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ABSTRACT

Globally climate variability and anthropogenic effects are causing more perennial rivers to
become notperennial rivers. Noiperennial rivers are distinguished by their isolated pools
which serve as refugia faaquatic organisms, water birds, and ripariagetation. The
literature on nosperennial rivers demonstrates that pools are poorly understood in terms of
their location, nature, and geomorphic persistence. Therefore, this study examines the
relationships btween the spatial distribution, morphologind substrate characteristics of
pools in reaches of the Prins and Touws rivers in the Klein Karoo. A greater understanding of
pools will facilitate better management, monitoring, and restoration strategpsofacology

since the geomorphology of pogeovides a key part of the ecological template.

Worldview-2 satelliteimagery (2017pnd orthorectified aerial photograp{8014, 2013and

1944) were used to assess the effects of major flooding evepitsdsrovertime. A DGPS
(Differential Global Positioning System) was used to survey the pool widths, lengths, depths,
andvalley widths, crossections, and longitudinal profdef theriver. Sedimensamples and
Wolman pebble counts were used to assesgrtiia size and organic matter content of each
pool in the studyarea Detailed descriptions of the characteristics of each pool in terms of

position in the channel, valldgrm, andobstructionpresence antype were also assessed.

Results indicate that ost of the large pools occur at bedrock outcroithe valley margins,
and smaller pools are associated Witichellia karroodebris bar features. Largandhighly
persistent poolare associated with valley confinement and smaller less perssstenipools
occurmid-channelvhere the valley expand&nalysis of the results shows that traley width

is thedominant control otheseforced poolsThe type of obstructioalsoplays a role in the
formation ofthepoolas krge woody debrisesults insmaller pools whereasyedrock outcrops
result inlargersized poolsA significant relationship wakund between the grain size and

organic matter caent of pools.

Aerial photography of the spatial distribution of the pools revealed that before a loaghr f
the pools were small and patclmhereas afterward, they were larger and more elongated. It is
suggested that at the bedrock outcropsjor scairing and eddy processésve the formation

of largerpoolsduring large flood events, whereas pool ditiea by sediment deposits prevails
during intervening intermediate to low flow period$e results are discussed in terms of the
geomorphic control¢valley width, pool dimensions, morphology, substrate, and obstruction

characteristics) on the formati@md maintenance of pools in dryland settings. A conceptual




model is proposed to explain the geomorphic changes of the pools in the four geomorahologic

zones of notperennial rivers.
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CHAPTER 1: Introduction
1.1 Background

In South Africa about twethirds of the rivers are ngperennial, yet knowledge about the
environmental water requirements (R)Vof norrperennial rivers (NPRs) lags behind that of
perennial rivers (P&) (Seamaret al, 2010).Studies have concentrated on the egatal
aspects\ijenayakeet al, 2005 Robsoret al, 2011; Santos and Stevenson, 20h#&ylecting
the geonorphological aspects of EWR in nperennial rivers (except for Jaeggral, 2017).
The irregularity of flow and scarcity of data makedificult to study and manage NPRs. Since
there is scarce knowledge about how NPRs funciiors less likely tha restoration and

remediation practices will succeed.

The termnonperennial riverencompasses all the rivers that are classified as irtenti
ephemeral, or episodic (Skoulikides al, 2017). Essentially, they are rivers that stop flowing
for a cetain period during the year. Datey al (2007) cautioned that the intermittency of flow

for NPRs should not be consideredamegative impat but ratheasan important component

for the aquatic invertebrates and terrestrial assemblages of organissnge€tho NPRs such

as impounding or changes to flow intermittency may negatively influence the floodplain and
aguatic communities because tbpecies that live there have adapted to survive with
specialized strategies (Datst al, 2007). The average losigrm flow in most NPRs is
decreasing at an alarming rate, favouring the creation of more isolated pools, especially in
Mediterranean regior(Skoulikidiset al, 2017; Datryet al, 2014). The drop in lorterm flow

is attributed to anthropogenic effecdad climate change (Datmgt al, 2014). Thus, it is

extremely important to understand how these NPR systems function.

NPRs occur in all climates and across a wide range of schthelogical, tectoni¢ and
physiographic settings, making generalizingaitheir geomorphology challenging (Jaegier

al., 2017). The work by Brierlegt al (2005)provides a research framewdrk address this
deficiencyby investigating NPRs in terms of their fluvial styles. This may prove beneficial for
managers as the mwols on pool formation and geomorphic persistence, and ecological
implications may be associated with fluvial style (&egal, 2017). Bystudying pools from

the perspective of iftuvial style, one may be able to glean some of the general geonogyho

characteristics of NPRs.




The use of a geomorphological approach to studying rivers is important because
geomorphology(e.g, spatiotemporal variation in channmlorphology bars and betbrms,

bed material size) is an important control on the physicaitdtabf a river (Newson and
Newson, 2000). Fluvial geomorphology provides the starting point for understanding how
rivers function (ThomsandSheldon, 2002). Therefore, without an informed understanding of
fluvial geomorphology, it is unlikely that the apaches employed for management will
succeed (Thoms and Sheldon, 2002).

1.2 The role of pools in NPRs: A broad osrview

NPR pools are highly dynamic and fascinating landfoisw®ated jpols are one of the most
important components of NBRSeamaret al, 2010). They are neither truly aquatic nor truly
terrestrial environments and dominate the physical template of NPRs in arid to semiarid regions
(Seamaret al, 2016). Pools have been defined as natural bodies of water that periodically dry,
and often ocur within nonperennial river streambeds after the surface flow has stopped (Dell

et al, 2014). Pools provide hotspots for biological processes such as mineralisation and serve
as effective refugia for riparian vegetation, as well as water birds,martebrates and other
aguatic fauna that can survive the declining water quality and lack of flow (Puclkiti@de

2000; Bunret al, 2006; Plaret al, 2013).

