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ABSTRACT

A key function of floodplain wetlands systems is their ability to remove and store sediments and
associated particulates (such as nutrients, organic carbon, and contaminants) from water, thus improving
water quality for downstream ecosystems and water users. Increases in sediment and nutrient inputs to
drainage networks pose a serious challenge to integrated resource management. These issues can be
partly mitigated through natural buffering solutions along drainage networks, such as preserving essential
wetland systems like floodplains. However, their trapping efficiency and storage timescales are uncertain.
Although a large body of international knowledge and literature has advanced our understanding of river-
floodplain systems and the ecosystem services that they provide, the factors determining their likelihood
and effectiveness in supplying those regulatory ecosystem services have not been extensively and
scientifically tested in floodplain systems in South Africa. This research aimed to describe and quantify the
regulatory ecosystem services related to sediment and phosphorus buffering dynamics of two
meandering floodplain systems in the Eastern Cape, South Africa. The study examined the
geomorphology, sedimentology, and historical rates of sediment and associated phosphorus
accumulation and release in the two floodplain systems. These systems varied in their morphometric
features, size, catchment location, and predominant land use, providing a diverse range of characteristics.
A comparative analysis was conducted between the two systems to understand the influence of local and

catchment-scale factors.

Time-averaged suspended sediment samples from the two wetlands were used to compare suspended
sediment and associated total phosphorous fluxes over annual scales. Although both floodplains were net
depositional during the study period, contemporary suspended sediment mass balance calculations
suggested that the relatively larger Minnehaha floodplain system (~1.5 km?) situated in a significantly
smaller catchment (~¥40 km?) had notably higher sediment and associated phosphorus trapping
efficiencies of 44 % and 49 % respectively, compared to 16 % and 8 % for the relatively small Gatberg
floodplain system (~0.3 km2) situated in a much larger catchment (~135 km?). This variability is attributed
to the interaction between annual rainfall regimes, sediment supply, sediment composition, relative
wetland size to catchment area and wetland geomorphic character. To test the hypothesis that the
suspended sediments and associated total phosphorus were retained by the adjacent floodplain system
and to determine which parts of the two floodplains were most effective for retaining suspended
sediments and phosphorus, concurrent measurements of sediment accretion were made at 6 sites in

different geomorphic features in each of the floodplains. This was achieved using Cesium-137 and Lead-



210 (Hereinafter referred to as ®*’Cs and 2'°Pb) dating techniques. In-field observations suggested that all

geomorphic units are still active and are frequently inundated during overbank flood flows.

The average overbank sediment deposition and total phosphorus accumulation rates were 9376.9 g-
sediment m~2yr™", 0.8 g-TP m~2 yr~" for the Gatberg floodplain and 11802.8 g-sediment m™2yr™", 1.0 g-TP
m~2yr~' for the Minnehaha floodplain. Deposition rates were temporally and spatially highly variable and
dependent on the sediment supply, microtopographic relief, sinuosity, distance from the channel, the
mode of inundation, and the extent of retention pondage. Overall, high average deposition rates were
associated closest to the channel within the proximal floodplain zone (9712.1 g-sediment m~2 yr™, 1.0 g-
TP m~2 yr™" for the Gatberg floodplain; 13541.1 g-sediment m™2yr™", 1.0 g-TP m~2 yr™" for the Minnehaha
floodplain) where the highest Dso particle sizes (25.4 um for the Gatberg and 32.8 um for the Minnehaha)
and percentage sand fractions (15 % and 21 %, respectively) were found. This may reflect the coarse
nature of the sediment and the frequent connectivity to the channel, suggesting rapid accumulation is
linked to a larger particle size which was deposited more readily in this zone. In the Gatberg system, the
backswamp zone had one of the highest sedimentation rates and second highest phosphorus
accumulation rates (13806.8 g-sediment m™2 yr™!, 0.9 g-TP m~2 yr™"). This was attributed to the additional
coarse sediment inputs from the uncapped gravel forestry road that runs adjacent to the floodplain
margin. In contrast, the backswamp zone within the Minnehaha River floodplain system had the lowest
sedimentation rates (2005.9 g-sediment m 2 yr™", 0.1 g-TP m~2 yr™", which is what would be expected for
the zone furthest away from the channel. In both floodplains, oxbows were important fine-sediment and
phosphorus retention features (7126.0 g-sediment m 2 yr™!, 0.6 g-TP m~2 yr™" for the Gatberg floodplain;
10101.0 g-sediment m~2yr™', 1.1 g-TP m~2 yr™'). Phosphorus distribution patterns were mainly attributed
to variations in organic matter content and iron concentrations in fine-grained sediment deposits, while

particle size distributions were less important.

