport equations. It has been noted carlier, however, that these two sediment-
maintenance flushing flow methods should be used with caution.

10351 Effective discharge for sand. gravel and cobble

The effective discharge for sand, gravel and cobble was calculated in the same manner as for the
Mkomazi and Mhlathuze Rivers. Figure 10.28 demonstrates that the percentage bed material transport
for the effective discharge flow class is lower for sand. followed by gravel and cobble. Furthermore, it
is only at Site 2 and 3 that the
effective discharge transports
cobble. The results indicate

Olifants river
Effective discharge and flow class
different effective discharges
and different  effective
discharge flow classes for
cobble, compared with the
sand and gravel results, which
are the same. (Table 10.18).
Sand transport occurs over a

wider range of flow classes
than does gravel and cobble
and the effective discharge for

m-- myn-m

Figure 10.28: The percentage bed material ramsported by the
effective discharge for the Olifants River for sand. gravel and
lowest. cobble for the Yang equation.

the sand class is generally the

Table 10.18: Effective discharge flow classes for the Olifants River for sand. gravel and cobble for the
Yang equation.

Site Sand Gravel Cobble
(Now class) (flow class) (flow class)
| 5-1% 5-1% -
2 5-1% 5-1% 5-1%
3 1-0.1% 1-0.1% 0.1-0.01%
4 1-0.1% 1-0.1% -

103.6 Synthesis

The Olifants River is strongly controlled by bed rock, local hydraulic conditions and coarse bed material.
The effective discharges are in the 5-0.01% range on the |-day daily flow duration curve. It has been
shown that the coarse fraction of the bed material (i.e. D,, and greater) remains immobile, even under
the highest flow class, despite the high shear stress and unit stream power generated at a number of the
sites. The material that is transported is mainly fine gravel. This results in the calculation of low effective
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discharges. as the flow in the lower flow classes is competent o transport significant quantities of the
fine bed material, but is unable to mobilise the entire bed. It has also been demonstrated that should the
flow reach the stage of the upper two terraces, sulTicient stream power would be gencrated to transport
the entire bed. Thus it could be argued that, like the Mkomazi, the Olifants has developed a channe)
architecture that is related to a highly variable, bi-polar type flood regime. It may therefore be erroneous
to think of one “effective discharge” for the Olifants. Instead a set of effective discharges may be of
significance.

10.3.7 Implications for Instream Flow Requirements (1FRs)

The results generated from the analysis of the Olifants River can be used to make recommendations for
IFRs for the Olifants system. It is argued that the Olifants system is strongly controlled by bed rock and
that little channel change is likely to occur. It has also been pointed out that the coarse bed material s
mobile only under the highest flow conditions. At some sites, the armour-layver remains immobile cven
under the highest flows generated by the predicted virgin flow conditions. This situation is almost certain
to exist under the present-day regulated flow environment. This is despite the fact that all of the sites on
the Olifants generate high unit stream power. The high unit stream power allows for transport of the finer
portion of the bed material at lower flow classes, and hence the effective discharges are lower than those
calculated for the Mhlathuze River. It can be argued that the regulated flow environment has had little
impact on the channel morphology. and the channel maintenance flow is probably the 1 in 20 vear flood
which is able to mobilise the entire bed. The objectives of the IFR are thercfore different to those stated
for the Mhlathuze. The following flow objectives might be set:

. to periodically remove fine sediment from the gravel and cobble substrate;
. to periodically move gravel through the coarse cobble-bed: and
. to ensure that large flood events (1 in 20 years) are allowed to move through the system to ensure

that the subsurface material is turned over and thereby maintain a loose bed structure.

It is important to point out that in a system such as the Olifants, where boundary resistance 1o flow
deformation is strong, morphological features such as the estimated bankfull discharge should be used
with cantion in setting IFRs. In these sysiems the estimated bankfull discharge is not necessarily the same
as the effective discharge or the dominant discharge. Given this scenario, it is probably wise to
recommend two sets of effective discharge: first, an effective discharge that achieves the first two
objectives outlined above; and second. a *reset” discharge, a large flood event that serves as the channel
torming discharge.

10.4 Summary and conclusions

The results presented have indicated that the approach that has been adopted in determining the
magnitude and frequency of channel forming discharge and sediment-maintenance flushing flows can
be applied in a meaningful way to regulated rivers. This section will consider the results in the light of
the research questions posed at the beginning of the chapter.
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Do the results obtained from the two regulated systems add to the understanding gained from the
Mkomazi?

It 15 argued that the channel morphology and bed material transport in the Mhlathuze River have been
considerably altered by the regulated flow environment imposed by the Goedertrouw Dam. This has
resulted in channel narrowing and deepening immediately below the dam, and channel aggradation
downstream of major sediment inputs from tributanies. The Olifants River on the other hand shows a high
degree of resilience 10 change, probably due to the strong bed rock control of the channel boundary and
the coarse heterogenous bed. Indeed little change is likely to occur other than possible further channel
armouring or aggradation, Aggradation is unlikely given the high unit stream power generated in the
Olifants system even under low flow conditions. It is probable that the Olifants system is supply-limited
and that the coarse bed material is a reflection of this state.

What is the impact of flow regulation on the relationships, and are the observed morphological
condittons related 1o virgin flow conditions or to the regulated present-day conditions”

It has been demonstrated that for the Mhlathuze, the present observed morphological relations are related
to present-day flow conditions. It has also been suggested that the Olifants system is a more resilient
system, and that the observed morphological conditions are likely to be more permanent given the strong
bed rock control in the channel perimeter.

What lessoms can be learnt for Instream Flow Requirements (1FRs)?

It is important to realise that fluvial systems may respond in different ways to a regulated flow
environment. Both the Mhlathuze and Olifants systems display highly variable hydrological regimes
under virgin flow conditions (CV of 0.93 and 0.70 for the Mhlathuze and Olifants Rivers respectively ),
and yet they respond very differently to the imposed change. The Mhlathuze shows major geometry and
bed material transport capacity changes, while the Olifants indicates very little adjustment. Channel
boundary conditions are of great significance in determining the impact of flow regulation. This must be
taken into account when setting 1FRs,

Given the results obtained, what flows should be recommended and why?

it has been suggesied that, for the Mhlathuze, differemt flows should be recommended for the sie
immediately below the Dam, and for those sites downstream of the major tributaries. Where tnbutary
inputs of discharge and sediment occur, bed mobility conditions and degree of human impact need 1o be
taken into consideration. It is argued that flows should be set close to the effective discharge 10 ensure
that the amount of sediment entering a channel reach is equivalent to the amount of sediment exiting a
reach (i.e. an equilibrium state). Two sets of effective discharges were recommended for the Olifants
system. First, the effective discharge was recommended that would ensure that fine material, sand and
gravel would be flushed through the system thereby preventing fine material entering the interstitial zone.
Second, it was recommended that high magnitude low frequency “reset’ flood events should be allowed

10 move through the system to ensure that bed is overturned occasionally, thereby maintaining the
channel form.




Section E: Short-term response: discharge related
changes to hydraulic habitat

I'his research was based on field work and data analysis by Dr Roy Wadeson.
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Chapter 11: The development of mapping techniques for the
assessment of hvdraulic biotopes

Roy Wadeson, IWREnvironmental. Pietermaritzburg

11.1  Imtroduction

According to the new National Water Act (Act 36 of 1998), resource quality objectives must be set with
respect to the following aspects of the water resource:

. the quantity. pattern, timing. water level and assurance of instream flow;
. the character and condition of the instream and riparian habitat:

. the water quality and

. the characteristics. condition and distribution of the aquatic biota.

With the exception of water quality, maintenance of instream and riparian habitat can be considered
fundamental 1o the above objectives. From an ecological perspective, recommendations about the
quantiny, patiern, timing, water level and assurance of instream flow are based on criteria considered
necessary 1o maintain adequate habitat conditions 1o safeguard the charactenistics. condition and
distribution of the aguatic biota.

Two important national initiatives are closely related to the protection of resource quality as defined by
the National Water Act. One is the need 10 determine the ecological reserve for all significant water
courses and the other is the River Health Programme, designed 10 establish and implement a national
monitoring svstem. Assessment of aquatic habitat, and its relationship to the quantity, pattern, timing,
water level and assurance of instream flow, has therefore become a priority.

International concern about the impact of dam construction and flow regulation on the ecology of
regulated streams has prompted ecologists to quantify the flow patterns required for the survival of
aquatic species and 10 build these MTows into the instream flow requirements for regulated rivers (Gore
& King. 1989, King & Louw, 1998). The relationship between discharge, flow characteristics and habitat
availability provides the conceptual basis of most instream flow assessments. In South Africa these
environmental flows form the basis of the ecological reserve as defined above. The aim of many overseas
instream flow studies has been to assess the flow requirements of target species and 1o recommend flows
needed to assure maintenance of the population (Stalnaker er ., 1994). In South Africa, emphasis is put
on the community rather than target species, so that the focus has been on the maintenance of overall
habitat rather than on species management per se. Newson & Newson (2000, p.199) express a similar
concern for British rivers: “Nevertheless, it is a valid working principle in ecology that diversity of
habitat, if it can be described, paves the way for predictions of the potential diversity of biota.™ As more
information becomes available on the habitat requirements of different species, however, it becomes
casier 10 identify critical habitats in the different river systems (Weeks ef al., 1996 (voll)),
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Habitat is comprised of a number of components. Instream habiuat, for example, depends on the flow
hydraulics, substrate conditions, overhead cover, water temperature and water chemistry. The first two
of these components can be related directly to the channel geomorphology and can be termed hydraulic
habitat. Available hvdraulic habitat can be described in terms of the wetted perimeter (the total
availability of habitat). the flow depth and flow velocity, coupled to the material on the channel bed
which forms the habitat substrate. Hydraulic habitat varies across the channel cross-section, forming
distinct patches that can be related to the channel form and bed conditions. These patches have been
termed hydraulic biotopes, defined by Wadeson (1994) as a spatially distinct in-stream flow environment
characierised by specific substratum and hvdraulic atiributes. Hydraulic habitat also changes with
discharge. wetted perimeter, depth and velocity all increase with discharge so that both the total available
habitat and the quality of that habitat (the hydraulic biotopes) change. The nature of this relationship
depends on the geomorphology characteristics of the channe! at any given site, as has been demonstrated
by Rowntree & Wadeson (1996), Padmore (1998) and Newson & Newson (2000).