The term o6refugiad refers to pri obecatsgfo si t es
their ability to promote the survival of sp
shelter to biota under highly variable climatic conditions (Dastisal, 2013). The key

difference between these two terms is that they occur at differestétaes. Figure 1 illustrates

how invertebrates use pools as a refuge for protection from predators. Thus, the isolated pools

of NPRs are important for the surrounding ecology in these very dry landscapes.
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Figure 1: The ecologicalimportance of pools large woody debris and large stones for the
organisms upstream of a norperennial river (Source: Stubbingtonet al, 2017)

During drought periods various aquatic communities are dependent on the landscape structure
of pools (Robsortal., 2011). The unique diversity of episodically dry rivedsis important

for human culture, terrestrigdnd amphibious biota (Stewaetial, 2012). In these temporary
rivers, the dry riverbed serves as seed bémkplants egg bank for aquatic lota, ecotones

linking dry and wet phases, storage of organic matter and other nutrients (Steala2D12).

Pools in NPRs provide numerous ecological functions that are essential for the wider

ecosystem.

Due to increases in water dendainom humans, on-perennial rivers and their pools need to

be better understood. A local example of this is the water crisis in the Klein Karoo, which is at

a critical stage as the demand has already passed the stage of sustainable use for humans and
theecological requements. The demand for water supply is expected to increase between 23
150% by 2025 (Le Maitret al, 2009). This shortage of water supply is expected to influence

the aquatic and terrestrial organisms that depend on these water sup@resyater islready

very limited. These impacts maki’Rsa vital resource in need of effective management.

1.3 Significance and ationale

One of the major challenges facing environmental water managers is determining the
environmental water requirements of NPRs (Saaset al, 2010).To do this an improved
understanding of the location, size, volume, and geomorphic persistepoelsin NPRsis
needed (Seamaet al, 2010; Rossouw, 2011). Numerous authors have suggestéiaetteats




a key questionregardinghow seasitive pools areto changingcatchment characteristics
(Thompson, 208). Furthermore, there is a needdentify the processethat form pools versus

the processes that maintain pools after their formation (Thompsas), A& problem is that

there is avariety of mechanisms used to explain pool formation, but they only occur under
specific conditions and in different settingsaking it very challenging to know which
mechanisms occur where. An example of this is Méaal, (2013) who found that sedinten
routing mainly occurs around pools in sinuous upland grdoes rivers, such that pools are
maintained free of sediment iffilThere is a consensus among researchers (Wilkiesah

2008; Bayatt al, 2014), that it is challenging to determine whicbchanism is driving pool
formation and maintenance in different fluvial settings. South African NPR literature suggests
thatfundamental studies on all types of pools (permanent and temporary) are needed (Seaman
et al, 2016). Therefore, it is criticabtunderstand the fundamental geomorphic controls on

pool formation.

The geomorphic mechanisms for pool formation andintenance have not been fully
synthesized in detail for NPRs as they have been fé& FFeamart al, 2010; Datryet al,
2014). Jamesand King (2010) suggested the geomorphological conditions that dictate the
location and size of pools in NPRs are nall understood. Additional literature by authors
such aPe Almeida and Rodriguez (201ilistrates the need fanorepool formation aidies.

De Almeida and Rodrigue@2012) argued that the underlying topography and the spatial
distribution of the bedrgin sizes in pool formation negetb be investigatedJnderstanding

the factors influencing pool formation different scales such asach and watershestale
would be highly beneficial (Buffingtort al, 2002). Additionally, the geology, morphology,

channeland riparian zone features of pools should be investigated (Rossouw, 2011).

The fundamental hypothesis of this study is that p@aoé mainly controlled by the physical
template of the river and that different fluvial styles will produce different pool characteristics.

The type of substrate conditions influences the formatiorpargistence of pools.

In this study the geomorpheontrols (sediment, channel, and valley floor) on pool formation

and geomorphic persistence (how long the morphology of a pool remains in a particular
position) over a variety of different fluvial stylesll be investigated, because different channel
types and reach scale patterns produce different physical boundary conditions. These boundary
conditions influence the development of geomorphic features such as pools (Buféihgton

2002). Sheldon an@ihoms (2006) advocated that more research is neededd variety of




dryland settings to improve our understanding of NPRs. Seainain(2010) stated that in
NPRs the geomorphological conditions necessary for pool formation are not well understood
Thedevelopment of an effective conceptual model of tred@ions needed for pool formation

in nonperennial riverds neededTherefore, the current study on pool formation and pool
maintenance of NPRs will be highly beneficial to the larger body of knowlddds study
seeks to improvehe knowledge and undstanding of the geomorphic controls on pool

formation and pool geomorphic persistence in-perennial river systems.

1.4 Aim and objectives
Aim:

The main aim of this study is to understand the gaphological controls on pool formation

and pool peiistence in nofperennial river systems.
To achieve this aim, the following objectives were set:
Objectives:

1. To characterize the valley physiographic setting, spatial distribution, morphaody
subgrate characteristics of pools in 4 reaches of the&wso River system; Prins

Doomboom, Prinspoort, Touws Wolwefonteand Touws Plathuis.

2. To document changes in the spatial distribution of pools in the 4 study reaches over time

as a measure of pooégsistence, paying attention to the effects of aeléi@pd event.

3. To investigate the differences in pool spatial distribution, location and persistence, and

valley width setting, morphologwnd substrate characteristics in different valley settings.

4. To develop a conceptual model of the geomarptontrols on pool formation and

persistence for the study reaches.




1.5 Structure of the thesis

Chapter 1 articulates the main research problem that drives this investi§dham is to
understand how the geomorphological controls on pool formationpatl persistence
function in NPRslt highlights the importance of understanding the geomorpladbgools

in NPRs Chapter 2 provides the core concepts of this study as well as the theoretical framework
of nonperennial rivers. Chapter @escribeshe stidy area. Chapter 4 providesdatailed
description of how the data was collegtadalysed stud/ area and rationale for using the
sampling techniques. In Chaptertbe maintrends, patterns, variatipand characteristiosf

the results are presentedhapter 6 presents a discussion of the results in as well as the
implications of this study. Chégr 7 summarizes the key findings and anomalies in conjunction

with the reviewed literature.