Using a mass balance approach the trapping efficiencies of the two floodplain systems were estimated.
The average trapping efficiency for the Gatberg River floodplain accounts for 16 % of the suspended
sediment yield (1317.5 tonnes-sediment yr™") and 8 % of the suspended sediment-associated total
phosphorus yield (0.093 tonnes-TP yr™"). Deposition on the Minnehaha floodplain accounts for an average
of 44 % (1073.6 tonnes-sediment yr™') and 49 % of the suspended sediment-associated total phosphorus
yield (0.098 tonnes-TP yr™"). Within the Gatberg and Minnehaha River floodplain systems, the sediment
sinks (oxbow and backswamp geomorphic zones) accounted for 13 % and 6 % (1070.6 tonnes-sediment

yr~and 0.069 tonnes-TP yr™"); and 28 % and 33 % (683.2 tonnes-sediment yr™" and 0.066 tonnes-TP yr™),



respectively, of the mean proportion of the total sediment and associated phosphorus yield. The zone of
potential exchange (the proximal floodplain geomorphic zone) within the Gatberg floodplain system was
calculated to trap 3 % (247.1 tonnes-yr™") of the mean proportion of the total sediment yield and 2 %
(0.023-tonnes yr") of the mean proportion of the total associated-phosphorus yield. Within the
Minnehaha floodplain, this zone was estimated to trap 16 % (390.4 tonnes-sediment yr™' and 0.032
tonnes-TP yr™") of the mean proportion of both the total sediment and associated total phosphorus yield.
These results indicate the importance of the distal floodplain reaches and oxbows as sediment and

phosphorus storage hotspots.

While floodplains mainly result from the accumulation of sediment, they're often modified and altered by
erosion processes. Channel erosion and avulsions (e.g. meander bend cutoff events) are natural dynamic
processes and form two of the principal processes of meandering river migration. During two wet seasons,
both Gatberg and Minnehaha River floodplain areas experienced a mix of deposition and erosion, with
slightly higher erosion observed in the Gatberg River reach. Channel bed scouring was prevalent in most
cross-sections, suggesting limited sediment accumulation within the main channel beds. Volumetric
estimates of sediment loss from meander migration were calculated by analysing cross-sectional data
from 2019 and 2021 surveys to determine median and maximum eroded volumes, which were then
converted to mass and scaled to tonnes per year for each river's eroded meander bends. The eroded
sediment volumes were estimated as 520 tonnes yr™' for the Gatberg and 360 tonnes yr™' for the
Minnehaha. The time sequence analysis using historical aerial images (between 1958, 1966, 1993, and
2015) revealed a few channel planform changes due to meander bend cutoff events in both river reaches.
These events influence river morphology, increasing local channel slope, reducing sinuosity, and limiting
floodplain access while impacting sediment and phosphorus flux. In the Gatberg system, changes in land
use, such as increased road density from commercial forestry activities, likely drove channel straightening
to accommodate higher sediment and bed loads. In the Minnehaha system, agricultural practices and
livestock tracks likely increased sediment loads and hillslope-channel connectivity, driving channel
changes. The results from the geochronology of two nested oxbows on the Gatberg floodplain estimated
lateral migration rates of ~0.03 m yr™". The floodplain reworking rates of the Gatberg River floodplain are
low compared to other systems in humid regions around the world, although, the Gatberg system

compares well with migration rates of rivers in dryland regions.

This study highlights the potential for floodplains undergoing regular flooding to be effective natural

buffers along the sediment and phosphorus cascade in dryland landscapes. It enhances our



comprehension of how sediment accumulates over time on floodplains within South African river systems,
shedding light on both spatial and temporal patterns. These insights can contribute to better
methodologies for evaluating the services provided by floodplain wetlands. These results can inform
management decisions by offering a deeper understanding and allowing for the quantification of the cost-

benefit of floodplain restoration and preservation actions in South Africa.
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CHAPTER 1 : GENERAL INTRODUCTION

This chapter outlines the motivation for the research, the aims and objectives, and provides a thesis

overview.
1.1 INTRODUCTION

Wetlands provide a wide range of functions that benefit downstream ecosystems and society (Millennium
Ecosystem Assessment (MEA) 2005), accounting for up to 40 % of the financial benefits, of global
ecosystem services (Costanza et al. 1997; Zedler and Kercher 2005; de Groot et al. 2012). Provisioning
(e.g., water, fibre, and food supply), regulating (e.g., flood mitigation, water quality improvements,
sediment, and nutrient retention), and cultural services (e.g., tourist and recreational activities) are the
three broad categories of ecosystem services provided by wetlands (MEA 2005). According to de Groot et
al. (2012), a single hectare of palustrine wetland has an annual value of more than USS 25 600. While the
economic valuation of wetlands has been useful in developing legislation for the protection and
management of wetlands (e.g., Ramsar Convention) there is a distinct lack of in-depth empirical
understanding of key wetland processes and the relationship between ecosystem service provision,
especially in South Africa. This has likely contributed to the exploitation and deterioration of wetlands in
South Africa (Ellery et al. 2009; Maltby and Acreman 2011; Maila et al. 2017). This trajectory is expected
to deteriorate further due to projected water shortages, population expansion, and increased demands

on water sources in dryland regions.

