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ABSTRACT 

Globally climate variability and anthropogenic effects are causing more perennial rivers to 

become non-perennial rivers. Non-perennial rivers are distinguished by their isolated pools 

which serve as refugia for aquatic organisms, water birds, and riparian vegetation. The 

literature on non-perennial rivers demonstrates that pools are poorly understood in terms of 

their location, nature, and geomorphic persistence. Therefore, this study examines the 

relationships between the spatial distribution, morphology, and 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 strategies for pool ecology 

since the geomorphology of pools provides a key part of the ecological template.  

Worldview-2 satellite imagery (2017) and orthorectified aerial photography (2014, 2013, and 

1944) were used to assess the effects of major flooding events on pools over time. A DGPS 

(Differential Global Positioning System) was used to survey the pool widths, lengths, depths, 

and valley widths, cross-sections, and longitudinal profiles of the river. Sediment samples and 

Wolman pebble counts were used to assess the grain size and organic matter content of each 

pool in the study area. Detailed descriptions of the characteristics of each pool in terms of 

position in the channel, valley form, and obstruction presence and type were also assessed.  

Results indicate that most of the large pools occur at bedrock outcrops of the valley margins, 

and smaller pools are associated with Vachellia karroo debris bar features. Larger and highly 

persistent pools are associated with valley confinement and smaller less persistent, scour pools 

occur mid-channel where the valley expands. Analysis of the results shows that the valley width 

is the dominant control on these forced pools. The type of obstruction also plays a role in the 

formation of the pool as large woody debris results in smaller pools whereas, bedrock outcrops 

result in larger sized pools. A significant relationship was found between the grain size and 

organic matter content of pools.  

Aerial photography of the spatial distribution of the pools revealed that before a major flood, 

the pools were small and patchy, whereas afterward, they were larger and more elongated. It is 

suggested that at the bedrock outcrops, major scouring and eddy processes drive the formation 

of larger pools during large flood events, whereas pool dissection by sediment deposits prevails 

during intervening intermediate to low flow periods. The results are discussed in terms of the 

geomorphic controls (valley width, pool dimensions, morphology, substrate, and obstruction 

characteristics) on the formation and maintenance of pools in dryland settings. A conceptual 
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model is proposed to explain the geomorphic changes of the pools in the four geomorphological 

zones of non-perennial rivers. 
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CHAPTER 1: Introduction  

1.1 Background 

In South Africa, about two-thirds of the rivers are non-perennial, yet knowledge about the 

environmental water requirements (EWR) of non-perennial rivers (NPRs) lags behind that of 

perennial rivers (PRôs) (Seaman et al., 2010). Studies have concentrated on the ecological 

aspects (Wijenayake et al., 2005; Robson et al.,  2011; Santos and Stevenson, 2011), neglecting 

the geomorphological aspects of EWR in non-perennial rivers (except for Jaeger et al., 2017). 

The irregularity of flow and scarcity of data makes it difficult to study and manage NPRs. Since 

there is scarce knowledge about how NPRs function, it is less likely that restoration and 

remediation practices will succeed.  

 

The term non-perennial river encompasses all the rivers that are classified as intermittent, 

ephemeral, or episodic (Skoulikidis et al., 2017). Essentially, they are rivers that stop flowing 

for a certain period during the year. Datry et al. (2007) cautioned that the intermittency of flow 

for NPRs should not be considered as a negative impact but rather as an important component 

for the aquatic invertebrates and terrestrial assemblages of organisms. Changes to NPRs such 

as impounding or changes to flow intermittency may negatively influence the floodplain and 

aquatic communities because the species that live there have adapted to survive with 

specialized strategies (Datry et al., 2007). The average long-term flow in most NPRs is 

decreasing at an alarming rate, favouring the creation of more isolated pools, especially in 

Mediterranean regions (Skoulikidis et al., 2017; Datry et al., 2014). The drop in long-term flow 

is attributed to anthropogenic effects and climate change (Datry et 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 scales, lithological, tectonic, and 

physiographic settings, making generalizing about their geomorphology challenging (Jaeger et 

al., 2017). The work by Brierley et al. (2005) provides a research framework to address this 

deficiency by investigating NPRs in terms of their fluvial styles. This may prove beneficial for 

managers as the controls on pool formation and geomorphic persistence, and ecological 

implications may be associated with fluvial style (Jaeger et al., 2017). By studying pools from 

the perspective of its fluvial style, one may be able to glean some of the general geomorphology 

characteristics of NPRs. 
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The use of a geomorphological approach to studying rivers is important because 

geomorphology (e.g., spatiotemporal variation in channel morphology, bars and bed-forms, 

bed material size) is an important control on the physical habitat of a river (Newson and 

Newson, 2000). Fluvial geomorphology provides the starting point for understanding how 

rivers function (Thoms and Sheldon, 2002). Therefore, without an informed understanding of 

fluvial geomorphology, it is unlikely that the approaches employed for management will 

succeed (Thoms and Sheldon, 2002).  

 

1.2 The role of pools in NPRs: A broad overview 

NPR pools are highly dynamic and fascinating landforms. Isolated pools are one of the most 

important components of NPRs (Seaman et al., 2010). They are neither truly aquatic nor truly 

terrestrial environments and dominate the physical template of NPRs in arid to semiarid regions 

(Seaman et al., 2016). Pools have been defined as natural bodies of water that periodically dry, 

and often occur within non-perennial 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, fish, invertebrates and other 

aquatic fauna that can survive the declining water quality and lack of flow (Puckridge et al., 

2000; Bunn et al., 2006; Plan et al., 2013).  