CHAPTER 2: Literature Review

2.1 Introduction

This chapter provides a synthesis of the relevant literature on the geomorphic cwattels
width, channel width, morphologwnd obstructionsdn pools in NPRs. Mainljocusing on

the mechanisms that influence pool formation and pool mainterfammteemore, this chapter
reviews pools in different fluvial styleas well aghe effets of high magnitude floods on (non
perennial) NP pools. This studyiews pools froma geomorphologyviewpoint not a
hydrologicalone The key concepts of this reviewere used toguidethe methodology and
interpret the resultsThe available literature/as used to gain an understanding of the existing

knowledgeregarding NP pools

2.2 Defining pools

From a geomorphological point of view, NPR pools need to be definedrmstof the
topographic setting and not in terms of thalitaulics because surfacsater is not always
present. Pools can be delineated by using the positive and negative residuals of a regression
line fitted to the bed long profile (Richards, 1976). Tdesinition by Richards (19 defines
pools from a geomorphological perspectiveisTib the most appropriate definition because it
defines pools without wateWithout the channel floor (alluvial or bedrock) forming the
depression, there would be nothioghold the water in place. When defining a pool there is no
widely accepted definition for the minimum size of a pool (Montgoneergl.,, 1995). There

are two ceegories of pool found in rivers, namely forced pools (obstructions to flow), and
autogenic pols (hydraulic scaling and sediment transport patterns inherent in flow and
sediment sorting processes). Therefore, to classify a pool there only needs tplessiale

on the topographic surface of the river.

2.3 Geomorphic controls on pool developmeén

2.3.1 Valleysetting

Valley margins creatboundaryconditions that change slowly over long timescales (centuries
to thousands of years) and impose constraiptsn the way energy is distributed in a river
(Fryirset al, 2016). The valleyloor (i.e. floodplain and channel) processes and landforms in
NPRs are extremely diverse and range from distinctly different to overlapping with perennial
river systems (Jaeget al, 2017). Figure 2 illustrates the three main types of valley setting:
confined, partlyconfined and laterally unconfined valley settings. @egree ottonfinement

(or lack of confinementn valley settingss a key control ba rivers characterrad behaviour




(Fryirs et al, 2016). Confinement of a valleys forms the primary control onrivers
geomorphic processes and landform units along the valley bottoms (Fryirs and Brier®y, 201
The valley setting and slope determine the capacity for sedistorage and fluvial reworking
along a reach (Fryirst al, 2016). The valley setting playa pivotal role in maintaining the

geomorphic processes and margin conditions of a river.

(A)

Confined Partly confined valley setting Laterally unconfined
valley setting / \ valley setting
Bedrock-controlled & Planform-controlled

discontinuous floodplain : discontinuous floodplain

\
A
Ihlllll

/
Og Al

Transitions between valley settings
.......... Transitions between River Styles

Figure 2: Partly confined river in the spectum of river diversity A) three broad types of
confined rivers are represented $ource: Fryirs and Brierley, 2010).

The valley width is definedsathe contact between the lightly vegetated hillside and the
unconsolidated sediment mantle (Wheteal, 2010). Differentiating between valley types is
dependent on the position of the channelelation tothe valley margin and how often the
channel infringes upon it (Fryimst al, 2016) (Figure 2). These sections where the channel
infringes upon the valiewall may produce deeper pools than the-ohdnnel pools. Thus, the
various valley setting chacteristics such as confinement, slope, and irregularity influence the
geomorphological processes and subsequently the pool characteristicet(Rgi@019) A

key variable of the valley setting is its width; as it becomes wider or narrower downdtream i
influences the landforms that occur in the river. Therefore, one of the key questions regarding




valley setting is, how do the characteristics (i.e. sedirapdttopography) of pools differ in

different valley settingsary?

The morphological featuresduas valley wall oscillations, logjams, boulders, meanders, point
bar s, and alluvi al fans al |l contri betale to t
2010). It has been suggested that the locations of pools and their subsequent formation are
associated with the spatial pattern of the river corridor and morphological variability @vhite

al., 2010). A study focusing on anastomosing rivers founittieavalley setting controlled the

spatial distribution of the waterholes (Knighton and Nan2®90; Hamiltonet al 2005).
Waterholes are defined as stagnant water in deep sections of anastomosing channels that
typically form at points of flow converger associated with brancdmannel confluences, but

they share some similar characteristics tolpaosinglethread rivers (Knighton and Nanson,

199). Therefore, the valley setting and subsequent valley width play a major role in how pools
are distribued.

The influences of different valley settings on pools are discussed by comparing an urbanized
river (created) and a partly confined river (natural). Walsél. (2005) provided evidence that
channels in an urbanized setting with artificial valley aogrinent had simplified morphologies

with uniform beds and few pools, limited pool dethd redued overall channel complexity
(Walshet al. 2005). Whereas in partly confined valley settitigs geomorphic units were
usudly forced, producing forced bedrock psdFryirs et al, 2016) These studies illustrate

how the type of valley settg can play a significant role in determining the pool characteristics
(number of pools, pool depth, location, frequermyd obstructions). Thus, differentliey

settings are likely to produce unique pool characteristics.

Geological controls refer to thetructural and lithological nature of a valley setting, and the
ability to erode and weather rocks (Fryes al., 2016). As these geological processes of
wedahering and erosion occur they influence processes such as sediment transport. If the
channel isabutting against the valley margin or meandering in the middle of the valley there
may bedifferences in the erodibility and the subsequent pools. The gealqyacesseand
sedimerdry mechanismsare controlled by theype of confining medi such as beatck,

terrace, fanor infrastructuresuch as roadsAt reach scale these bedrock outcrops and large
woody debris act as constriction points for the pools (White and Pasternack, 2007). Some
aut hors hav-poblosddt bamegar e fythecregidnalfgeokdyur e s
(Gibsonet al, 2019). Thespatial distribution of bedrock outcrops and geology has a strong




influenceonthe location of pools dhereach scaleSincethe valley settingindgeology plays
changes over long periods it malgy acrucial role inmaintaining the location of pools thugh

points of constriction and expansion

In the case of the valley setting of waterholes in Austrah&as found that the waterholes in
anastomosing channels may be influenced by dune confinemantiethconvergence, and
interactions with the valleynargins (Knighton and Nanson, Z))0These influences create
zones of localized scour within which pools form. The geomorphological conditions
considered necessary for the development of waterholes stoamasing rivers in Australia
included morphologidégorcing of local hydraulics (e.g. dune confinement), and variations in
sedimentology (e.g. permeability of underlying sediments) which may change over long

periods.