Table 11.1: Definitions of flow types (afier Rowntree and Wadeson, 1999).

Flow types Definition

No flow No water movement

Barcly perceptible flow Smooth surface. flow only perceptible through the movement of
suspended marter

Smooth uniform flow boundary  The water surface remains smooth: streaming flow takes place
throughout the water profile: turbulence can be seen as the
upward movement of fine suspended particles

Rippled or surging Mow The water surface has regular disturbances which form low
transverse ripples across the direction of flow: the degree of
disturbance may vary from faint ripples to strong ripples

Undular standing waves Standing waves form at the surface but there is no broken water
Broken standing waves Standing waves present which break at the crest (white water)
Free falling Water falls vertically without obstruction.

Habitat assessments in South African ccological reserve (Instream Flow Requirement) workshops are
based on hydraulic analyses applied 1o one or two line transects across representative morphological units
at representative sites. A hydraulic analysis is applied to each transect to derive the discharge related
changes in wetted perimeter, maximum depth, the depth distribution across the profile, and mean
velocity. The distribution of substrate size across the section can also be provided. The quantitative
description of habitat at any one point on the transect is therefore limited to substrate and flow depth:
estimates of point velocities are unavailable. In effect. the transect is treated as a lumped system,
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characterised by average values. This 1s a major limitation of the method as used at present. A second.
possibly more serious limitation is that quantitative assessments are restricted to a single line transect for
cach representative morphological unit, no method having been developed to assess spatial changes in
habitat across the unit as a whole. There 15 a clear need for a technique that can incorporate spatial
changes in habitat as an integral part of reserve assessments. Hydraulic biotope mapping is suggested as
a means of achieving this.

Table 11.2: Definitions of hvdraulic hotopes in terms of flow tvpes. Further subdivision can be made
in terms of substraie (modified form Rowniree and Wadeson, 1999,

Hydraulic Biotopes  Definition

Trickle: Very small volumes of flow trickling through cobbles or over bedrock. Trickles
are charactenised by barely perceptible flow
Backwater: A backwater 1s morphologically defined as an area alongside but physically

separated from the channel, yet connected 1o 1t at its downstream end or as slack
water or dead zone: an area of mne perceptible flow which is hydraulically
detached from the main low but is within the main channel. It may occur over
any substrate,

Pool: A pool is in direct hvdraulic contact with upstream and downstream water but
has ne perceptible flow.
Glide: A glide exhibits smooth uniform flow. A glide may occur over any substrate as

long as the depth is sufficient 1o minimise relative roughness. Glides exhibit no
significant convergence or divergence.

Run: A run can occur over any substrate apart from silt. Runs often form the
transition between riffles and the downstream pool. A run may be characterised
by a rippled or surging flow type.

Riffle: RifMles occur over potentially mobile, coarse alluvial substrates from gravel o
cobble. A riffie may be characterised as having undular standing waves (or
breaking standing waves),

Rapd: Rapids occur over a fixed substrate such as boulder or bedrock. Rapids are
characterised by having breaking standing waves, chutes or limited free falling

Slow

Depth and velocity are widely seen by ecologists as the two flow variables which best describe aquatic
habitat (Wadeson, 1994). While point depth measurements can be taken with relative ease using simple
and mexpensive equipment, point velocity readings take considerably longer and require sophisticated
and expensive current meters. An altiernative method to classifving hydraulic habitat is 10 use the flow
tvpe in combination with the underlying substrate. The flow tvpe (Table 11. 1) describes the surface
appearance of the flow (smooth, rippled, broken standing waves etc.) and has been shown by Wadeson
& Rowntree (1998) to be an acceptable surrogate for the flow hydraulics as characterised by such indices
as the Froude number, Reynolds number or shear velocity, all of which are derived from velocity and
depth measurements. Hydraulic biotopes can thus be defined i terms of the flow type, Mlow depth and
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substrate (Table 11.2). As the flow type is a visual manifestation of the flow hydraulics. it is a variable
that is relatively straightforward to map. Hydraulic biotopes, however, tend to be distributed in a complex
of small patches, especially in morphological units such as riffles and rapids, the area of focus in most
reserve workshops. This makes mapping a time consuming process if conventional methods of surveying

are used (King & Schael, 2001).

Wadeson (1996) used point sampling in order to evaluate the hydraulic characteristics of hydraulic
biotopes. This information has been used 1o determine discharge related changes in the proportions of
hydraulic biotopes present at any given discharge (Rowntree & Wadeson, 1996). The data displayed in
Figure 11,1 shows how this relationship varies for three typical morphological units in the BufTalo River
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Figure 11.1: Discharge related changes in hvdraulic biotope
composition for three morphological units in the Buffalo River,
Eastern Cape. Percemage exceedence for discharge events as
follows: 1-92%, 2-73%, 3-50. 4-30%. Modified from
Rowntree and Wadeson (1996)

and indicates the potential
application of this approach 1o
reserve assessments. The next step
is to move from point sampling 10
mapping the changes in areal extent
and position of the various
hydraulic biotopes  within
morphological units. As  noted
above, the time consuming nature of
conventional mapping techniques to
date has hindered the inclusion of
habitat mapping as a standard
component of reserve assessments.

Two approsches to the habitat
mapping problem are considered in
this report. The first utilises digital
photography which is then
manipulated using Geographical
Information System software (GIS).
The second requires a detailed
survey of the arca of interest. This
data set is also manipulated using
GIS software to create a three
dimensional digital terrain model
(DTM).
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Figure 11.2: Overview of the Umgeni River Carchmemnt showing research sites.
11.2  Digital Photography
11.2.1 The Research Area and Study Sites

The Umgeni River is a relatively steep coastal river system, fairly typical of those draming the eastern
escarpment of South Africa. From its headwaters in the Drakensberg Mountains at an altitude of more
than 3000 metres it flows in a south-casterly direction for 160 km before discharging into the Indian
Ocean just north of the city of Durban. The location of rescarch sites used to develop a hydraulic biotope
mapping technique are shown in Figure 11.2. The rescarch reach is situated between Midmar Dam and
Albert Falls. Although the river is naturally perennial at this site, flow is now dependent on dam releases.
I'he research reach is situated downstream of a bedrock gorge with a geomorphology characteristic of
arejuvenated foothill type zone, that is, a steepened section within the middle reaches of the river caused
by uplift. Bed material is dominated by boulder, cobble and gravel with a pool-riffle and pool-rapid
morphology. A compound channel is present with a narrow active channel (30 metres width) contained
within a macro-channel (80 metres width),

e main requirements for this study were that the study reach was casily accessible. could be related
1o a stage plate nearby for discharge readings and that a diversity of channel morphology was present.
The study sites represent different channel types and different channel morphology. Site | (Plate 11.1)
has a pool-riffie morphology. Riffles are composed of cobble and boulder interspersed with gravel. Pools
have beds dominated by similar size material which has been covered by a thin layer of fine material (silt
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and mud). Substratum is well rounded and relatively lose in the riffie but stable in the pool (channel
width approximately 30 metres). Site 2 (Plate 11.2) has a pool-rapid morphology. Rapids are composed
of channe! spanning deposits of large boulders interspersed with cobbles and gravels. Pools are relatively
small and shallow. Particle shape is rounded but well-packed giving rise to a stable bed (channel width
approximately 20 metres).

11.2.2 Methods

11.2.2.1 Data Collection

The aim of this study was to develop and test a technique for the mapping of hydraulic biotopes within
different morphological units over a range of discharges. The two sites described above provide a range
of different morphological units: riffle and pool at Site | and rapid and pool at Site 2. For the purpose
of this study the units that represent the most diverse and complex array of hydraulic biotopes were
selected for mapping, that is the hydraulic controls at each site (riffle and rapid). Unfortunately, due to
low summer rainfall, dam levels remained low during the ficld work period and no high flows were
observed in the river. The results therefore relate only to one discharge, 0.76 m’s”. Discharge data were
obtained from an upstream gauging weir at Midmar Dam wall,

At cach site an elevated digital photograph was taken of the riffle and rapid. Various techniques were
examined to best ensure that photographs could be replicated for different flow conditions. The most
satisfactory technique used 1o date has been the use of a 1.7m aluminum step ladder. The step ladder is
positioned at a known location (using a GPS and marked fcatures) and photographs taken using a hand
held Kodak DC 210 camera. The height of the photographs above the water level were approximately
6m for Site 1 and 3m for Site 2. The lack of standardisation for height benween different sites is not a
problem. It is important however to standardise height for repeat photographs at a site. The photographs
cover an area of at least 100m~. In the examples given here, the entire channel width was photographed
but not the entire length of the morphological unit (approximately 35%).