The bulk of wetlands in southern Africa are linked with fluvial systems (i.e., alluvial wetlands) due to the
macro-scale geomorphic setting (i.e., super-elevated land surface and steep river profiles) and a dry
climate (Partridge and Maud 1987; Ellery et al. 2016). This is characteristic of dryland habitats, where high
evapotranspiration rates and minimal rainfall prevent the establishment of fluvially disconnected
wetlands such as blanket bogs. River systems and the wetlands linked to them are dynamic components
of the landscape, playing crucial roles in ecosystem processes. Although rivers are conveyors of sediment
and sediment-associated nutrients and contaminants to the oceans, rivers also retain sediment and its
associations within the riparian ecosystems along alluvial wetlands, such as floodplains. Floodplains have

the potential to act as long-term (> 10? y) storage.

Floodplain systems in Drylands (Aridity index < 0.65) are dynamic landforms and hotspots of ecosystem
service delivery (Tooth et al. 2015; Grenfell et al. 2022), including flood attenuation and water quality

improvement by trapping and storing sediment, sediment-associated nutrients, and contaminants.



Floodplain systems also play an important role in the sediment and nutrient budget of the catchment. The
ability of wetland systems to provide ecosystem services such as sediment trapping and nutrient
assimilation is linked to their geomorphic structure, hydrological circumstances, topographic location, and
capacity to retain sediment and its associated components (Brinson et al. 1995; Kotze et al. 2009). Among
the various services provided by alluvial wetlands, the regulatory functions related to water quality
improvements (such as the sequestration of sediment, nutrients, and contaminants) have been known
for many years (Brinson et al. 1984; Johnston 1991; Fisher and Acreman 2004). However, most research
on the function of water quality improvement by wetlands has generally concentrated on the chemistry
of surface water (Verhoeven et al. 2006; Rebelo et al. 2018; Uwimana et al. 2018). The sediment's
regulatory role in water quality improvement has been largely overlooked and remains insufficiently

understood particularly in South Africa (de Villiers and Thiart 2007).

Floodplains are formed by the fluvially controlled movement of water and sediment via a river corridor,
and the floodplain mosaic and structure governs the exchanges of water, solutes, sediment, and
associated nutrients and contaminants between the surface and subsurface, as well as between the
surrounding landscape and the floodplain (Wohl 2021). However, accelerated erosion due to catchment
mismanagement, land use changes, and climate change has increased the sediment supply in rivers which
poses a serious management challenge due to impacts on the physical aspect of rivers and floodplains
(e.g., siltation of wetlands) and ecological processes (e.g., habitat mosaics, fish spawning and

macroinvertebrate abundance) (Owens et al. 2005; Bilotta and Brazier 2008; Collins et al. 2011).

Fine-cohesive sediments, which include clay and silt-sized particles, are the most chemically active
sediment fraction in rivers and wetlands, influencing the removal, storage, and transfer of nutrients (e.g.,
nitrogen and phosphates) and toxicants (such as herbicides, pesticides, and heavy metals) (Horowitz 1991;
Johnston 1991). Nutrient and contaminant concentrations associated with fine sediment are typically
several orders of magnitude higher than dissolved elemental concentrations (Horowitz and Elrick 1987;
Horowitz 1991), with serious implications for ecological processes and human well-being (Owens et al.
2005). Therefore, the extent to which regulatory functions, such as nutrient and toxicant removal, along
with carbon storage, are carried out depends on how effectively floodplains trap sediment and the quality
of available sediment (for instance, its organic, geochemical, and textural composition). Given that
increasing sediment and associated contaminant fluxes in rivers have become a global problem because
of anthropogenic activities (Owens et al. 2005), the role of floodplains and other wetland types in

regulating these fluxes between the surrounding landscape, upstream, and downstream systems is



critical, especially in dryland environments where water resources are scarce and heavily utilised.
However, despite the general perception that floodplains trap and store sediments along with their

associated nutrients and contaminants, few empirical studies have been conducted in South Africa.
1.2 MOTIVATION FOR RESEARCH

Despite extensive global research and literature enhancing our understanding of river-floodplain systems
and the ecosystem services that they provide, such as sediment trapping and nutrient assimilation, there
hasn't been thorough scientific testing of the factors influencing the probability and efficacy of these

regulatory ecosystem services in South African floodplain systems.