White et al 2010 investigated how vations in valley width affected pools using the
longitudinal profile of a river. They found that at narrower valley widths the pools were much
deeper than at wider valley widths (Whéeal, 2010). These changes in valley undulations
from narrower to wder have a major influence on the depth of the ddencethe valley
setting plays a major role in determining the depth of pools, and valley constriction

characteristics influence pool depth through flow processes such as scour.

2.3.2 Channebwidth

Channel width is the key control on the spatial disttion of pools according to Rodriguet

al. (2013), whdound that pools were associated with areas where the channel width contracted
(narrowed). If there is an obstruction in the channel it consthetsvidth of flow, thereby
increasing flow depthral inducing scour. Other authors substantiate these fimdmgools

were observed at width constrictions (Whig¢ al, 2010). The poetiffle formation
experiments by Whitet al. (2010) and Sawyaest d. (2009) showed strong control exerted by

the channeblwidth in forcing the occurrence of riffles at wider sections and pools at narrower
points. Brewet al (2015) and Rodrigueet al (2013) agree that the spatial distribution and

location of pools areantrolled by channel width constrictions.

Thespatial distribution of pools greatly depends on variations in channel width as wedl as
location of bedrock outcrops. The rhythmic pool hypothlegi&ibsonet al (2019 is used to
explainwhy pools formwithout obstructions and the spatial distrilbuatis very different from

that of forced pools. These rhythmic pools are formed with regular spacing that scales with the
hydraulics. Rhythmic pools generate regular pool spacing as a function of the fiyleié 3.

10

—
| —



meandering rivers) without exterr@introls (Gibsoret al, 2019). According to the rhythmic
pool hypothesis pool spacing conforms to the rule othannel widths. Whereas, in the forced
pools hypothesis, pools are spaced stochastically and randomly due to the nature of the
obstructons and channel width variations (Gibsdral, 2019). Studies have found that forced
pool spacing is highly variable ranging from 1.5 to 23 (Keller and Melhorn, 1978). Therefore,
the oftencited 57 averagebankfull width spacing does not apply to forgeools, due to

multiple obstructions.

The mechanism acting in conjunction with the geomorphic control (channel width) may be the
flow convergence hypothesiShe flow convergence hypothesis states thaemwflow
converges over pools it creates zones afhdvelocity and shear stress at the pool
(MacWilliams et al, 2006). Flow convergence only creates pools when the upstream flow
constriction results in an acceleration of flow at the head of the pool. Esseraraiyprupt
change in channel widtimot valleywidth initiates flow convergence at the narrow sections
and flow diverges downstream. Thus, care should be taken to not interpret undulating valley
widths within the flow convergent routing hypothesis. Fidwergence usually occurs when
there is an abpt expansion of channel width, slope drops, and a valley floor begins (&/hite

al., 2010). Therefore, valley width and channel width can be used to explain the formation of

pools.

2.4. Geomorphiccontrols on pool characteristics

2.4.1Morphology

Numerous factors influence the morphology of pools such as sediment load, large woody
debris, channel geometry, flow obstructioasd bed material size (Buffingtet al, 2002). In

addition to these factgrthe steam gradient also influencdse morphology of pools (Carling,

1999). As the gradient and available energy decrease downstream pools increase in length and
become shallower (Woldt al, 1993). However, Wd et al (1993) do not take variations in
obstructons and valley width intoa@ount which may cause pools to become deeper instead

of shallower downstream. These variables are all geomorphological factors which emphasize
the geomorphic control on pools.

The key mechanism influencing the morphology oflpas the effects of flow aovergence
resulting from point bar constrictions (FiguBe(MacWilliamset al,, 2006). These point bars
occur next to the pool creating a smaller channel width in which the depth and velocity of the

water increases dke flow is funnelled. Point bars gie the flow to the outer bank causing
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scour. These point bars develop in association with flow sediment feedback mechanisms in
alluvial rivers (MacWilliamset al, 2006). Point bars are an inherent feature of meandering
rivers & opposed to obstructionshdre are numerous ways in which the morphology of a pool
is affected and subsequently formed, but a leading mechanism is flow convergence. Hence, the

point bars influence the morphological characteristics of the pool.

Figure 3: Formation of a pool at the bends ofsinuous meandering rivers (Source:
Thompson, 20B).

2.42 Substrate characteristics

The substrates found in NPR pools are highly variable ranging from gte\sgsd, cobbles,
pebbles bedrocland boulders (Seamanal, 2010). Morphological simulation studies provide
evidence that variations in gragize distributions, bedediment structures, and packing could
lead to entrainment rates that maintain variet in pool depthsOje Almeida and Rodriguez
2012. The consolidated, resistant substrate or exposed bedrock outcrops cause scour holes and
eddies to form forced pools (Gibsost al, 2019). The importance of the substrate
characteristics extends to tgeomorphic persistence of pools, for example whemlalyer

was found at the bottom of waterholes it held the shape of the pool intact for longer (Knighton,
2014). Pools are essentially socedizones and when the sediments are mobilized, they exit the
pool faster than they are supplied establishing anlibgum between sediment entering and
exiting the pool (Buffingtoret al,, 2002). These flows and sediment movements are restrained
by the substrates (Thompson, 2001). Therefore, it has been sugpattad bed material size
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of pools may provide spedifinsight into the erodibility of the pools (Lofthouse and Robert,
2008), but also the nature of particle packing (Clifford, 1993). By investigating the sediment
grain sizes and packing a betterunderstd i ng of a pool 6s sedi ment
Therefore, substrate characteristics of pools can be used to explain the maintenance of pools,

but not the formation of pools. Figuteillustrates the typical substrate conditions found in

pools.
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Figure 4: Typical substrate canditions in poolsand definitions (Source: Thompson, 2018)

2.5 Mechanisms of pool formation

A useful synthesis of these geomorphic mechanisms fepamennial rivers and the variety of
fluvial stylesrepresented in NPRs is lacking in tlterature. Geomorphic mechanisms are
based on the most fundamental processes of entrainment (erosion), transpatation
deposition of sediments mobilized by moving water (James and King, 2010). These
mechanisms itiate local scour and subsequently pfmomation.