The term órefugiaô refers to priority sites for conservation under climate change because of 

their ability to promote the survival of species in harsh conditions, while órefugesô provide 

shelter to biota under highly variable climatic conditions (Davis et al., 2013). The key 

difference between these two terms is that they occur at different timescales. 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 ecological importance of pools large woody debris and large stones for the 

organisms upstream of a non-perennial river (Source: Stubbington et al., 2017). 

During drought periods various aquatic communities are dependent on the landscape structure 

of pools (Robson et al., 2011). The unique diversity of episodically dry riverbeds is important 

for human culture, terrestrial, and amphibious biota (Steward et al., 2012). In these temporary 

rivers, the dry riverbed serves as seed banks for plants, egg banks for aquatic biota, ecotones 

linking dry and wet phases, storage of organic matter and other nutrients (Steward et al., 2012). 

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

ecosystem.  

Due to increases in water demand from humans, non-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 

the ecological requirements. The demand for water supply is expected to increase between 23-

150% by 2025 (Le Maitre et al., 2009). This shortage of water supply is expected to influence 

the aquatic and terrestrial organisms that depend on these water supplies, where water is already 

very limited. These impacts make NPRs a vital resource in need of effective management. 

1.3 Significance and rationale 

One of the major challenges facing environmental water managers is determining the 

environmental water requirements of NPRs (Seaman et al., 2010). To do this, an improved 

understanding of the location, size, volume, and geomorphic persistence of pools in NPRs is 

needed (Seaman et al., 2010; Rossouw, 2011). Numerous authors have suggested that there is 
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a key question regarding how sensitive pools are to changing catchment characteristics 

(Thompson, 2018). Furthermore, there is a need to identify the processes that form pools versus 

the processes that maintain pools after their formation (Thompson, 2018). The problem is that 

there is a variety of mechanisms used to explain pool formation, but they only occur under 

specific conditions and in different settings making it very challenging to know which 

mechanisms occur where. An example of this is Milan et al, (2013) who found that sediment 

routing mainly occurs around pools in sinuous upland gravel-bed rivers, such that pools are 

maintained free of sediment infill. There is a consensus among researchers (Wilkinson et al., 

2008; Bayat et al., 2014), that it is challenging to determine which mechanism is driving pool 

formation and maintenance in different fluvial settings. South African NPR literature suggests 

that fundamental studies on all types of pools (permanent and temporary) are needed (Seaman 

et al., 2016). Therefore, it is critical to understand the fundamental geomorphic controls on 

pool formation.  

The geomorphic mechanisms for pool formation and maintenance have not been fully 

synthesized in detail for NPRs as they have been for PRôs (Seaman et al., 2010; Datry et al., 

2014). James and King (2010) suggested the geomorphological conditions that dictate the 

location and size of pools in NPRs are not well understood. Additional literature by authors 

such as De Almeida and Rodríguez (2012) illustrates the need for more pool formation studies. 

De Almeida and Rodríguez (2012) argued that the underlying topography and the spatial 

distribution of the bed grain sizes in pool formation needs to be investigated. Understanding 

the factors influencing pool formation at different scales such as reach and watershed scale 

would be highly beneficial (Buffington et al., 2002). Additionally, the geology, morphology, 

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

The fundamental hypothesis of this study is that pools are 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 formation and persistence of pools.   

In this study the geomorphic controls (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 styles will 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 (Buffington et al., 

2002). Sheldon and Thoms (2006) advocated that more research is needed from a variety of 
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dryland settings to improve our understanding of NPRs. Seaman et al. (2010) stated that in 

NPRs the geomorphological conditions necessary for pool formation are not well understood. 

The development of an effective conceptual model of the conditions needed for pool formation 

in non-perennial rivers is needed. Therefore, the current study on pool formation and pool 

maintenance of NPRs will be highly beneficial to the larger body of knowledge. This study 

seeks to improve the knowledge and understanding of the geomorphic controls on pool 

formation and pool geomorphic persistence in non-perennial river systems.    

1.4 Aim and objectives 

Aim:  

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

and pool persistence in non-perennial river systems. 

To achieve this aim, the following objectives were set: 

Objectives: 

1. To characterize the valley physiographic setting, spatial distribution, morphology, and 

substrate characteristics of pools in 4 reaches of the Touws River system; Prins 

Doornboom, Prinspoort, Touws Wolwefontein, and Touws Plathuis. 

 

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

as a measure of pool persistence, paying attention to the effects of a large flood event.  

 

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

valley width setting, morphology, and substrate characteristics in different valley settings.  