Early attempts used a 3.5 m fibreglass pole with a tripod attachment and the self-timer option on the
camera. This was largely unsuccessful because of the inability to closely replicate photographs when one
cannot see reference points through the view finder.

A photograph taken at each site was downloaded 10 a notebook computer and a black and white print was
produced with a portable printer. This image provided the template for the mapping of hvdraulic biotopes
in the field, The identification and demarcation of hydraulic biotope boundaries was carried out using
the concepts and ideas which are formalised in Tables 11.1 and 11.2. The hydraulic biotype for each
mapped unit was classified according to the surface flow type and the underlying substrate. A minimum
of three random depth measurements were then taken within each different biotope and these values were
also recorded on the 1emplate.
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Plate 11.1: Umgeni River Site | - Riffle

Plate 11.2: Umgeni River Site 2 - Rapid
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In order 1o transfer qualitative hand-sketched boundaries on the template into quantitative areas of
measurement, the information was digitized and analysed using the software package ArcView. The
onginal digital photograph was used as a background template for digitizing.

The process of transferring hydraulic biotope boundaries onto a hard copy template is relatively simple
il one is familiar with the different substrate and flow type classes as outlined in Tables 11.1 and 11.2,
I'he time taken at cach site is dependent on the complexity of the area, accessibility, flow conditions etc.
Site 1. which is a fairly complex site, took approximately | - 2 hours 1o map in the field, this time
includes the recording of flow depth in each biotope unit. The production of GIS covers in the laboratory
takes somewhat longer and again is determined by the complexity of the site and the familiarity with the
sofiware (approximately 3 - 4 hours).

Equipment needed to carry out the hydraulic biotope mapping procedure as discussed in this report
include:

Digital Camera

Notebook Computer

Portable Printer

Depth Measuring Stick

Aluminum Step Ladder

ArcView software

11.2.2.1 Data analysis

For each site. maps were prepared showing the distribution of hydraulic biotopes at the given discharge
(Figures 11.3 and 11.4). The maps give a good visual impression of both the diversity of hydraulic
biotopes and their distribution within a morphological unit. The actual area of the hydraulic biotopes was
calculated in ArcView. This information was exported to a spread sheet for further analysis.

Habitat extent was further described by means of simple histograms (Figure 11.5). Each histogram
demonstrates both the diversity and acrial extent of hydraulic biotopes for a given discharge. To give
an indication of depth within each hydraulic biotope at a given discharge, the modal value of the
measured depths was plotted as simple histograms (Figure 11.6).

11.2.3 Results

The map of hydraulic biotope distribution within the riffle is shown in Figure 11.3. This map clearly
demonstrates that at this site, with a flow of 0.76 m’s”, there was a high degree of habitat diversity.
All seven of the hydraulic biotopes were present. A visual interpretation of the map shows that there
was a limited area out of the water and that the habitats were patchy but well-connected. The map of
hvdraulic biotope distribution within the rapid is shown in Figure 11.4 This map clearly
demonstrates that there were fewer habitats available in the rapid (five instead of seven). The map
also shows the presence of more arcas out of the flow. The habitats still appeared 10 be well-
connected at this flow.
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The percentage acrial extent of different habitats is shown in Figure 11.5. 1t is interesting to note that
at this discharge the riffle was dominated by trickle flow (37 %) and that this, together with riffle
flow (22 %), run (15 %) and pool (15 %), made up 89 % of the available habitat. Only 3 % of the
available “active channel” was dry. The rapid morphology showed a somewhat different picture, with
rapid (34 %6). run (24 %), and trickle (21%), making up 79 % of the available habitat. A further 18 %
of the “active channel” was dry at this discharge.

Depth of habitat plays an important role for some ecological elements in the river. Fish are
particularly reliant on depth for feeding. migration and so on. Figure 11.6 shows changes in the modal
depth of different hydraulic biotopes in two separate morphological units. The graph shows that, at a
flow of 0.76 m's”", considerably more depth is available in the dominant hydraulic biotopes of the
rapid than the riffle.
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UMGENI RIVER
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Figure 11.5: The aerial extent of different hvdraulic biotopes within two separate
maorphological wuniis
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Figure 11.6: Modal depth of different hydraulic hiotopes within a riffle and a rapid
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11.2.4 Discussion

A habitat mapping technique utilising digital photography provides a relatively quick and easy method
for the quantitative assessment of changes in hydraulic biotope condition. The results presented here
show the pattern of hydraulic biotopes at two sites for one discharge only. Clear differences can be
seen between the two sites, 1f the method is 1o be linked to Mlow requirements, it clearly needs to be
repeated for a range of discharges. Lack of flow variability over the study period precluded any
comparative measurements being undertaken. Nonetheless it is concluded that the method will
provide a useful supplement to the procedures presently used in assessing the ecological reserve,

In response to changes in the flow regime and catchment condition there are likely to be concomitant
changes n the physical makeup of the river. The River Health Programme has been initiated to
monitor these changes. The mapping technique described here may provide a useful tool in this
programme for the assessment of habitat change over a long period of time. In this case it is envisaged
that measurements could be linked to a particular flow level or Mow duration, probably those
charactenistic of wet- and dry-season base levels.

Assuming that the researcher has access 1o the equipment listed above, a hydraulic biotope map for
any site can be produced in four to six hours. Approximately two of these hours are required in the
fickd: the balance in the laboratory. There is a limited amount of training required to carry out the
procedure. The field worker needs to know how 1o use the field equipment and needs to be familiar
with the information given in Tables 11.1 and 11.2. A certain degree of competency is required in the

use of the software package Arc View 1o create the finished maps, but again this is a relatively simple
exercise.

Some limitations which need to be recognised are as follows:

. The procedure requires expensive technology (digital camera, notehook computer elc).

. Some specialised training is required.

. Only a limited area can be mapped at any one time (dependent on the focal range of the
camera and the height of the photograph above the site).

. The biggest problem encountered is standardisation for repeat photographs. i.e position of
photographer, angle, height, scale etc.

. The technique is not suitable for high flow mapping as one cannot enter the channel for
classification and ficld verification.

. For best results the photograph should be taken from at least 6m above the area of interest and
in the middle of the channel. Using the present technique, this is not possible.

. Clearly recognisable landmarks (above the flood line) must be visible within cach photograph
so that repeat photographs can be taken for different discharges.

. The validity of the procedure needs to be tested for a series of different discharges,
unfortunately this was not possible in this study.

. It is a two dimensional technique and would be strengthened if it was coupled to a three

dimensional procedure such as digital terrain modeling (DTM), as described in the following
section,
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11.3  Digital Terrain Modelling (DTM)

11.3.1 Introduction

As pointed out above, channel dimensions for any site of interest (IFR sites) have been obtained 10
date by a series of two dimensional cross-sectional surveys. These surveys have been used 10
determine the channel hydraulics for a site, that is the relationship between depth, discharge, velocity
and wetted perimeter. The cross-sectional surveys (with the associated hydraulics) are used by
ecologists in an attempt 1o determine the ecological flow requirements of selected species.

Several problems have been recognised in the use of this two dimensional technique. Site selection for
a survey section is critical it must be representative, at a hydraulic control and preferably through the
lowest point on that hydraulic control. Scientists involved very often have no idea as to the degree of
connectivity between the survey site and other sections across the hydraulic control.

The advent of more sophisticated survey equipment (Total Station) has allowed the efficient
collection of numerous data points distributed throughout an area of interest. Each point has an
attribute of latitude, longitude and elevation (X, Y and Z coordinates) with respect 1o a fixed datum.
These data points can be imported into a GIS software pachage (ArcView Spatial) and manipulated
using interpolation techniques 10 produce a continuous three dimensional surface. The major
components of physical habitat (excluding water quality) are hydraulics, substrate and aquatic
vegetation cover. Hydraulics can be modelled for a single cross section using conventional
techniques. The hydraulic characteristics can then be added to the DTM in the form of a water surface
for each specified discharge. This water surface has associated variables of wetted perimeter (at a
cross-section) and average velocity (at a cross-section).

11.3.2 The Rescarch Area and Study Sites

As part of a consultancy project to determine the potential environmental impact of two dams on the
Tugela River, three sites were surveved 1o allow the creation of three dimensional topography of the
river bed. The data from two sites are presented here to demonstrate the potential application of DTM
techniques to habitat modelling.

I'he Tugela catchment drains an area of 29 039 km’, rising on the escarpment of the Kwa-Zulu Natal
Drakensberg range and flowing approximately 512 km through the castern slopes until it discharges
into the Indian Ocean 80km north of the city of Durban (Figure 11.7). Two sites selected for a habitat
assessment include an area on the Bushmans tributary upstream of the town of Weenen, and a site on
the main Tugela River at Jamesons drift.
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Site | on the Bushmans River

Site 1 is fairly representative of the pool/riffle type morphology found in this section of the Bushmans
River and incorporates considerable habitat diversity as demonstrated in Plate 11.3. The active
channel is confined by low banks which form benches within a deeper macro-channel.