2.5.1 A broad overview of pool formation mechanisms

Some of the earliest studies on patfle formation in perennial rivers have focused on pools
forming at the bends of the channel in meandering systén these meandering rivetee
interactions with sediment grains, transverse sloped flows cause consistent sorting
pattern and pools to form at the apex of the bends (Darby and Delbono, 2002). This was proven
to be true for two perennial and dwhorrperennial rivers (Keller, 1972 urthermore, the
meandering processes that result from the creation of new pools may keep pool spacing
constant (Keller19729. Thus, it is extremely important to consider the type of fluvial style in

which the poolsare being investigated.
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In perenniarivers there ardour main mechanisms used to explain pool formation: obstacles
to flow, turbulenceflow bursts andthe kinematic wave theory (Clifford, 1993). Obstacles to
flow generate roller eddies upstreand downstream of the obstacle (Cliffof®93). The
process of an obstacle forming a pool starts with segaround the obstacle. Thereatfter,
deposition downstream forms the next obstacle to flow. The downstream riffle disrupts the
flow and the processs repeated, creating a feedback loop leetwthe form and processes.
This mechanism creates sgénerated pools from initial obstacles. Turbulence and flow bursts
create pools by pulsating velocities associated with large scale horizontal eddiesLO7dln,
These turbulent structures (flownsts) follow a wavdike pattern. The kinematic wave theory

is more theoretical in nature aimyolves the grouping of moving objects in zones along a flow
path (Langbein and Leopold, 186 The particles cannot pass those in front, creatingdraff

so movement becomes impeded as pastistart gtking together. The stacking of particles
creates a group of particles and forms the riffle and subsequent pool. These mechanisms assume
that theperennial rivethasa consistent flow. However, they mayso occur in nofperennial

rivers.

The véocity reversal hypothesis wadsoproposed to explain the formation of pools (Keller
andFlorsheim 1993). The velocity reversal hypothesis occurs when thebeebvelocities of
pools increase at a faster r¢an in riffles, scouring out the pool addpositing sediment at
riffles as the velocity of flow decreases (KeleexdMelhorn, 1978). It is possibly one of the
most contentious explanations for the formation of pools as many researchers refute the
velocity reversal hypothesis as it only occurdimited conditions (ThompsqQr2011). This
means that it only occurg eertain sites, and some authors have incorporated it into other
models as seen in Figube Other authors suggest that the velocity revdrgpothesis is not
sufficient to explain the dominant processes seen in differentrptb®lsequences (Wheaton

et al, 2004). The velocity reversal hypothesis is not a universal mechanism for the éaplanat
of pool formation. It has been suggested ftoaire research on pools should focus on flow

convergence, sediment routjrand the effects of individual flow events (Thompson, 2011).

The theory of flow convergence is widely accepted as the main oligrgrcontrol on pool
formation in both forced ahfree forming pools (MacWilliamst al, 2006). Flow convergence
creates a narrow jet (funnelling) of water with higher velocities than the adjacent riffles
(Thompson, 2011). The flow convergence hypothesompasses other theories sucthas
velocity reversal hypothesis and channel width variatidtismerousstudies have provided
strong empirical evidence for this contention that thesloégboolsareonly shaped by flow
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convergence, hydraulic jettingeticulating eddies and ancient floods of the ggmlal past
(Wheatoret al, 2004; Chartrandt al, 2011; Brierleyet al.,, 2005).

2.5.2 Obstructions

Bilby (1984) suggested that obstructions influence pool development. The study showed that
increasinglte Large Woody Debris (LWD ) in the river proddaegreater number of pools in

the river. Large woody debris piles of woody branches anbody pieces that accumulate
together and form an obstruction after a major flood event. The LWD traps sedimmirigfo

a bar (Bilby, 1984). Flow against the ologtiion causes scour holes that create large scale
vortices close to the bed (Buffingten al, 2002). Similato LWD piles the bedrock outcrops
(resistant rock) and geomorphic features such as tributary fans and talus inputs cause hydraulic
and structurachanges in the channel that constrict flow (Buffingama Montgomery1997;
Thompson, 2001). By decreasitgeteffective channel width these obstructions promote pool
riffle maintenance in narrow channels (Wheagb@l, 2004). LWD and bedrock outcropst

as scour initiators which form the pools.

At reach scalgobstructions may be a main geomorphic mecham8#oencing pool locations.
Studies by Lisle and Hilton (1992) found that 85% of pools were located next to large
obstructions. These obstructiorause zones of circular movement (reticulating eddies of
water) at major flow obstacles (Clifford, 1993). &tlindings by Bendat al. (2003) promoted

the idea that large pools were associated with a high density of gravel bars and suggested that
the excessive friction of these hardpoints induced pool formation. The idea that the friction and
shear stress of sbructions influences pool location was also supported by Rossouw (2011).
Furthermore, incisions into the resistant bedrock and dolerites dyklesilis create pools
(Rossouw, 2011). Additionally, other obstructions such as knickpoints, breached and
unbreached sills and dykes have been proven to influence pool location as well. Since such a
large number of pools are found at these bedrock obistnscthis may be the kewitiator for

pool formation.

In forced poolsthe shape of a pool depends on therattaristics (size, type, degree of
smoothness) of the obstruction (Buffingteinal,, 2002). The dominant factors that control the
effectivenes®f the obstructions to create scour in pools are determined by the channel size,
width-to-depth ratig and amant of sediment (Buffingtoet al, 2002). Hence, these are the

main controls that need to be considered when looking at forced pools causestrbgtions.
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Therefore, these variables control the amount of scouring, locatohsubsequently pool

formation.

2.6 Geomorphological mechanisms of pool maintenance / pool geomorphic

persistence

Information regarding the geomorphic persistence of pwolsonperennial rivers is still
lacking (Costiganet al, 2016). Additionally, the necessary conditions foogts to be
maintained is not well understood generally (Thompson, 2011; Wilkiesahy 2004). When

it comes to the persistence of pools, satuelies provide empirical evidence that pools can be
highly resilient. Rodrigueet al (2013) found that an abdant supply of coarse bed material
and natural flow enabled peoffle sequences to remain in the same location fet @D years.