 

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

persistence for the study reaches. 
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1.5 Structure of the thesis 

Chapter 1 articulates the main research problem that drives this investigation. Which is to 

understand how the geomorphological controls on pool formation and pool persistence 

function in NPRs. It highlights the importance of understanding the geomorphology of pools 

in NPRs. Chapter 2 provides the core concepts of this study as well as the theoretical framework 

of non-perennial rivers. Chapter 3 describes the study area. Chapter 4 provides a detailed 

description of how the data was collected, analysed, study area, and rationale for using the 

sampling techniques. In Chapter 5, the main trends, patterns, variation, and characteristics of 

the results are presented. Chapter 6 presents a discussion of the results in as well as the 

implications of this study. Chapter 7 summarizes the key findings and anomalies in conjunction 

with the reviewed literature.  
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CHAPTER 2: Literature Review 

2.1 Introduction 

This chapter provides a synthesis of the relevant literature on the geomorphic controls (valley 

width, channel width, morphology, and obstructions) on pools in NPRs. Mainly focusing on 

the mechanisms that influence pool formation and pool maintenance. Furthermore, this chapter 

reviews pools in different fluvial styles, as well as the effects of high magnitude floods on (non-

perennial) NP pools. This study views pools from a geomorphology viewpoint, not a 

hydrological one. The key concepts of this review were used to guide the methodology and 

interpret the results.  The available literature was used to gain an understanding of the existing 

knowledge regarding NP pools.  

2.2 Defining pools  

From a geomorphological point of view, NPR pools need to be defined in terms of the 

topographic setting and not in terms of the hydraulics, because surface water 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). This definition by Richards (1976) defines 

pools from a geomorphological perspective. This is the most appropriate definition because it 

defines pools without water. Without the channel floor (alluvial or bedrock) forming the 

depression, there would be nothing to hold the water in place. When defining a pool there is no 

widely accepted definition for the minimum size of a pool (Montgomery et al., 1995). There 

are two categories of pool found in rivers, namely forced pools (obstructions to flow), and 

autogenic pools (hydraulic scaling and sediment transport patterns inherent in flow and 

sediment sorting processes). Therefore, to classify a pool there only needs to be a depression 

on the topographic surface of the river.   

2.3 Geomorphic controls on pool development 

2.3.1 Valley setting 

Valley margins create boundary conditions that change slowly over long timescales (centuries 

to thousands of years) and impose constraints upon the way energy is distributed in a river 

(Fryirs et al., 2016). The valley-floor (i.e. floodplain and channel) processes and landforms in 

NPRs are extremely diverse and range from distinctly different to overlapping with perennial 

river systems (Jaeger et al., 2017). Figure 2 illustrates the three main types of valley setting: 

confined, partly confined and laterally unconfined valley settings. The degree of confinement 

(or lack of confinement) in valley settings is a key control of a rivers character and behaviour 
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(Fryirs et al., 2016). Confinement of a valleys forms the primary control on the rivers 

geomorphic processes and landform units along the valley bottoms (Fryirs and Brierley, 2012). 

The valley setting and slope determine the capacity for sediment storage and fluvial reworking 

along a reach (Fryirs et al., 2016). The valley setting plays a pivotal role in maintaining the 

geomorphic processes and margin conditions of a river. 

 

Figure 2: Partly confined river in the spectrum of river diversity A) three broad types of 

confined rivers are represented (Source: Fryirs  and Brierley, 2010). 

The valley width is defined as the contact between the lightly vegetated hillside and the 

unconsolidated sediment mantle (White et al., 2010). Differentiating between valley types is 

dependent on the position of the channel in relation to the valley margin and how often the 

channel infringes upon it (Fryirs et al., 2016) (Figure 2). These sections where the channel 

infringes upon the valley wall may produce deeper pools than the mid-channel pools. Thus, the 

various valley setting characteristics such as confinement, slope, and irregularity influence the 

geomorphological processes and subsequently the pool characteristics (Reid et al., 2019). A 

key variable of the valley setting is its width; as it becomes wider or narrower downstream it 

influences the landforms that occur in the river. Therefore, one of the key questions regarding 
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valley setting is, how do the characteristics (i.e. sediment and topography) of pools differ in 

different valley settings vary?  

The morphological features such as valley wall oscillations, logjams, boulders, meanders, point 

bars, and alluvial fans all contribute to the variability of a riverôs passageway (White et al., 

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 (White et 

al., 2010). A study focusing on anastomosing rivers found that the valley setting controlled the 

spatial distribution of the waterholes (Knighton and Nanson, 2000; Hamilton et al. 2005). 

Waterholes are defined as stagnant water in deep sections of anastomosing channels that 

typically form at points of flow convergence associated with branch-channel confluences, but 

they share some similar characteristics to pools in single-thread rivers (Knighton and Nanson, 

1994).  Therefore, the valley setting and subsequent valley width play a major role in how pools 

are distributed. 

The influences of different valley settings on pools are discussed by comparing an urbanized 

river (created) and a partly confined river (natural). Walsh et al. (2005) provided evidence that 

channels in an urbanized setting with artificial valley confinement had simplified morphologies 

with uniform beds and few pools, limited pool depth, and reduced overall channel complexity 

(Walsh et al. 2005). Whereas in partly confined valley settings the geomorphic units were 

usually forced, producing forced bedrock pools (Fryirs et al., 2016). These studies illustrate 

how the type of valley setting can play a significant role in determining the pool characteristics 

(number of pools, pool depth, location, frequency, and obstructions). Thus, different valley 

settings are likely to produce unique pool characteristics. 