Tugela River Catchment

=

-

* Sample Sites
Figure 11.7: The Tugela catchment and sampling sites

Site 2 on the Tugela River (Jamesons Drift)

Site 2 is downstream of all the major tributary inputs in the Tugela catchment. It consists of a well
defined channel which is dominated by large cobbles and boulders. The morphology can be described
as pool'rapid because the bed material is considered to be immovable under normal low conditions
(Plate 11.4). A well defined low flow channel flows between lateral bars of large cobble and boulder.
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Plate 11.3: Site | on the Bushmans River
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Plate 11.4 Site 2 on the Tueela River Jamesons Drift
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11.3.3 Methods
Surveving:

A grid pattern for data collection was used by laying out two parallel lines (ropes) on opposite banks
of the river. A third rope was fixed perpendicular to these two lines (o mark the first survey transect
and guide the prism holder. This rope was moved after the completion of cach transect, The number
of transects at each site was determined by the physical complexity and time constraints. As a
standard procedure, two metre intervals were used between transects and approximately 15 - 20
transects surveved.

Table 11.3: Adapied sediment key for field capiure

SEDIMENT SIZE (mm) ADAPTED KEY
Silt < 006 |

Sand 0.06-2

Gravel 2-16 2

Coarse Gravel 16 - 64 3

Cobble 64-128

Large Cobble 128 - 256 Bl

Boulder 512-1024

Large Boulder > 1024 5

Bedrock not applicable

The survey instrument was set up at a fixed point so that all transects could be completed without
having to move the instrument. A field worker walked the transect lines across the river carrying a
survey prism and a modified sediment key (Table 11.3)

The aim of this survey was to capture as accurately as possible the change in bed topography. The
complexity of the river bed in these surveys required approximately 90 points to be captured along
each transect, Each point was numbered and a record made of the bed material sediment size and
presence or absence of vegetation. The flow type (hydraulic biotype) was also noted on one occasion,
at a discharge of 0.9 m’s”. These data were later manually captured in a spread sheet and linked 1o the
survey data. An example of the linked data sheet is given in Table 11.4.
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Table 11.4: Example of data sheet for the collection of elevation and sediment data.

no. X (m) Y (m) Z(m) substrate | vegetation |  habitat
Al 101.32 99.38 99.79 | ves riffle
A2 103.01 98.70 99,81 2 yes cascade
Al 104.07 98.30 99.74 2 ves cascade
Ad 106.36 97.40 99 82 3 no glide
AS 106.87 97.16 99 99 3 ves rapid

The GIS programme ArcView, together with spatial analyst and 3D analyst, were used to manipulate
the data. Data were imported into ArcView as a text file consisting of rows and columns (x, v, z,
substrate and vegetation). Note that elevation data had been corrected for slope by taking the bed
slope and then Mattening it over the transects. The survey points were converted 10 a raster data base.
These points were interpolated using an IDW (Inverse Distance Weighted) method in ArcView
Spatial to create a complete surface of topography and sediment distribution.

11.3.4 Results

Figure 11.8 illustrates the three dimensional topographical surfaces modelled from point data at Site |
on the Bushmans River and Site 2 at Jamesons Drift on the Tugela River. Dotted lines illustrate the 8
and 7 transects respectively along which point data were collected.

The 1opographic maps give a clear picture of the different morphology of the two channels. Whereas
Site | has a relatively wide, flat bed, Site 2 has a more v-shaped morphology giving rise 10 a narrow

low- flow channel. Extensive lateral bars are presemt at Site 2, whilst the presence of laeral channels
and backwaters separated from the main channel by low islands is apparent for Site |

Sediment

Point data of sediment size were used 10 produce the frequency curves shown in Figure 1.9 The
channel material at Site | has a fairly heterogenous size distribution, with a significant area of silts
and sands and of gravels. Site 2 generally has coarser bed material with much of the bed characterised
by coarse gravel and larger, with significant areas of large boulder and bed rock.

Figure 11.10 illustrates the modelled two dimensional maps of sediment distribution at the two sites.
The coarser material at Site 2 is again apparent.
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Figure 11.8: Topographical surface modelled from point data for Site |, Bushmann s River (Site Bi)

and Site 2. Jamesons Drift (Site 7.2)
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Figure 11.9: Frequency analvsis of hed material size
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Figure 11.10: Modelled sedimemt distribution at Site !, Bushmann's River (Site B1)
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A rating equation relating depth to discharge was developed for each site as pant of the 1FR exercise.
The rating equation (d = 0.457Q" ™) was applied to Site | and (d = 0.508Q" ") 10 Site 2. The rating
equation can be used 1o equate a specified maximum depth 10 a discharge for the site. This depth can
be applied to the DTM to demonstrate the area of flow in the channel and the degree of connectivity
at the site.

The distribution of flow depth at Site 2 is shown in Figure 11,11 Tor maximum flow depths of 0.4 m.
0.5 m. 0.6 m & 0.7 m respectively. From the rating equation these depths equate to discharges of
approximately 0.6 m's”, 1.2 m's", 2 m's” & 3 m’s "', The darker blue areas illustrate the lowest points
on the bed from which flow depth is measured and therefore the deepest water. Figure 11.12 shows
the equivalent flow depth distributions at Site 2 for maximum flow depths of 0.7 m. 1.1 m, I Sm &

I .8 m. From the rating equation these maximum flow depths equate to a discharges of approximately

Im's L 10m's' . 40m's' & 70m’s".

The differences in channe! morphology at cach site have a clear influence on the way that the flow is
distributed across the channel bed. At Site 1, as discharge increases, the water spreads laterally across
the bed from the right hand side. At the lowest flow there are a number of small isolated pools
detached from the main flow. These are incorporated into the main flow as the discharge increases. It
can be seen that even at the highest specified discharge there is no water flowing through the lateral
channels although small isolated pools appear. At the lowest flow at Site 1 it can be seen that there is
no continuous flow, but rather a series of isolated pools. These join up at the second discharge. As
flow increases. the main increase is in depth rather than wetted area as the flow is confined in the v-
shaped channel. There is a potential for isolated pools to form at higher discharges as a result of
water seeping laterally through the cobbles and boulders into depressions.

Wetted Area

The changes in wetted arca and depth distribution were explored further using the summary statistic
function of ArcView. This was used 10 determine the change in surface area for cach depth as a
function of change in discharge. Figures 11.13 and 1 1.14 illustrates the change in surface arca of the
bed covered by different depths of water as discharge increases for Site |1 and Site 2 respectively. At
Site 1 the modal depth values tended to be in the shallow flow classes (0 - 10 cm) at all discharges,
and the area of bed covered by less than 10 cm of water remained close 10 200 m°. As discharge
increased, the area covered by greater depths increased. The shape of the distribution was marked|y
different at Site 2. At low discharges there was a symmetrical distribution with modal values of
between 10 - 40 em. The heterogeneity of the depth classes increased with discharge until at the
highest discharge the distribution became bi-modal, with large arcas of shallow flow between 10 - 20
c¢m as well as the deeper flows of between 90 - 110 em.
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I'he graphs can also be used 10 determine what area of the bed is covered by a specific depth. For
example at Site | at a discharge of 0.6 m's”' (maximum depth of 0.4m) a depth of 20cm covers an arca
of approximately 125m°. At a discharge of 3 m’s™ (maximum depth of 0.7m). a depth of 20cm covers
an area of approximately 275 m”. At Site 2 at a discharge of 3 m’s”’ (maximum depth of 0.7 m), the
arca of the bed covered by a depth of 20 cm is approximately 50m’. At a discharge of 70 m’s’
(maximum depth of 1.8 m) the area of the bed covered by a depth of 20 cm is approximately 550 m*.
For the four flows considered, the greatest area of the bed covered by 20 cm of water is at 2 m's” of
Mow (approximately 950 m?),

Sediment Cover as a function of discharge

Utilising the “union™ function of ArcView maps of depth and sediment were combined to determine
the loss or gain in area of difTerent sediment sizes as a function of discharge. Figure 11,15 illustrates
the change in percentage cover of different sediment sizes at two separate discharges for the two sites,

Once again the two sites portray differences that are related to the channel morphology. At low flows
the wetted arca of the channel bed is characterised by coarse gravel, cobble and boulder. As the water
spreads out across the channel bed at the higher discharge there is a significam increase in the
percentage of sand and silt covered by water. At Site 2. discharge changes have relatively little effect
on the bed material class inundated by water. The water remains concentrated in the area dominated
by large cobble and boulder. The amount of gravel and finer material that is inundated remains
msigmficant even at the higher discharge.

Hydraulic Biotopes

A map of “habitat™ was produced using the hydraulic biotope data collected at a discharge of 0.9 m's’
at Site 1 and 2.7 m's" (Figure 11.16). As with many of the other maps in this study. ArcView Spatial
was used 10 interpolate between surveyed points to produce a continuous surface of habitat. It is
important to note that the map is valid only for the observed flow condition at the time of the survey,

It can be seen that the pattern of hydraulic biotypes is quite different for the two sites. There is a high
diversity of flow types at Site 1. these have a patchy distribution. The hydraulic biotypes have a more
continuous linear pattern at Site 2. There is a clear progression from backwater at the channel margin,
through pool and run to riffle in the centre of the channel. Small patches of faster more broken flow
types disrupt the riffie flow.