Hence, morastudies are needed on the resilience of pools.

2.6.1 Sedimentary mechanisms for maintenance of pools

Pool maitenance is defined as the process that limits the infilling of pools with sediment and
prevents riffles from becoming scoured away (Milan, 20IBg sediment routing hypothesis
states that the clasts are routed away from the pool over the point barsdred ftowards the

pool exit slope (Milan, 2013). The sediment routing hypothesis has been used as the key
mechanism to explain the geomorphicgisence of poetiffle sequences in sinuous upland
gravelbed rivers (Figur®) (Milan, 2013).
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(b) 30-70% bankfull,
sand transport
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Figure 5. Sediment routing model with the incorporation of the hydraulic reversal
hypothesis at different flow stages (SourceMilan, 2013).
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Another author found similar results, as the sediment was transported around hather t
through the centre of a pdsl confluence (Best, 1988). Therefore, the sediment routing

hypothesis providethe ultimate compelling explanation fevhy pools persist and do not fill
up.

2.6.2 Bar instability for maintenance of pools

A crucial part of he pootriffle sequence that has been understated is that of the relationship
between the pools and the bars. Bars in rivers are elevated regionsradrdgduch as sand

and gravel) that is deposited by the flow. At lower flows, the bar height gradiealigases as

finer sediment is scoured away from the bars and deposited in or around pools (Wiinson
al., 2004). At higher flows bar height increases the pool scour and the subsequent deposition
occurs on the riffles (Wilkinsoat al, 2004). Withotithe increase in height of the petfle
sequence bars, the peadfle sequence would disappear. These field observations confirm that
interactiondetween pools and bar units allow sediment to be deposited onto the bars, offering

an additional mainteaance mechanism to flooding and sediment deposited on riffles.

2.7 Effects of floods on pool development

Periodic floods have the energy to erode bddeowd transport large amounts of sediment in
non-perennial rivers (Jaeget al, 2017). This erosion cars in upland zones, which provides

a source of sediment downstream (Jaegei., 2017). Since water flows so infrequently it is
expected that majdtoods do most of the shaping of pools. Large flow events are considered
to exert the most important gaeorphic control in certain fluvial systems (Baker, 1977).
Generally, channels downstream are more alluvial, with deformable channels of
unconsolidated edliment that can adjust to the magnitude and frequency of flow events
(Wolman and Miller, 180). If the channel is set within bedrock, little change is expected, but
if it is an alluvial channel increase the sinuosity, wideningor deepening can be exjted
(Deathet al, 2015). In bedrock systeniee channel has a high resistancetochan@b Conn o r
et al, 1986). Figure6 summarizes some of the effects of ladjschargeevents on the
geomorphology and subsequent landforms of different river types wsult of flooding
events the physical template of the river may be reset depending on theidatisal of the

bed material.
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In a study of bedrock controlled NBRhe morphology of the paeivas found tdoe highly
resilient against infillingThe effects of & in 10Gyear flood resulted in minor erosion to pool
morphology (Jansen and Brierley, 2004). Aftastmassive floogonly shallow scour and fill
wererecorded in the pools. Therefore, the period fdredrockpool to remain in the same

location depends largely on the bed characteristics.

2.8 Variations in pool characteristics with fluvial style

Ariverbs pl anform (singl e tistorganiaed throdgh rapiddeediback a n a b
loops between floodplains, channels, vegetatqomd bars (Kleinhans, 2010). The processes
operating in rivers typically involve wash load sediment and bed sedimerg beang sorted
(Kleinhans, 2010). Wash load is & sediment is transported through the system without
contributing to the sedimentation process (Yang and Simdes, 2005). Bed sediment refers to the
sorting of sediment downstream in the fines of the pofate bed sediments (Kleinhans,
2010). The sortingf sediment translates into the channel patterns seen at a larger scale
(Kleinhans, 2010). Field measurements confirm that certain fluvial styles emerged at certain
bed sediment thresholds (Kleinhans avah den Berg, 2@). Therefore, sedimentary
mechamsms ultimately influence different fluvial styles.
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2.8.1 Single threaded and meandering rivers

Pools in singlehread rivers are sites for the accumulation and storage of fine sediments at low
moderatelbws (Powellet al, 2012). In the upland zonesmdn-perennial singléhread rivers,
channels are usually small, steapd with low widthdepth ratios (<20) (Jaeget al, 2017).

The main mechanism that has been studied for the formation of-simedeled rivers is the

cohesiveness of the sedimentsvadl as the stabilization of banks (Tal and Paola, 2007).

It is well established that pools in meandering systems, form in association with the bends
along the river (Lane and Richards, 1997; Knightd@1,4). The degree of curvature and pool
length was dpendent on the bed material in meandering rivers (Lofthouse and Robert, 2008).
They also suggested that the bed material can influence the spacing of pools. The study found
that the overall curvature prares increased pool length (Lofthouse and Rob8ag8p This
demonstrates the important role bed material plays on the length and spacing of pools in

meandering rivers.

2.8.2 Anabranching rivers

Anabranching is defined as a river that has multiple oblarseparated by stable islands, which

can be seeim Figure7 (Morénet al, 2017). Anastomosing is a subset of anabranching, which
have a low stream power, so that individual channels are straight or sinuous, but not wandering
(Makaskeet al, 2002). A ley difference between anastomosing rivers is thabeanching

rivers bifurcations are stable@amearly symmetrical division of flow and sediment (Kleinhans,
2010). These bifurcations divide the flow of water and sediment into downstream anabranches
(Burge, 2006).
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Figure 7: Single thread and anabranching fluvial styles$ource: Kleinhans, 201

Anabranching and anastomosing rivers are found in Australia and Southern Africa and these
systems havawell-defined bed and bar fosrthat have been fodrio persist over centennial

to millennial timescales (Tooth and Nanson, 2000). Since bars and pools have a feedback loop,
it is assumed that pools in these types of NPR systeowddvalso persist for very long
timescales as comparea dther fluvial styls. Therefore, in anabranching and anastomosing

fluvial styles the pools are assumed to be highly persistent with fewer bar features.