Geological controls refer to the structural and lithological nature of a valley setting, and the 

ability to erode and weather rocks (Fryirs et al., 2016). As these geological processes of 

weathering and erosion occur they influence processes such as sediment transport. If the 

channel is abutting against the valley margin or meandering in the middle of the valley there 

may be differences in the erodibility and the subsequent pools. The geological processes and 

sedimentary mechanisms are controlled by the type of confining media such as bedrock, 

terrace, fan, or infrastructure such as roads. At reach scale these bedrock outcrops and large 

woody debris act as constriction points for the pools (White and Pasternack, 2007). Some 

authors have found ómega-poolsô that are forced features imposed by the regional geology 

(Gibson et al., 2019). The spatial distribution of bedrock outcrops and geology has a strong 
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influence on the location of pools at the reach scale. Since the valley setting and geology plays 

changes over long periods it may play a crucial role in maintaining the location of pools through 

points of constriction and expansion.  

In the case of the valley setting of waterholes in Australia, it was found that the waterholes in 

anastomosing channels may be influenced by dune confinement, channel convergence, and 

interactions with the valley margins (Knighton and Nanson, 2000). These influences create 

zones of localized scour within which pools form. The geomorphological conditions 

considered necessary for the development of waterholes in anastomosing rivers in Australia 

included morphological forcing 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 variations 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 (White et al., 2010). These changes in valley undulations 

from narrower to wider have a major influence on the depth of the pools. Hence, the 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 Channel width 

Channel width is the key control on the spatial distribution of pools according to Rodríguez et 

al. (2013), who found that pools were associated with areas where the channel width contracted 

(narrowed). If there is an obstruction in the channel it constricts the width of flow, thereby 

increasing flow depth and inducing scour. Other authors substantiate these findings as pools 

were observed at width constrictions (White et al., 2010). The pool-riffle formation 

experiments by White et al. (2010) and Sawyer et al. (2009) showed strong control exerted by 

the channel width in forcing the occurrence of riffles at wider sections and pools at narrower 

points. Brew et al. (2015) and Rodriguez et al. (2013) agree that the spatial distribution and 

location of pools are controlled by channel width constrictions.  

The spatial distribution of pools greatly depends on variations in channel width as well as the 

location of bedrock outcrops. The rhythmic pool hypothesis by Gibson et al. (2019) is used to 

explain why pools form without obstructions and the spatial distribution is 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 fluvial style (e.g. 
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meandering rivers) without external controls (Gibson et al., 2019). According to the rhythmic 

pool hypothesis pool spacing conforms to the rule of 5-7 channel widths. Whereas, in the forced 

pools hypothesis, pools are spaced stochastically and more randomly due to the nature of the 

obstructions and channel width variations (Gibson et al., 2019). Studies have found that forced 

pool spacing is highly variable ranging from 1.5 to 23 (Keller and Melhorn, 1978). Therefore, 

the often-cited 5-7 average bankfull width spacing does not apply to forced pools, due to 

multiple obstructions.   

The mechanism acting in conjunction with the geomorphic control (channel width) may be the 

flow convergence hypothesis. The flow convergence hypothesis states that when flow 

converges over pools it creates zones of high-velocity 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. Essentially, an abrupt 

change in channel width, not valley width 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. Flow divergence usually occurs when 

there is an abrupt expansion of channel width, slope drops, and a valley floor begins (White et 

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

pools.  

2.4. Geomorphic controls on pool characteristics 

2.4.1 Morphology 

Numerous factors influence the morphology of pools such as sediment load, large woody 

debris, channel geometry, flow obstructions, and bed material size (Buffington et al., 2002). In 

addition to these factors, the stream gradient also influences the morphology of pools (Carling, 

1999). As the gradient and available energy decrease downstream pools increase in length and 

become shallower (Wohl et al., 1993). However, Wohl et al. (1993) do not take variations in 

obstructions and valley width into account 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 of pools is the effects of flow convergence 

resulting from point bar constrictions (Figure 3) (MacWilliams et 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 as the flow is funnelled. Point bars guide 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 (MacWilliams et al., 2006). Point bars are an inherent feature of meandering 

rivers as opposed to obstructions. There 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 of sinuous meandering rivers (Source: 

Thompson, 2018). 

2.4.2 Substrate characteristics 

The substrates found in NPR pools are highly variable ranging from gravels to sand, cobbles, 

pebbles bedrock, and boulders (Seaman et al., 2010). Morphological simulation studies provide 

evidence that variations in grain-size distributions, bed-sediment structures, and packing could 

lead to entrainment rates that maintain variations in pool depths (De Almeida and Rodríguez, 

2012). The consolidated, resistant substrate or exposed bedrock outcrops cause scour holes and 

eddies to form forced pools (Gibson et al., 2019). The importance of the substrate 

characteristics extends to the geomorphic persistence of pools, for example when a clay layer 

was found at the bottom of waterholes it held the shape of the pool intact for longer (Knighton, 

2014). Pools are essentially scoured zones and when the sediments are mobilized, they exit the 

pool faster than they are supplied establishing an equilibrium between sediment entering and 

exiting the pool (Buffington et al., 2002). These flows and sediment movements are restrained 

by the substrates (Thompson, 2001). Therefore, it has been suggested that the bed material size 
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of pools may provide specific insight 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 better understanding of a poolôs sediment dynamics can be achieved. 

Therefore, substrate characteristics of pools can be used to explain the maintenance of pools, 

but not the formation of pools. Figure 4 illustrates the typical substrate conditions found in 

pools.  