Hydraulic biotopes shown in Figure 11.16 are identified on the map in terms of flow type. It would be
possible 10 use the ‘union’ function in ArcView to combine flow type and bed material size class, but
the resulting map would be complex and the many different polygons would be difficult to separate by
eve. A qualitative assessment of habitat can be obtained by visually integrating the maps of flow type,
sediment size class and flow depth,
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Site 2: Jamesons Drift
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Figure 11.16 Habitat maps showing distribution of hydraulic biotopes at one
specified discharge
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11.3.5 Discussion

Ihe use of DM techniques has considerable potential to assist aquatic scientists in decision making
processes such as Instream Flow Requirement (IFR ), the Reserve and general biomonitoring. The
application to data collected from the Bushmans and Tugela Rivers presented in this chapter is an
indication of the potential use of the method for mapping habitats in river channels.

I'he two examples taken from the Tugela catchment clearly show a number of differences between the
instream components of channels with different morphology. The analysis has demonstrated how
different channel morphology creates different levels of habitat complexity in terms of discharge
related changes to flow depth. bed sediment and flow types. These changes were graphically
illustrated using maps modelled from point data along 7 or 8 closely spaced transects at each site,
There is a significant increase in the effectiveness of the information compared to that obtained from
the one standard IFR transect. The maps give a measure of both downstream variability and of habitat
connectivity that is not available from a single transect.

From discussion with aquatic ecologists it has become apparent that these scientists often use the
variables of flow depth and bed substrate as important indicators of habitat sumtability for specific
species. The techmique presented here provides a relatively simple and accurate method for mapping
changes in available water depth and substrate composition. One very important variable for the
assessment of habitat condition is a measurement of turbulence. This is a result of the interaction of
bed roughness, water depth and velocity. The method demonstrated in this chapter has not vet dealt
with the issue of velocity, but it is believed that it can be addressed in part through the addition of
habitat mapping as illustrated in Figure 11.16.

11.4 Conclusions

The information in this report aims 1o demonstrate the potential for two different methods 1o carry om
habitat mapping. The following description aims 10 provide a summary of the two techniques together
with advantages and disadvantages of each.

digital Photography

Advantages: Relatively quick (6 hours per site). relatively cost effective (if technology is
available), intermediate accuracy, gives a continuous cover for the sample
arca.

Disadvantages: Difficult to re-survey because of problems with standardisation, heavily
reliant on advanced technology. requires specialist skills. scale dependant by
size of image, two dimensional surface does not allow the overlay of water
levels.
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RIM
Advantages. Relatively accurate, no problems with standardisation, casy 10 train a ficld

worker for objectivity, scale independent. can return to the site at any interval
after the initial survey (fixed bench marks) and carry out an accurate re-
survey of water depth, substrate and flow type without any specialised
equipment, allows the easy overlay of different water levels on a three
dimension surface for assessment of connectivity, inundation etc.

Disadvantages: I'ime consuming for initial survey (1 day for a site), requires expensive
survey equipment (Total Station) and a qualified surveyor, requires specialist
skills for computer manipulation of data. Results depend on extrapolation
from line transects.,

As a simple habitat mapping 100, the use of digital photography appears to have enormous potential
Problems of standardisation need to be solved before this technique will realise its full potential,
DTM modelling appears to be considerably more versatile for habitat mapping and has immediate
visual impact. The ability 1o produce a three dimensional surface with different water levels is very
useful for determining instream flow requirements, Although the method 1s more time consuming and
expensive, the results appear to be more accurate and more useful. The ability 1o accurately assess
changes in habitat with changes in flow is a big advantage to this technique.

The advantage of the DTM technique in the Tugela catchment is that a re-survey is likely to be casier
and more accurate because of the number of fixed benchmarks. This technique does not have the same
problems of differences in height, angle, scale and so on which are associated with the use of digital
photography. The latter technique also avoids the need for digitising as the points are fixed by the
field survey.

One disadvantage of the technique is that it relies on interpolation between a number of line transects
The effect of this can be seen on the various maps presented above. One solution might be 1o use a
combination of the technigues. overhead digital photography 1o capture the flow type distribution for
small sample areas, point-transect survey to capture topographic, sediment and flow type data over a
larger arca.

11.4.1 Further development

It is felt that the full potential of digital terrain modelling will not be realised until it has been
scrutinised and used by aquatic ecologists in real management scenarios. 11 1s hoped 1o apply this
technique as standard procedure in the IFR forum as part of the comprehensive reserve and to build in
specific ecological requirements 10 the procedure as it develops.

To date the technique has been used only once in a full IFR workshop (Middie Olifants). One site was
mapped in the middle Olifants River as an exercise to determine the potential use of the technique to
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assist the setting of ecological flow requirements. Extensive use was made of the three dimensional
maps for different flows, particularly in to determine attributes such as connectivity of flow,
connectivity of flow depths, innundation of marginal vegetation and so on. The visual impact of the
DM maps proved particularly impressive. Feed back from the workshop was extremely positive. so
much so that ecologists were hesitant to try and set IFR requirements for the lower Olifants River
until a habitat model was available 10 assist them.

11.4.2 Further rescarch

o develop a predictive habitat mapping tool it will be necessary 1o carry out repetitive surveys of the
same area at different discharges. This will demonstrate trends of habitat change in response o
changes in discharge. If enough data are gathered it may be possible to develop “rules’of change for
different channel morphology. This work is presently underway as part of a follow up Water Rescarch
Commission project
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Chapter 12: Overview: Geomorphology and management

12.1  Overview of research objectives

his research project set out with the primary aim of implementing geomorphological research as an
integral component of multidisciplinary approaches to the management of southern African river systems
and conservation of their ecological integrity. Specific objectives were to:

Refine the geomorphological component of the 1FR methodology

Develop geomorphological indices and monitoring procedures to assess channel condition

Further assess the hvdraulic biotope concept and its application to the assessment of habitat

condition
As noted in the introduction. the development of a geomorphological index and assessment of channel
condition was taken up in a project funded through the Department of Water Affairs and Forestry and
preliminary developments were published as reports under the River Health Programme (Rowntree and
Ziervogel. 1999; Rowntree and Wadeson, 2000). The focus of this project has been to examine the
relationship between flow regime, geomorphological process, channel form and related habitat. This
relationship underhies the concept of the ecological reserve, defined as the quantity and quality of water
required 1o protect an aquatic ecosystem in order to secure ecologically sustainable development and use
of aquatic resources. In determining the reserve the timing of flow as well as its total quantity is
important, and embedded in the notion of timing is the distribution of flow between floods and low
flows. As geomorphologists, our attention is focussed on the floods as these are the flows thart effect
geomorphological change. In a Reserve determination the geomorphologist is given the responsibility
of recommending flood flows for maintaining the required channel form, interms of both overall channel
dimensions and bed sediment conditions. 1t is therefore important to be able to evaluate the role of flood
events and the possible implications of changing the flood regime on channel processes

Geomorphology determines the shape of the channel. and channel shape plus flow level determines
aquatic habitat. Habitat is therefore both flow and morphology dependent. This relationship was
embodied by Wadeson (1996) in the hydraulic biotope concept. Previous research funded by the WRC
{Rowntree and Wadeson, 1999) demonstrated the validity of hydraulic biotopes as a means of identifving
homogenous hydraulic environments. Research carried out during the present project aimed to develop
practical techniques by which hydraulic biotopes can be integrated into Reserve assessments as a means

of assessing the relationship between flow and habitat availability,

Reserve determinations and associated [FRs have commonly been carried out in conjunction with major
water development schemes that involve flow regulation. Flow regulation can be the result either of
building dams that impound and store water or interbasin transfer schemes (IBTs) that transfer water
from a doner 1o recipient stream. Both developments can seriously alter the flow regime of the impacted
rivers. Impoundments absorb floods, particularly the moderate events, while IBTs increase the base flow
of the receiving stream, often to magnitudes equivalent to the annual flood.
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McGregor in Chapter 2, Volume 1, has highlighted the geomorphological changes commonly observed
below dams as documented in international literature. She presents a model that demonstrates the
interaction between resultant changes to the flow regime and sediment load. McGregor emphasises that
downstream changes to channel morphology must be considered in relation to tributary inputs that
change the balance of flow related and sediment related impacts. Moreover, her own field research
(McGregor, 2000) demonstrated that geomorphological change is often localised, often at tributary
junctions

While the downstream effects of dams has received world wide attention, there has been a remarkable
lack of research into the geomorphological impact of interbasin transfer schemes. An investigation by
Du Plessis on the impact of an interbasin transfer on the semi-arid Skoonmakers river highlights the
magnitude of changes that can take place and point 1o a need for further rescarch in this arca. The
regulated Now in this river has had a major impact on the erosive power and sediment transport capacity
of this river, resulting after 20 years in a greatly widened and deeper channel in its upper riches. The
geomorphological impact was shown to have a strong spatial dimension, with the upper reaches being
subjected 1o massive erosion, and the lower reaches to deposition. Changes to channel structure were
closely linked to changes in riparian habitat and to species composition of the riparian vegetation. An
increasing number of interbasin transfer schemes are proposed as components of South Africa’s water
resource  development schemes. Experience from the Skoonmakers River shows that the
geomorphological impacts of such schemes must be carefully assessed before such schemes go ahead.