Non-perennial anastomosing rivers (Jaegenl, 2017) are generally narrower with deeper
channelsNumerous authors agréhat the pools of anastomosing rivers are most likely to form
at points of flow convergence, valley sides, deep segments of chasmbktween aeolian

dunes e.g. Tooley Wooley Waterhole (Knighton and Nanson, 2000). These vadis\asil
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aeolian dunesreate zones of localized scour for pool formation (Knighton and Nanson, 2000).
Since the channels in which the pools form are much deeper, the pool depths are assumed to

be much deeper and more persistent than that of other fluxied.st

2.8.3 Braidedrivers

Braided rivers are highly dynamic with rapid feedbacks between channel configuration,
sedimentand flow (Ferguson, 1993). Braided rivers are characterized by confluences within a
single channel, bifurcationand bars (Kleinhas) 2010) (Figur€). This distinct fluvial style

has many channels that converge which concentrates the flow and leads itoysafoowols
(Buffington et al, 2002). Braided rivers are expected to have more pools since there are much
more flow convergentones than in otheduvial styles. Furthermore, since braided rivers
typically have smaller channel widths thigud result in smaller pool sizes. Additionally,
another study concluded that the spatial distribution of pools is determined by the physical
template and timingfdlow (Bunnet al, 2006).

2.8.4 Wandering rivers

Wanderingrivers have up to three channéBrierley et al, 2005). Wandering rivers tend to

have low carrying capacities, lower slopasd flow that is separated by multiple threathe

fluvial style of wandering riverss relatedto bifurcation stability (Kleinhans, 2010). New
channels are created by cutting into the floodplains at floods or abandoned channels when the
flow has by diveted by very large floods, log jamsnd sedirent waves (Burge, 2006). The

pools in wandering channels are similar to that of braided channels in terms ofgtuatris

expected at points of confluence.

2.9 Overview of main points

Non-perennial rivers are becoming therm around the world, which increases the need to
understand them and how the ecology adapts to the water stressqserBlamal rivers are
distinguished by isolated pooMhere there arextended periodsf no flow. Numerous authors
such as Skoulikidist al.(2017) and Robsoet al. (2011) have highlighted the importance of

the interactions between nperennial pools and ecoleg The majority of the work on nen
perennial pools comes from Australiagdénighton and Nanson 2000)nderstanding the
geanorphology that forms the physical template upon which the ecology is set upon is vital
for understanding how pools differ in different NPR settings. Theza plethora of controls
thatmay operate to spa pool environments, such as flow convergencedaretgence driven

by local variation in valley widthLiterature has revealed that the key geomorphic controls on
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pools are the valley width, channel width, obstructions, bed material, and high magnitude
floods. Literatureshows that thegeomorphiccontrds are sitespecific and dependant on the

type of physiographical setting.

Literaturesuggestthat the bed material can influence the spacing of pSalslies have found

that in meandering rivers th@ol length was dependent on the bed mateBldies have
illustrated that differenfluvial styles emergeat certain bed sediment thresholds (Kkeins

and van den Berg, 2@} The sorting of sediment translates into the channel patterns seen at a
larger scale (Kleinhans, 2010). These studies illustrega@rportah role that the substrate

characteristics play in different fluvial styles.

LWD andbedrock outcrops act as scour initiators which form the pboés study of bedrock
controlled NPRs, the morphology of the pools was found to be highlyerdgsalgainst infilling.
The morphology of pools in environments dominated by bedsdughly resistant to flooding
events and can remain in the same location for long periods of)amgen and Brierley, 2004).
In bedrock systems where the channel halBigh resistance to change, pool channels
downstream arasuallymore alluvial, with deformablehannels of unconsolidated sediment
that can adjust to the magnitude and frequencymajor floods. Since water flows so
infrequently it is expected that majdodds do most of the shaping of poaisNPRs The
ability of floods to erode the river and selsently the pools is dependent on the rivers
composition namely bedrock or alluviuferiodic floods have the energy to eradlevium

and transport large amots of sediment in neperennial rivers
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CHAPTER 3: REGIONAL SETTING

3.1Location

The Touws River catchment is found in the Western Cape Province of South Africa (green

polygon in(Figure8). A large part of the catchment lies within the Kleiar&o, characterized

by low rainfall, arid air, cloudless skies, and extremes of aedtcold (DWS, 2015). The

Touws River catchment forms part of the primary catchment of the Gouritz River system (Le

Maitre et al, 2009). This chapter presents a briefcdgsion of the study site in terms of

location, climate, geology, vegetati@and pevious studies.
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Figure 8: Location of the study site in relation to South Africa
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3.2 Climate

The zones illustrated in Figugave highly dstinctive climatic conditions. The Mediterranean
region is mainly influenced by themld Benguela current of the Atlantic Ocean (Van Niekerk

and Joubert, 2011). Rainfall in the Mediterranean region is received as prefrontal rain, post
frontal showersandheavy orographic rainfall (Dyson and Heerden, 2001). In contrast, the
South Coastegion is influenced by the Indian Ocean and orographic influences and receives
rainfall throughout the year (Van Niekerk and Joubert, 2011). Rainfall in theas@hi{aroo

region is low, unreliable, and in the form of thunderstorms (Dyson and Heerdel), 200
Rainfall varies from 100 to 450mm/year (Le Maiteal, 2009), and the temporal distribution

of rainfall is multimodal (Mucinaand Rutherford 2006). The average temature of the
Western Cape is 17 °C (De Coning, 2012). The Western Cape on average receives about 600

mm of rainfall per year.
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Figure 9: Climatic zones in the region (Van Niekerk and Joubert, 2011).
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3.3Geology

The geology bthe Western Cape is extremely diverse. The Touws River lies in the geomorphic
subprovince called the (Central) Cape Fold Mountains (Partrdge, 2010). Rivers in this
geomorphic province are characterised by strongly conceareow valley crossectional

profile, and very steep slopes (Partridgeal, 2010). The Cape Fold Belt is a parallel ridge of
sandstone folded mountains (Compton, 2004). The geology of the Cape Fold Mountains
consists of the outcrops of the Cape Supmrg and valleys undetih by Bokkeveld shales.