  

Figure 4: Typical substrate conditions in pools and definitions (Source: Thompson, 2018). 

 

2.5 Mechanisms of pool formation 

A useful synthesis of these geomorphic mechanisms for non-perennial rivers and the variety of 

fluvial styles represented in NPRs is lacking in the literature. Geomorphic mechanisms are 

based on the most fundamental processes of entrainment (erosion), transportation, and 

deposition of sediments mobilized by moving water (James and King, 2010). These 

mechanisms initiate local scour and subsequently pool formation.  

2.5.1 A broad overview of pool formation mechanisms 

Some of the earliest studies on pool-riffle formation in perennial rivers have focused on pools 

forming at the bends of the channel in meandering systems. In these meandering rivers, the 

interactions with sediment grains, transverse slopes, and flows cause a 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 two non-perennial rivers (Keller, 1972). Furthermore, the 

meandering processes that result from the creation of new pools may keep pool spacing 

constant (Keller, 1972). Thus, it is extremely important to consider the type of fluvial style in 

which the pools are being investigated.   
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In perennial rivers, there are four main mechanisms used to explain pool formation: obstacles 

to flow, turbulence, flow bursts, and the kinematic wave theory (Clifford, 1993). Obstacles to 

flow generate roller eddies upstream and downstream of the obstacle (Clifford, 1993). The 

process of an obstacle forming a pool starts with scouring around the obstacle. Thereafter, 

deposition downstream forms the next obstacle to flow. The downstream riffle disrupts the 

flow and the process is repeated, creating a feedback loop between the form and processes. 

This mechanism creates self-generated pools from initial obstacles. Turbulence and flow bursts 

create pools by pulsating velocities associated with large scale horizontal eddies (Yalin, 1971). 

These turbulent structures (flow bursts) follow a wave-like pattern. The kinematic wave theory 

is more theoretical in nature and involves the grouping of moving objects in zones along a flow 

path (Langbein and Leopold, 1968). The particles cannot pass those in front, creating traffic, 

so movement becomes impeded as particles start sticking together. The stacking of particles 

creates a group of particles and forms the riffle and subsequent pool. These mechanisms assume 

that the perennial river has a consistent flow. However, they may also occur in non-perennial 

rivers. 

The velocity reversal hypothesis was also proposed to explain the formation of pools (Keller 

and Florsheim, 1993). The velocity reversal hypothesis occurs when the near-bed velocities of 

pools increase at a faster rate than in riffles, scouring out the pool and depositing sediment at 

riffles as the velocity of flow decreases (Keller and Melhorn, 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 occurs in limited conditions (Thompson, 2011). This 

means that it only occurs at certain sites, and some authors have incorporated it into other 

models as seen in Figure 5. Other authors suggest that the velocity reversal hypothesis is not 

sufficient to explain the dominant processes seen in different pool-riffle sequences (Wheaton 

et al., 2004). The velocity reversal hypothesis is not a universal mechanism for the explanation 

of pool formation. It has been suggested that future research on pools should focus on flow 

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

The theory of flow convergence is widely accepted as the main overarching control on pool 

formation in both forced and free forming pools (MacWilliams et al., 2006). Flow convergence 

creates a narrow jet (funnelling) of water with higher velocities than the adjacent riffles 

(Thompson, 2011). The flow convergence hypothesis encompasses other theories such as the 

velocity reversal hypothesis and channel width variations. Numerous studies have provided 

strong empirical evidence for this contention that the beds of pools are only shaped by flow 
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convergence, hydraulic jetting, reticulating eddies and ancient floods of the geological past 

(Wheaton et al., 2004; Chartrand et al., 2011; Brierley et al., 2005).  

2.5.2 Obstructions  

Bilby (1984) suggested that obstructions influence pool development. The study showed that 

increasing the Large Woody Debris (LWD ) in the river produced a greater number of pools in 

the river. Large woody debris is piles of woody branches and woody pieces that accumulate 

together and form an obstruction after a major flood event. The LWD traps sediment, forming 

a bar (Bilby, 1984). Flow against the obstruction causes scour holes that create large scale 

vortices close to the bed (Buffington et al., 2002). Similar to LWD piles the bedrock outcrops 

(resistant rock) and geomorphic features such as tributary fans and talus inputs cause hydraulic 

and structural changes in the channel that constrict flow (Buffington and Montgomery, 1997; 

Thompson, 2001). By decreasing the effective channel width these obstructions promote pool-

riffle maintenance in narrow channels (Wheaton et al., 2004). LWD and bedrock outcrops act 

as scour initiators which form the pools. 

At reach scale, obstructions may be a main geomorphic mechanism influencing pool locations. 

Studies by Lisle and Hilton (1992) found that 85% of pools were located next to large 

obstructions. These obstructions cause zones of circular movement (reticulating eddies of 

water) at major flow obstacles (Clifford, 1993). Other findings by Benda et 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 obstructions influences pool location was also supported by Rossouw (2011). 

Furthermore, incisions into the resistant bedrock and dolerites dykes and sills 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 obstructions, this may be the key initiator for 

pool formation. 