While it 1s widely acknowledged that dams and other water developments impact on geomorphological
processes and can change the downstream channel morphology, it is more difficult to make accurate
predictions of what those changes will be. As a first step we need 10 understand the relationship between
the flow regime and channel morphology in un-impacted rivers. The magnitude-frequency debate
provides a useful context for evaluating this relationship (Chapter 3. Volume 2). Fundamental to this
debate is the idea of a dominant or channel forming discharge that is the discharge 10 which the channel
form is related. [n many alluvial rivers this has been equated to the bankfull discharge - the discharge
at which the flows just fill the channel before spilling out onto the flood plain (if present). Research in
the 1950s and 1960s by American geomorphologists (Leopold et al. 1964) demonstrated that the bankfull
discharge was also the most effective discharge for sediment transport in that over the long term it
carried the most sediment. Thus the bankfull discharge was seen to have both morphological and
sediment transport significance. It has been widely used as the independent variable to develop predictive
equations for channel features such as channel width, channel depth. pool and riffle spacing or meander
wavelength (Leopold er @/ 1964). It would seem logical therefore to apply this thinking to understand
geomorphological processes in South African rivers and to the determination of the geomorphological
flow component for the Reserve.

Much of the research presented in Volume 2 of this report has focussed on developing magnitude-
frequency concepts for South African rivers, specifically the Mkomazi and the Mhlatuze (KwaZulu
Natal) and the Olifants (Limpopo Provinee). Much geomorphological research is empirical in its
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approach, and therefore is derived for a specific geographical context. Empirical relationships need 1o
be carefully tested before they can be applied elsewhere. The South African fluvial environment was
described in Chapter 2, Volume 2. South Africa rivers, particularly those draining the Great
Escarpment, are steep and strongly mfluenced by bedrock exposed in their beds and banks. They are not
true alluvial rivers and in place of a flood plain tend to have an active channel incised within a macro
channel bounded by terraces. The natural flow regime of South African rivers 1s highly variable with a
steep flood frequency curve, meaning that extreme floods are many times larger than annual lood events.
Moreover, research on South African palacoflood hydrology has shown that periods of above and below
average flooding occurred, with concomitant changes in sedimentation patterns in the recent past. Long
term cycles have been shown to be related 1o Quaternary glacial and interglacial cycles, but shorter term
evcles occur within stadia and inter-stadia periods (Dollar and Goudie, 2000). This variability is likely
10 find expression in the channel morphology in a manner that may be quite different from that related
10 the more equitable flows of temperate humid areas where much of the early rescarch on magnitude
and frequency was developed.

It 15 chear from the preceding discussion that an indigenous understanding of how southern African fluvial
systems function is of importance, as the approach taken to understanding fluvial systems has major
implications for management. A classic example of this is the previously stated legal case in the United
States (Gordon, 1995), where Luna B. Leopold and Stanley M. Schumm presented conflicting evidence
regarding the water requirements of the Platte River in Colorado. Their approaches 1o assessing the
river’s water requirements differed fundamentally and therefore the methods that cach applied and the
answers that were subsequently generated were inconsistent (see Table 11.1). This highlights the danger
that unless fluvial systems are understood in their proper context, within appropriate spatial and temporal
time-scales, an inadequate understanding of their physical functioning will be developed. resulting in the
svstems being poorly managed.

Research presented in this report has attiempted 1o examine our theoretical and applied understanding of
the magnitude and frequency of channel forming discharge for selected southern African rivers. Two
approaches 10 the problem was developed, an empirical approach that related channel form indicators
to discharge and a theoretical approach based on the effective discharge for sediment transport. In
alluvial channels, morphological features are made up of sediment that is in temporary storage in the
channel, representing the balance of erosion and deposition within the reach. In theory there should
therefore be a relationship between the sediment transport capacity of the flow and channel morphology
i an alluvial reach. As noted in Chapter 4, Volume 2, actual rates of sediment transport are notoriously
difficult 10 measure in natural channels. It is somewhat casier to derive an estimate of the transport
capacity of the flow at a given discharge using hvdraulic principles. This approach was followed in this
rescarch 1o estimate the effective discharge for the Mhkomazi, Mhlatuze and Olifants rivers. The methods
developed and results achieved using the magnitude- frequency approach have been presented in Chaplers
Sto 10
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Table 12.1: Summary of points made by the United States and Opposition on sediment movement in

mouniain streams (modified afier Gordon, 1995).

United States (Leopold position)

Opposition (Schumm position)

Sediment supplied were of sufficient quantity to fill
in the channels if maintenance flows were not
provided

Materials forming the stream boundarics were able
1o be moved at bankfull Mows or less

The controlled,
meaning that a unique relationship exists between
discharge and the amount of sediment transported.
If flows were reduced, but sediment supply
remained the same, then aggradation would occur,

streams  were  hydraulically

The amount of sediment supplied by the
mountain streams was very small and mostly
wash load. Only small flows, if any, were
needed 1o move this sediment.

The stream boundaries were composed of
coarse materials which would not move at
bank full Mow.

The streams were supply-limited, meaning
there was less sediment available than the
streams could carry. Flows could be reduced
and the streams would still be able to carry the
sediment load.

12.2 A magnitude frequency model of channel adjustment for South African rivers

Theories of channel formation and maintenance discussed in Chapter 3 fall within two basic models: the
‘Leopold” model and the ‘Structural” model. The first arises from the hydraulic geometry approach as
applied to sand and gravel-bed alluvial rivers and has been developed by the *Leopold” school of thought.
It argues that “rivers are the authors of their own geometry’, and that over time rivers will adjust their
dimensions to convey the intermediate flows and associated sediments within their banks 1.e. those
which occurred a few times a year on average. Very large flows occur too infrequently and very small
flows carry 100 little sediment 10 shape the active channel. This model considers the bankfull flow, that
flow that just reaches the level of the floodplain, to be the channel forming discharge. This approximates
10 the effective discharge. the flow that carries the most sediment over a long period of time. Bankfull
flow was found to occur with a frequency of 1 to 2 vears on average for many humid area alluvial rivers.
This first model rests on the assumption that an alluvial river can be considered to be in quasi-
equilibrium. Over a reasonable period of time, a river in quasi-equilibrium will deliver the same amount
of sediment downstream as is supplied to it from the upstream catchment. If this balance is upset, then
the river would be in disequilibrium, and hence instability and channel adjustment will occur.

The second model, the *Structural” model, 1s one which has been applied 1o bed rock or partially bed rock
controlled rivers, to steep mountain rivers, or to dryland type rivers with a highly variable climate and
hydrological regime. These types of rivers are not fully adjustable and are unlikely 1o be in equilibrium
with the imposed flow. Their dimensions and form are ofien influenced by non-fluvial factors including
bed rock, large boulders, or structural features such as faulting. The structural model postulates that these
rivers are formed by floods much larger than the 1 to 2 year “bankfull® event (as suggested by the
Leopold model). In the Platte River in the United States, Harvey (cited in Gordon, 1995) has referred to
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‘courses of convenience” and “relic channel” to describe a channel with bed material that is immobile
under frequently occurring flows. Smaller material that is washed into streams during storm events can
casily be transported by relatively low flows. It is argued that these streams do not carry a high bed
material load relative 1o their transport capacity and are therefore supply-limited. In these channels no
relationship exists between the dimensions of the channel perimeter and the frequently occurring flows
I'his may be because the rivers were shaped by some past event, such as a mega-flood or glacial action.

River managers should be aware of these contrasting process-response models as applied to alluvial and
non-alluvial channels. The response to flow regulation or to a change in sediment load is likely 1o differ
in cach channel type. In alluvial channels. any change to the flow regime 1s likely to result in channel
adjustment as the svstem adjusts to a modified discharge. Where the flow regime is regulated such that
the magnitude and frequency of flows are reduced, and yet sediment continues to enter the channel from
upstream arcas and tributaries, it is likely that sediment will accumulate and vegetation will encroach
into the channel. thus creating a reduced channel capacity adjusted 10 the less frequent flood Nows. This
will in turn exacerbate the impact of flooding by high magnitude events. When high flows do pass
through the impacted sites, accelerated stream channel erosion, deposition, lateral migration and’or
avulsion may result.