The (Central) Cape Fold Mountains is at the centre of the mountain range and spans from east
of the Kouga River to the West of the Duiwenhoks River. The overwhelming influence of the
geological structures ddctive faulting and faling is apparent in the trellis drainage pattern
that characterises this province (Partrigg@l, 2010). Rivers in the region are superimposed
across resistant quartzite ridges from thegisting cover of the Karoo rocks ana@ate the
Triassic ped (Partridgeet al, 2010). The elevation and geology of the regiaaillustrated

in FigurelOand Figurel 1.
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Figure 10: Digital elevation model of the Touws catchment.
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Figure 11: Structural litho logy and geological formations for the study area

Description of Lithology

Dai Siltstone, shale and argillaceous sandstone
Dt Arenaceous shale and mudstone which alternates with siltstone, micaceous, few

Dbo i Light-grey protosandstone, feldspathic and micaceous; subordinate shale and sandstone beds

siltstone
Dv i Grey shale, siltstone and mudstone fossiliferous, thin sandstone beds

Dhi Light-grey protosandstone, feldspathic; thin siltstone beds
Dw i Dark-grey siltstone with alternating shale beds
Dri Light-grey feldspathic, sandstone, siltstone and micaceous shale beds
Sg i Red-brown-weathering thinly bedded quartzitic sandstone; thin shale beds in place

Ds i Shale and siltstone with micaceous sandstone beds, weathering reddish brown
Ss Light-grey, massively bedded quartzitic sandstone; thin lenticular conglomerate and grit

3.4 Vegetation

The vegetation type is dominated by an array of Karoo shrublands and pessttsr{inantly
Phragmites australjs sedges (e.gscirups cyperaceaeand bulrushes (e.gypha latifolig.
The rushes (e.guncus krausyioccupy a transitional zone between seawpiiatic and aquatic
zones (Allanson and Whitfield, 1983). Other vegetatiariudes asteraceous, proteoschd
restioid fynbos (Mucina and Rutherford, 2006). The Touws River catdiimasra loamy sand
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soil textureamean elevation of 573mandanaverage slope percentage of 18.1% (Hetpe.,
2012).

3.5 Hydrology of Touws

The BreedeGouritz catchment management agency has focused on ecological reserve
determination for the catchmie(Schachtschneider, 2014). Reserve determination studies for
the Touws River and tributaries from the sourcthéxonfluence of the Prins Rivéound that

the main impacts on the river are multiple small farm dams, forestry, irrigation, a few large
dans (Verkeerdevlei, Prins and Belair), agricultural encroachment, overgyrazingls and
artificial reservoirs $chachtschneider, 2014r'he watequality of the Touws River is largely
naturalexcept foragricultural and plantations in the upper reachesdl@d, 2007; Petersaat

al., 2017). Assessment of the Prins River to the confluence with the Touws River reveals that
the sub quaternary catchnt&m these areas traverse mountainous areas with few imgaaots (
Niekerk et al, 2015). The large Prins Daraccurs towards the end of the Prins River. Two

major floods are indicated in Figui@.
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Figure 12: Flow time series of flood peaks of the Touws River at Okkerskraal from (1982
2016).
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Previous studies havedused on aspects suas variability of vegetation example (Dlikilili,
2019), remote sensing of ngerennial rivers (Seatoet al, 2020), reserve determination
studies (Mathews, 2016) and langes of the Touws River (Schachtschneider, 2014). Water
resource maagers aredallecting data from the Touws River system to develop a SWAT (Soil

and Water Assessment Tool) model for the Touws River system (Schachtschneider, 2014).
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CHAPTER 4: METHODS

4.1 Introduction

This chapter describes tipeirpose of collectig various data sources used in this study, and
methods of data collection and analysis applied. Numerous methods have proven to be effective
for characterizing the geomorphology (valley setting, spatial distribution, sediment
charactestics, shapend sze) of pools in noiperennial rivers, such as wet/dry field mapping,
imagery from satellitescameras and modelling (Costigahal, 2016). In recent years, an
increase in the availability of higlesolution remote sensing imagery hagroved the
measurement of wetted area, hydrological persisterazel flood extent proxies (Puckridge

al., 2000). These studies indicate that a combination of spatial data and fielthdated to

gain a better understanding of pools.

4.2 Overview d Research Design

The first objective of this study was to characterize the valley physiographic setting, spatial
distribution, morphology, and substrate characteristics of pools. This was done by taking DGPS
(Digital Global Position System) measuremerdsoss the length dhe valley, channeblnd

then representing and interpreting the data graphically. The spatial distribution was mapped in
the field by physically identifying each pool along the river and recording a GPS location of
each pool. The morplhagy of the pools wa evaluated by surveying the full length, cross
sections of each pool at the widest part of each pool with the DGPS. To analyse the substrate
characteristicssediment samples were taken for each pool at the thalweg depdim anger

was used to probe thiepth of alluvium. In order to achieve the second objective geospatial
analysis was used to evaluate how the pools change spatially over time as well as how persistent
the pools are, including their response to large flood eventghirdeobjective waschieved

by using a combination of exploratory data analysis which examines how relationships between
form ratios differ in different settings. The data was analysed to determine whether the different
settings cluster together or notdaby examining the apped outputs. The last objective
involves the creation of a conceptual model of the geomorphic controls on pools that draw
together inductive and abductive analyses of the controls on pool formation and persistence in
the rivers studi@. Figurel3 represatsthe proposedlow diagram of the research approach

applied.
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Figure 13: Proposedflow diagram of research approach.

4.3 Selection of study and sampling sites

The Touws River catchment wesnsidered a useful study area twajor floods thabccurred
on the 24' of March 2003 and othe 8" of January 2014. By using tirrseries image analysis,
the effects of these major floods on the pools could be investigated. Additionallyistlzere
flow gauge at Okkerskraal dowstream of the reaches selected tfa study that has high

quality flow data from 198%b present that indicates when major floods occurred.
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