In forced pools, the shape of a pool depends on the characteristics (size, type, degree of 

smoothness) of the obstruction (Buffington et al., 2002). The dominant factors that control the 

effectiveness of the obstructions to create scour in pools are determined by the channel size, 

width-to-depth ratio, and amount of sediment (Buffington et al., 2002). Hence, these are the 

main controls that need to be considered when looking at forced pools caused by obstructions. 
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Therefore, these variables control the amount of scouring, location, and subsequently pool 

formation.  

2.6 Geomorphological mechanisms of pool maintenance / pool geomorphic 

persistence  

Information regarding the geomorphic persistence of pools in non-perennial rivers is still 

lacking (Costigan et al., 2016). Additionally, the necessary conditions for pools to be 

maintained is not well understood generally (Thompson, 2011; Wilkinson et al., 2004). When 

it comes to the persistence of pools, some studies provide empirical evidence that pools can be 

highly resilient. Rodríguez et al. (2013) found that an abundant supply of coarse bed material 

and natural flow enabled pool-riffle sequences to remain in the same location for 30-100 years. 

Hence, more studies are needed on the resilience of pools.  

2.6.1 Sedimentary mechanisms for maintenance of pools 

Pool maintenance is defined as the process that limits the infilling of pools with sediment and 

prevents riffles from becoming scoured away (Milan, 2013). The sediment routing hypothesis 

states that the clasts are routed away from the pool over the point bar and flushed towards the 

pool exit slope (Milan, 2013). The sediment routing hypothesis has been used as the key 

mechanism to explain the geomorphic persistence of pool-riffle sequences in sinuous upland 

gravel-bed rivers (Figure 5) (Milan, 2013).  
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Figure 5: Sediment routing model with the incorporation of the hydraulic reversal 

hypothesis at different flow stages (Source: Milan, 2013). 
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Another author found similar results, as the sediment was transported around rather than 

through the centre of a poolôs confluence (Best, 1988). Therefore, the sediment routing 

hypothesis provides the ultimate compelling explanation for why pools persist and do not fill 

up. 

2.6.2 Bar instability for maintenance of pools 

A crucial part of the pool-riffle sequence that has been understated is that of the relationship 

between the pools and the bars. Bars in rivers are elevated regions of sediment (such as sand 

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

finer sediment is scoured away from the bars and deposited in or around pools (Wilkinson et 

al., 2004). At higher flows bar height increases as the pool scour and the subsequent deposition 

occurs on the riffles (Wilkinson et al., 2004). Without the increase in height of the pool-riffle 

sequence bars, the pool-riffle sequence would disappear. These field observations confirm that 

interactions between pools and bar units allow sediment to be deposited onto the bars, offering 

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

2.7 Effects of floods on pool development 

Periodic floods have the energy to erode bedrock and transport large amounts of sediment in 

non-perennial rivers (Jaeger et al., 2017). This erosion occurs in upland zones, which provides 

a source of sediment downstream (Jaeger et al., 2017). Since water flows so infrequently it is 

expected that major floods do most of the shaping of pools. Large flow events are considered 

to exert the most important geomorphic control in certain fluvial systems (Baker, 1977). 

Generally, channels downstream are more alluvial, with deformable channels of 

unconsolidated sediment that can adjust to the magnitude and frequency of flow events 

(Wolman and Miller, 1960). If the channel is set within bedrock, little change is expected, but 

if it is an alluvial channel increase in the sinuosity, widening, or deepening can be expected 

(Death et al., 2015). In bedrock systems, the channel has a high resistance to change (OôConnor 

et al., 1986). Figure 6 summarizes some of the effects of large discharge events on the 

geomorphology and subsequent landforms of different river types. As a result of flooding 

events, the physical template of the river may be reset depending on the consolidation of the 

bed material.  
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Figure 6: The effects of relative discharge on bedrock and alluvial channel types (Source: 

Davidson et al., 2013).  

In a study of bedrock controlled NPRs, the morphology of the pools was found to be highly 

resilient against infilling. The effects of a 1 in 100-year flood resulted in minor erosion to pool 

morphology (Jansen and Brierley, 2004). After this massive flood, only shallow scour and fill 

were recorded in the pools. Therefore, the period for a bedrock pool to remain in the same 

location depends largely on the bed characteristics. 

2.8 Variations in pool characteristics with fluvial style 

A riverôs planform (single thread, braided, anabranching) is organized through rapid feedback 

loops between floodplains, channels, vegetation, and bars (Kleinhans, 2010). The processes 

operating in rivers typically involve wash load sediment and bed sediment that is being sorted 

(Kleinhans, 2010). Wash load is when sediment is transported through the system without 

contributing to the sedimentation process (Yang and Simões, 2005). Bed sediment refers to the 

sorting of sediment downstream in the fines of the pores of the bed sediments (Kleinhans, 

2010). The sorting of 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 and van den Berg, 2011). Therefore, sedimentary 

mechanisms ultimately influence different fluvial styles.  
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2.8.1 Single threaded and meandering rivers  

Pools in single-thread rivers are sites for the accumulation and storage of fine sediments at low-

moderate flows (Powell et al., 2012). In the upland zones of non-perennial single-thread rivers, 

channels are usually small, steep, and with low width-depth ratios (<20) (Jaeger et al., 2017). 

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

cohesiveness of the sediments as well 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; Knighton, 2014). The degree of curvature and pool 

length was dependent 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 promotes increased pool length (Lofthouse and Robert, 2008). 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 channels separated by stable islands, which 

can be seen in Figure 7 (Morón et 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 

(Makaske et al., 2002). A key difference between anastomosing rivers is that anabranching 

rivers bifurcations are stable in a nearly 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 (Source: Kleinhans, 2010). 