Non-alluvial channels are less likely to adjust their channel form in response to flow regulation. A
regulated flow environment which reduces the magnitude of the annual and more frequent floods will
not have a major impact, as these smaller flows are simply not “effective’. Channel maintenance is
performed by large floods which are less likely to be affected by flow regulation. In this sense, these
channels can be regarded as being resilient as, within threshold limits, the river is able 10 accommodate
changes in the flow and sediment regime without experiencing major alterations

An awareness of these two contrasting models is of eritical importance to understanding and managing
southern African fluvial systems. The above discussion begs the question. which model best applies to
southern African fluvial systems? Results from the Mhkomazi River have shown that no relationship
exists between the bankfull discharge and either the hydrological regime, the effective discharge or the
dominant discharge. However, there does appear to be good agreement between the inundation stage of
the in-channel bench and the 0.9 vear and 2.0 year return penod on the partial duration series, and the
m-channel bench and both the dominant discharge and effective discharge as calculated by the Yang
equation. A number of studies have pointed to the difficulty of identifying the bankfull level (cf
Williams ), a problem that may have anisen in this rescarch. As described above, effective discharges
related more closely to the lower bench, which may represent contemporary channel adjustment,

I'he effective discharge as calculated by the three transport equations for each of the sites for the
Mkomazi is shown 10 be in the 5% 10 0.1% range on the |-day daily flow duration curve. This range of
flows accounts for the bulk of the bed material transported (>80%). It can be argued that rather than
specify a single effective discharge it is more appropriate to think of a range of discharges that are
responsible for bed material transport,
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While the effective discharge with respect to the total long term sediment transport was shown to fall
within the 5% to 0.1% range on the |-day daily flow duration curve, only large floods with average
return periods of around 20 years generate sufficient stream power and shear stress to mobilise the entire
bed. It was estimated that these large Moods would inundate the terraces. It has therefore been suggested
that, for the Mkomazi River, it may be instructive 1o think in terms of two sets of effective discharges
first, a range of discharges that transport the most bed material over a long period of time and
approximate a “hench-full” discharge, and second, a “reset” discharge, i e. large floods with return periods
in the 20 vear range that are able to mobilise the entire bed and serve as channel maintenance discharges
for the entire bed as well as the macro-channel,

Ihus for the Mkomazi both models of channel adjustment appear to play a role. The "Leopold™ model
is appropriate if applied to the lower in-channel benches rather than the bankfull level itself. A range of
discharges in the 5-0.1% range on the 1-day daily flow duration curve are responsible for the bulk of the
bed matcrial transport. These discharges approximate to a range of stages that bracket the bench. The
second “structural” model also applies as it is the largest floods, with a frequency of once in 20 years,
that are able to mobilise the entire bed and reset the whole channel. It is argued that this bi-polar type
flood frequency curve may be responsible for the gross channel architecture. The macro-channel is
mamtained by the large flood events, and the active channel is maintained both by the range of effective
discharges and the “reset” discharges. These are the geomorphologically “efTective” flows

The wechmques and methods that were developed for the unregulaied Mkomazi River were then applied
to two highly regulated systems, the Mhlathuze and Olifants Rivers, Results from the Mhlathuze River
have indicated that the Goedertrouw Dam has had a considerable impact on the downstream channel
morphology and bed material transport capacity and consequently the effective and dominant discharges.
It has been suggested that the Mhlathuze River is now adjusting its channel geometry in sympathy with
the regulated flow environment. Utilising the present-day flow regime, it was noted that there appears
10 be a good relationship between estimated bankfull discharge and dominant discharge. This is a
function of the hydrological regime of the Mhlathuze which has a markedly skewed flood frequency
curve due 1o the occurrence of cut-ofT low pressure systems which cause regular flooding in northern
KwaZulu-Natal. Under the present-day regulated flow environment, the discharge volumes and peaks
have been reduced. This has resulted in an increase in return period inundation levels (for example, the
estimated bankfull discharge average return flow is 3.7 vears under present-day conditions as opposed
to 2.6 vears for virgin flow conditions), but a reduction in the effective discharge with concomitant
reductions in unit stream power and boundary shear stress. Under present-day conditions it has been
demonstrated that the total predicted bed material load has been reduced by up to three times, but there
has also been a clear change in the way in which the load has been distributed around the duration curve.
Under present-day conditions, over 90% of the total bed material load is transported by the top 5% of
the flows, whereas under virgin flow conditions 90% of the total bed material load was transported by
the top 20% of the flows,
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It appears that the Mhlathuze River fits neither the “Leopold” nor the *Structural” model. There appears
10 be no relationship between the estimated bankfull discharge, the dominant discharge and the effective
discharge. The effective discharge is in excess of the estimated bankfull discharge and dominant
discharge. The Mhlathuze does not fit the second model either, in that the river 1s not controlled or semi-
controlled by bed rock, all flows are competent to transport the bed, and the channel perimeter is capable
of freely changing its form in response to the imposed discharge and sediment regime. This
disequilibrium is probably a function of the regulated flow regime.

The Olifants River is o steep bed rock controlied system with coarse bed material. The estimated bankfull
discharge has an average return peniod of 5.8 vears on the annual series, which 1s considerably higher
than the conventional wisdom suggested by Leopold (1997). Furthermore, there appears 1o be no
relationship between the estimated bankfull discharge and any hydrological statistic. The effective
discharge range falls between 5%-0.01% on the 1-day daily Now duration curve. This accounts for over
60%% of the bed material transported at ecach of the sites, while a further 30% of the mobile bed material
is transported by flows that lie between the 20% to 5% range. It has also been pointed out that even the
highest flows simulated for the Olifants River do not generate sufficient energy to mobilise the entire
bed. It is useful to consider the Olifants River as being adapted to a highly variable bi-polar type flood
regime.

Ihe importance of thresholds and initiation of motion in assessing the impact of flow regulation should
not be underrated. Where coarse gravel- or cobble-bed rivers occur, even minor reductions in flow may
be sufTicient to retard bed material transport if shear stress or stream power fall below a critical level

Crincal shear stress and stream power may not be as significant in mobile sand-bed channels such as the
Mhlathuze, but they are highly significant in coarse-bedded channels. It is thus instructive 1o consider
the significance of flow reduction not only in terms of volume and duration. but also in terms of
magnitude.

It would appear from the results of research on the Mkomazi, Mhlathuze and Olifants Rivers that neither
model of channel adjustment on its own adequately reflects the southern Afnican situation. There are a
number of reasons why this may be so. Many of southern Africa’s fluvial systems are bed rock or
partially bed rock controlled and flow within confined macro-channels with an inset active channel
Within the active channel is often a channel bench (Figure 2.3). It is argued that this channel form is a
response 10 climatic history. tectonic history and a highly variable flow regime. It is possible that some
highveld rivers, such as the Olifants, have an immobile coarse armour or pavement that may have been
a response 10 a previously wetter climate with larger, more frequent floods.

It may be more useful 1o develop a third model for southern African rivers, one placed somewhere
between the *Leopold” alluvial model and the *Structural” model. This model would argue that two sets
of effective discharges are of significance. First, a range of effective discharges in the 5% -0.1% or 5% -
0.01% flow duration class are responsible for the bulk of the bed material transport and largely determine
the morphological adjustment of the active channel. Second. a ‘reset” discharge, composed of the large
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floods that occur on average every 20 years or so, maintain the macro-channel and mobilise the entire
bed. thus “resetting” the system. These two categories of effective discharge will have different outcomes
in bed rock controlled or semi-controlled systems and alluvial systems. It is suggested that because of
the ‘resetting” it is unlikely that the active channel will achieve a true equilibrium form, but that rather
it is constantly being reconstructed after major events, hence the ubiguitous inset channel benches.

I'his complex channel morphology leads to problems when applying morphologically related criteria
such as the bankfull discharge as the channel forming discharge. The classic “equilibrium” morphology
of temperate alluvial systems will be more difficult to achieve in controlled or semi-controlled systems
(those with a strong bedrock influence) or where channels are continually adjusting to a highly variable
Mow regime. In these systems all morphological features, including inset benches, must be considered
in the light of recent events in the channel and the likelihood of recovery from major floods.

There are parallels between the morphology described for these three rivers and the category of two-
stage channels (macro-active channel) described elsewhere - the rivers draining the lowveld of southern
Africa (¢l van Niekerk & Hertage, 1993; Rowntree & Wadeson, 1999), the scasonal tropics in India (cf.
Gupta, 1995) and those in eastern Australia (cf. Erskine & Warner, 1998). These nivers all have in
common a nested channel pattern with a clear distinction between the active and macro channel. Gupta
(1995) argues that this nested channel pattern is linked to the highly variable flow regime of Indian
tropical rivers. There is need for further research which aims to link form and process in these systems,
evaluating the relative effects of boundary resistance and flow variability

12.3  Implications for river management

These results have a number of implications for river management in southern Africa. The impact of
engincening 1ype water development schemes on downstream channel processes has been highlighted
by the research on impoundment and IBT impacts presented in Volume |, Currently, protection of the
river resource against these impacts is sought through application of the Resource Directed Measures of
the Department of Water Affairs and Forestry, operationalised through the Ecological Reserve
determination process. For large developments this has been achieved through defining the Instream
Flow Requirement (IFR) of a river using the Building Block Methodology (BBM). The BBM sceks to
determine the flow regime required to maintain the river at some pre-determined conservation status
(King & Louw, 1998). The BBM method is based on the concept that the stream ecosystem is adapted
1o a range of flows that are categorised into three groups: low flows, freshes, and floods (King & Louw,
1998). As mentioned earlier, Rowntree & Wadeson (1999) have suggested that three basic problems
require information for IFRs: flows that maintain the spatial and temporal availability of habitats, the
maintenance of substratum characteristics, and the maintenance of channel form. Rowntree & Wadeson
(1999) have developed the hydraulic biotope concept 1o account for the information needs of the first
problem. Chapter 11 explores ways in which this could be put into practice. The latter two information
requirements can be achieved by utilising the magnitude-frequency approach. These two information
needs are related to the freshes and flood flow groups for the BBM.
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It has been suggested that the geomorphologist’s first task in the IFR assessment is 1o estimate the range
of flows necessary to maintain channel form and to predict the morphological changes that are likely to
oceur (cf. Rowntree & Wadeson, 1997). This “channel maintenance” flow has been difficult 10 predict.
as no information has been forthcoming in southern African. In the past, common practice has been to
apply the alluvial model, defining the channel forming discharge as that which equates to the bankfull
level, often taken as the bench where this is clearly the most active feature. 1t is argued that data can be
generated to satisfy this information requirement by applying the technique whereby the relationship
between effective discharge, dominant discharge and channel morphology is determined. The most
effective range of flows are in the 5-0.1% range. This implies a magnitude as well as a duration. 1t is
also argued that it 1s necessary for large floods 1o be allowed to move through the system as a “reset”
discharge. for the reasons mentioned above.