Anabranching and anastomosing rivers are found in Australia and Southern Africa and these 

systems have a well-defined bed and bar forms that have been found to 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 systems would also persist for very long 

timescales as compared to other fluvial styles. Therefore, in anabranching and anastomosing 

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

Non-perennial anastomosing rivers (Jaeger et al., 2017) are generally narrower with deeper 

channels. Numerous authors agree that the pools of anastomosing rivers are most likely to form 

at points of flow convergence, valley sides, deep segments of channels, or between aeolian 

dunes e.g. Tooley Wooley Waterhole (Knighton and Nanson, 2000). These valley sides and 
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aeolian dunes create 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 fluvial styles.  

2.8.3 Braided rivers 

Braided rivers are highly dynamic with rapid feedbacks between channel configuration, 

sediment, and flow (Ferguson, 1993). Braided rivers are characterized by confluences within a 

single channel, bifurcations, and bars (Kleinhans, 2010) (Figure 7). This distinct fluvial style 

has many channels that converge which concentrates the flow and leads to scouring of pools 

(Buffington et al., 2002). Braided rivers are expected to have more pools since there are much 

more flow convergent zones than in other fluvial styles. Furthermore, since braided rivers 

typically have smaller channel widths this would result in smaller pool sizes. Additionally, 

another study concluded that the spatial distribution of pools is determined by the physical 

template and timing of flow (Bunn et al., 2006).  

2.8.4 Wandering rivers 

Wandering rivers have up to three channels (Brierley et al., 2005). Wandering rivers tend to 

have low carrying capacities, lower slopes, and flow that is separated by multiple threads. The 

fluvial style of wandering rivers is related to bifurcation stability (Kleinhans, 2010). New 

channels are created by cutting into the floodplains at floods or abandoned channels when the 

flow has by diverted by very large floods, log jams, and sediment waves (Burge, 2006).  The 

pools in wandering channels are similar to that of braided channels in terms of scouring that is 

expected at points of confluence.  

2.9 Overview of main points 

Non-perennial rivers are becoming the norm around the world, which increases the need to 

understand them and how the ecology adapts to the water stresses. Non-perennial rivers are 

distinguished by isolated pools where there are extended periods of no flow. Numerous authors 

such as Skoulikidis et al. (2017) and Robson et al. (2011) have highlighted the importance of 

the interactions between non-perennial pools and ecologies. The majority of the work on non-

perennial pools comes from Australia (see Knighton and Nanson 2000). Understanding the 

geomorphology that forms the physical template upon which the ecology is set upon is vital 

for understanding how pools differ in different NPR settings. There are a plethora of controls 

that may operate to shape pool environments, such as flow convergence and divergence driven 

by local variation in valley width. Literature 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. Literature shows that the geomorphic controls are site-specific and dependant on the 

type of physiographical setting.  

Literature suggests that the bed material can influence the spacing of pools. Studies have found 

that in meandering rivers the pool length was dependent on the bed material. Studies have 

illustrated that different fluvial styles emerge at certain bed sediment thresholds (Kleinhans 

and van den Berg, 2011). The sorting of sediment translates into the channel patterns seen at a 

larger scale (Kleinhans, 2010). These studies illustrate the important role that the substrate 

characteristics play in different fluvial styles.   

LWD and bedrock outcrops act as scour initiators which form the pools. In a study of bedrock 

controlled NPRs, the morphology of the pools was found to be highly resilient against infilling. 

The morphology of pools in environments dominated by bedrock is highly resistant to flooding 

events and can remain in the same location for long periods of time (Jansen and Brierley, 2004). 

In bedrock systems where the channel has a high resistance to change, pool channels 

downstream are usually more alluvial, with deformable channels of unconsolidated sediment 

that can adjust to the magnitude and frequency of major floods. Since water flows so 

infrequently it is expected that major floods do most of the shaping of pools in NPRs. The 

ability of floods to erode the river and subsequently the pools is dependent on the rivers 

composition namely bedrock or alluvium. Periodic floods have the energy to erode alluvium 

and transport large amounts of sediment in non-perennial rivers.  
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CHAPTER 3: REGIONAL SETTING  

3.1 Location 

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

polygon in (Figure 8). A large part of the catchment lies within the Klein Karoo, characterized 

by low rainfall, arid air, cloudless skies, and extremes of heat and cold (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 brief description of the study site in terms of 

location, climate, geology, vegetation, and previous studies.  

 

Figure 8: Location of the study site in relation to South Africa. 

 

 



 25 

3.2 Climate 

The zones illustrated in Figure 9 have highly distinctive climatic conditions. The Mediterranean 

region is mainly influenced by the cold Benguela current of the Atlantic Ocean (Van Niekerk 

and Joubert, 2011). Rainfall in the Mediterranean region is received as prefrontal rain, post-

frontal showers, and heavy orographic rainfall (Dyson and Heerden, 2001). In contrast, the 

South Coast region is influenced by the Indian Ocean and orographic influences and receives 

rainfall throughout the year (Van Niekerk and Joubert, 2011). Rainfall in the semi-arid Karoo 

region is low, unreliable, and in the form of thunderstorms (Dyson and Heerden, 2001). 