The second way in which this rescarch contributes to southern African river management is through
identifying the range of flows that are necessary for the maintenance of substratum characteristics. This
information requirement is closely linked to the maintenance of channel form. and the two are difficult
to separate. However, in this report the maintenance of substratum characteristics refers to the seasonal
flushing of finer sediments from the bed. A number of methods have been tested for the Mkomazi,
Mhlathuze and Olifants Rivers, [t was been shown that the use of these methods in isolation can generate
meaningless results, as they have often been developed for one channel type (alluvial for example) and
thus cannot be applied to other channel types (gravel or cobble-bed for example). It is important that
these methods are used circumspectly, and that cach method is used in rivers similar to those from
whence they are derived

12.4 Methodological issues

A number of considerations arise from the methods used for this research. These relate to the nature of
the bed material transport equations used, to the determination of sediment-maintenance flushing flows,
10 the relevance of using the dominant discharge and effective discharge approach, and to the
significance of morphological features. Each of these will be addressed in turn.

Three bed matenial transport equations were used in this research. The rationale behind choosing them
has been given in Chapter 8 The data requirements 10 run these models are fairly intensive and costlhy
to procure, and the computation procedures are long. The equations all generate different absolute values,
but ofien show similar trends. It is recommended that attention s paid 1o these trends rather than

assigning precision 1o the results.

It was pointed out in Chapters 4 and 8§ that a number of assumptions need to be made when using these
equations and the user must be aware of the limitations of the models. Moreover these equations should
be used only in the physical environment (i.e. channel type) for which they were developed. The
Engelund & Hansen model, for example, is unsuitable for anvthing other than sand-bed rivers. It s
recommended that cither the Yang or the Ackers & White model be applied for rivers which have a
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coarse gravel-bed. The Yang model can also be applied 1o sand-bed rivers. Calibration of all models for
southern African rivers is required before results can be accepted with confidence, but this requires
measured bed load data which does not exist at present.

The second important consideration is that the methods used for determining sediment-maintenance
flushing flows should be used with extreme caution. The Milhous and RBS approaches were developed
for individual rivers, thus limiting their extrapolation potential. It is recommended that the sediment-
maintenance flushing flows are calculated using the effective discharges for different grain-sized classes
using the bed material transport equations. This is recommended for two reasons. First, they were
developed from a broader data set and. second, the flushing flows for different grain-sized classes
accoum for incipient motion as well as duration,

The third point of discussion is the relevance of the dominant discharge and effective discharge approach.
It is argued that the effective discharge provides a useful approach to identifying those flows which are
significant for particular channel types. The dominant discharge of Marlette & Walker (1968) is
computed from the flow classes, and although it provides a useful average discharge that transports 50%
of the bed material, it does not account for the fact that there are a range of flows that can be considered
10 be effective. Therefore it can be argued that the effective discharge approach which considers the
effect of cach flow class separately is perhaps more appropriate. The use of the cumulative curves for
displaying the flow range over which most bed material is moved is particularly effective in this regard

The fourth consideration is the significance of morphological features. One of the limitations of the
research was correctly identifying the in-channel morphological features. Of particular significance 1s
the refinement of the definition of in-channel features in an objective way and then to associate them
with flow and process. Of great importance is the correct identification of the bankfull discharge and the
benchfull discharge. With more data it may be possible to relate particular features to salient channel
charactenistics (degree of bed rock influence, channe! gradient etc) both within a river and between
rivers. In regulated systems, or in systems recovering from a major reset event, the bench is probably the
new bankfull stage. Active channel incision or widening may result in an exaggerated estimate of the
bankfull event. It is thus evident that the discharge related significance of morphological features
identified in the field is often unclear. It is recommended that, in setting 1FRs, a combination of an
interpretation of the morphological features present and calculation of the effective discharge is used.
This provides a useful means of identifying whether the river under consideration has in fact adjusted
its geometry in sympathy with the regulated flow. Flow objectives can then be set depending on whether
restoration 1o the ‘natural state” is required, or whether maintaining the status quo is acceptable.
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12.5 Research products and recommendations for future research

Three major products have been developed during this research. The first is the documentation of the
impacts of flow regulation through impoundment and imerbasin transfer. based on imernational
expenence and a case study of a South African IBT. The second 15 a set of methods and techmiques 1o
wdentifs the range of flows necessany 10 maintain channel form and equilibrium for selecied southern
African rivers. This in turn has lead 10 a better understanding of the range of flows that maintain channe|
form for southern African rivers and should assist in setting geomorphological flow requirements for the
Resenve. The third is a set of protocols for describing and mapping flow related changes in hydraulic
habitat. The application of these products by the research team 10 Reserve determinations has been an
intcgral parnt of the research process.

While the research has gone a considerable way 1o developing concepts and techniques that can be
applied to river management, specifically through the process of Reserve determination, there are many
unanswered questions. Further research and developments could add both confidence and efficiency to
their use.

While international research has pointed 10 a range of geomorphological impacts of flow regulation 1o
date there has been limited study of these impacts in South Africa. McGregor (2000) studied downstream
impacts of the Sandile Dam on the Keishamma and. more recently. a WRC funded projected has been
completed (Beck and Basson, 2002). There appears 10 have been limited research on the
geomorphological impacts of [B1s. There is clear scope to extend this work 1o monitor the impacts of
new developments such as the imminent transfer from the Mooi River into the Mgeni system. Observed
impacts can be tested against the channel forming concepts developed in this report.

Research on the magnitude and frequency of channel forming discharges was carried out in three rivers
draning the Great Escarpment of Limpopo Provinee and KwaZulu-Natal. There s a need extend the
rescarch 10 a wider geographical range. Application of the method 10 other rivers (such as rivers in the
Western Cape or more and systems in the Karoo) would generate further useful information.

A major imitation 1o the apphication of channel process models 1o river management is an inadequate
understanding of bed material transport in rivers. The effective discharge model developed in this project
was based on the concept of transport capacity and assumed that the transport process was transpon
limited. Although the model ook account of the available sediment present within the study reach, it was
unable to account for the sediment supply from upstream. There is a need 10 develop sediment models
that can integrate the sediment supply from the catchment. the conveyance of sediment through the
channel network and the reach scale transport processes.  Moreover, if we are to understand the
development of alluvial channel morphology. sediment deposition processes are as important as sediment
transport. There 1s also a compelling need 10 validate the available sediment models with real data from
local rivers. Attention needs 10 be paid to monitoring bedload movement through the use of monitoring
devises such as bedload traps. The pitfalls of making such measurements are well recognised and most
field rescarch has been located in small gravel bed streams. Problems are compounded in large nivers,
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or in rivers with a coarse bedload or a bedrock pavement. Non the less a research programme focussing

on bedload transport and channel change would add valuable incites into fluvial processes in South
Africa

One limitation of using the sediment transport model in Reserve workshops is the computational time
required using the current operation which is based on manipulation of spreadsheet data. Developing a
computer-based program to improve the efficiency and accessibility of the method is recommended.

I'here is considerable scope to extend the habitat mapping approach described in this report. What is the
most efficient way of mapping hydraulic habitat? Can we develop models of habitat change for different
channe!l morphologies?” How can this information best be presented in a Reserve workshop? These are

the questions that future research should address,

If geomorphology is to become an accepted part of river management its methods must be based on
sound scientific principles validated through rescarch in local environments. We also need methods of
data manipulation and presentation that make that science relevant 1o the other workshop participants
Good science and good communication are the two most pressing challenges that practising
geomorphologists must address if they are to make a significant contribution to the protection of water

resources
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Other related WRC reports available:

State of the Rivers report: Crocodile, Sabie-Sand & Olifants river systems
DWAF

The national Department of Water Affairs & Forestry (DWAF) initiated the South African
River Health Programme (RHP) in 1994. The purpose of this initiative was to gather
information regarding the ecological state of river ecosystems in South Africa. The
information is used to support positive management of these natural resources

Aquatic communities (e.g. fish, riparian vegetation, aquatic invertebrate fauna) integrate
and reflect the effects of chemical and physical disturbances that occur in river ecosystems
over extended penods of time. The RHP uses assessments of these biological communities
to provide a direct, holistic and integrated measure of the integrity or health of the river
as a whole

Report Number: TT 147/01 ISBN: 1868456897

Environmental flow assessments for rivers: Manual for the Building Block
Methodology

King JM « Tharme RE + de Villiers MS

The BBM is essentially a prescriptive approach, designed to construct a flow regime for
maintaining a river in a predetermined condition. This manual describes its basic nature
and main activities, and provides quidelines for its application. It also introduces the links
between the methodology and the procedures for determination of the ecological Reserve
as embodied in the Water Act. The BBM has further provided the impetus for the evolution
of several alternative holistic environmental flow methodologies, notably the Downstream
Response to Imposed Flow Transformations (DRIFT) methodology. The DRIFT
methodology is an interactive, scenario-based approach, designed for use in negotiations,
and contains a strong socio-economic component, important when quantifying subsistence
use of river resources by riparian peoples

Report Number: TT 131/00 ISBN: 1868456285
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