Rainfall varies from 100 to 450mm/year (Le Maitre et al., 2009), and the temporal distribution 

of rainfall is multimodal (Mucina and Rutherford, 2006). The average temperature of the 

Western Cape is 17 °C (De Coning, 2012).  The Western Cape on average receives about 600 

mm of rainfall per year.  

 

Figure 9: Climatic zones in the region (Van Niekerk and Joubert, 2011). 
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3.3 Geology  

The geology of the Western Cape is extremely diverse. The Touws River lies in the geomorphic 

sub-province called the (Central) Cape Fold Mountains (Partridge et al., 2010). Rivers in this 

geomorphic province are characterised by strongly concave, narrow valley cross-sectional 

profile, and very steep slopes (Partridge et al., 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 Supergroup and valleys underlain 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 of active faulting and folding is apparent in the trellis drainage pattern 

that characterises this province (Partridge et al., 2010). Rivers in the region are superimposed 

across resistant quartzite ridges from the pre-existing cover of the Karoo rocks and predate the 

Triassic period (Partridge et al., 2010). The elevation and geology of the region are illustrated 

in Figure 10 and Figure 11. 

 

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. 

 

 

 

 

 

3.4 Vegetation 

The vegetation type is dominated by an array of Karoo shrublands and reeds (predominantly 

Phragmites australis), sedges (e.g. Scirups cyperaceae), and bulrushes (e.g. Typha latifolia). 

The rushes (e.g Juncus kraussi) occupy a transitional zone between semi-aquatic and aquatic 

zones (Allanson and Whitfield, 1983). Other vegetation includes asteraceous, proteoid, and 

restioid fynbos (Mucina and Rutherford, 2006). The Touws River catchment has a loamy sand 

Description of Lithology 

Da ï Siltstone, shale and argillaceous sandstone  

Dbo ï Light-grey protosandstone, feldspathic and micaceous; subordinate shale and 

siltstone 

Dh ï Light-grey protosandstone, feldspathic; thin siltstone beds 

Dr ï Light-grey feldspathic, sandstone, siltstone and micaceous shale beds 

Ds ï Shale and siltstone with micaceous sandstone beds, weathering reddish brown 

 

 

 

 

Dt ï Arenaceous shale and mudstone which alternates with siltstone, micaceous, few 

sandstone beds  

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

Dw ï Dark-grey siltstone with alternating shale beds 

Sg ï Red-brown-weathering thinly bedded quartzitic sandstone; thin shale beds in place  

Ss ï Light-grey, massively bedded quartzitic sandstone; thin lenticular conglomerate and grit 

beds 
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soil texture, a mean elevation of 573m, and an average slope percentage of 18.1% (Hope et al., 

2012).  

3.5 Hydrology of Touws  

The Breede-Gouritz catchment management agency has focused on ecological reserve 

determination for the catchment (Schachtschneider, 2014). Reserve determination studies for 

the Touws River and tributaries from the source to the confluence of the Prins River found that 

the main impacts on the river are multiple small farm dams, forestry, irrigation, a few large 

dams (Verkeerdevlei, Prins and Belair), agricultural encroachment, overgrazing, canals, and 

artificial reservoirs (Schachtschneider, 2014). The water quality of the Touws River is largely 

natural except for agricultural and plantations in the upper reaches (Dallas, 2007; Peterson et 

al., 2017). Assessment of the Prins River to the confluence with the Touws River reveals that 

the sub quaternary catchments in these areas traverse mountainous areas with few impacts (Van 

Niekerk et al., 2015). The large Prins Dam occurs towards the end of the Prins River. Two 

major floods are indicated in Figure 12. 

 

Figure 12: Flow time series of flood peaks of the Touws River at Okkerskraal from (1982-

2016). 
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Previous studies have focused on aspects such as variability of vegetation example (Dlikilili, 

2019), remote sensing of non-perennial rivers (Seaton et al., 2020), reserve determination 

studies (Mathews, 2016) and land-uses of the Touws River (Schachtschneider, 2014). Water 

resource managers are collecting 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 the purpose of collecting 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 

characteristics, shape, and size) of pools in non-perennial rivers, such as wet/dry field mapping, 

imagery from satellites, cameras and modelling (Costigan et al., 2016). In recent years, an 

increase in the availability of high-resolution remote sensing imagery has improved the 

measurement of wetted area, hydrological persistence, and flood extent proxies (Puckridge et 

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

gain a better understanding of pools.  

4.2 Overview of 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) measurements across the length of the valley, channel, and 

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 morphology of the pools was 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 

characteristics, sediment samples were taken for each pool at the thalweg depth and an auger 

was used to probe the depth 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 events. The third objective was achieved 

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 not and by examining the mapped 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 studied. Figure 13 represents the proposed flow diagram of the research approach 

applied.   
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Figure 13: Proposed flow diagram of research approach. 

 

4.3 Selection of study and sampling sites 

The Touws River catchment was considered a useful study area two major floods that occurred 

on the 24th of March 2003 and on the 8th of January 2014. By using time-series image analysis, 

the effects of these major floods on the pools could be investigated. Additionally, there is a 

flow gauge at Okkerskraal downstream of the reaches selected for the study that has high-

quality flow data from 1982 to present that indicates when major floods occurred. 




















































