This thesis research concentrates on sediment deposition and the associated nutrients, particularly
phosphorus, within two floodplain systems: one along the Gatberg River and the other along the lower
Minnehaha River in the Eastern Cape of South Africa. These rivers are situated in the upper regions of the
Tsitsa River catchment, which is a part of the broader Umzimvubu River catchment. The selection of this

research and study area is motivated by several factors:

e Water source areas are those geographical regions that supply a disproportionate amount of
mean annual rainfall and runoff that support the growth and development of a large area. The
deterioration of water quality and the reduction of flow quantity (due to abstraction or climate
change) in these regions can have excessive detrimental impacts on local and downstream
ecosystems, users, and economies (Viviroli et al. 2007). Appropriate management of these
regions, which often make up a small percentage of the land surface, can help ensure the
sustainability of downstream water quality and quantity. In South Africa, this is particularly
important due to the country's limited water resources and growing water quality issues. In these
areas, wetlands play a vital and critical role. Once thought of as wastelands with no value,
wetlands are now seen as natural assets and green infrastructure with many vital functions and
services. Wetland conservation and rehabilitation should be the heart of water management. It is
necessary to prioritise South Africa’s remaining wetlands such that those that offer valuable
ecosystem services and are least impacted by current pressures or threats are offered immediate
attention to avoid further loss, conversion, or degradation. To do this, extensive qualitative
research must be done.

e The Umzimvubu River System has been nationally ranked as one of the few remaining 'near
natural rivers' (NFEPA Assessment 2011); however, it is classified as vulnerable due to high

degradation rates in the catchment. The Umzimvubu River catchment has been prioritised as an
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important “strategic water source area” and is one of South Africa’s last remaining free-flowing
rivers. The catchment of the Tsitsa River (a tributary of the Umzimvubu River) is severely affected
by soil erosion, with large areas underlain by dispersive soils and subject to gullying (Le Roux et
al. 2008a; 2008b; 2015; Msadala et al. 2010). Overgrazing and frequent fires may have aggravated
the problem (Gordon et al. 2013). The communities of the Tsitsa River catchment depend heavily
on natural resources and infrastructure. Wetlands and the ecosystem services they provide are
vital to improving the quality of water within this catchment. Quantifying and understanding the
services provided by wetlands will help prioritise and fund management, protection, and
rehabilitation programs.

National efforts in wetland research have predominantly been focused on mapping and
categorising the different wetlands across the country. The different hydrogeomorphic types of
wetlands are known to provide a variety of ecosystem services, which justifies such an approach.
Undeniably, research has repeatedly demonstrated that ecosystem services have significant
economic value, with estimations by de Groot et al. (2012) reaching over USS 25 600 per year for
a single hectare of inland wetlands. Although economic estimates are remarkable, wetland
ecosystem services have vital, practical results that have long-term impacts on the lives of those
who live adjacent to or downstream of a wetland system. The WET-Ecoservices tool is currently
the most widely used assessment methodology in South Africa to estimate the potential of a
specific wetland to provide individual services, with the underlying assumption that the range of
ecosystem services provided by each wetland is determined by the wetland hydrogeomorphic
type (Kotze et al. 2009). To determine the effectiveness of a particular wetland in providing a
service, several biophysical parameters (for example, hydroperiod, vegetation type, and cover)
are used. However, factors that impact the likelihood and performance of many ecosystem
services outlined in the WET-Ecoservices tool have never been empirically verified in South African
wetlands. This is the next key step in wetland research in South Africa.

Geomorphic wetland research in South Africa has focused on understanding the origin and
formation of wetlands to increase our knowledge of the long-term development of wetlands in
the landscape. The goal of the WET-rehabilitation (part of the larger WET-Management series
which includes background information about wetlands and natural resource management, tools
that can be used to guide decisions around wetland management, and an evaluation of
rehabilitation outcomes in several case studies in South Africa) research initiative was to

anticipate the potential efficacy of various rehabilitation measures in specific wetland systems



using knowledge of controls on wetland origin (Dada et al. 2007). Although this strategy has
proved itself, we still know relatively little about the geomorphic processes that occur within
wetlands, the spatial variability, and the temporal scales at which these processes occur within a

wetland.

This data scarcity has created the opportunity for this research to fill this gap in the context of two

meandering floodplain systems in the Eastern Cape of South Africa.
1.3 RESEARCH AIM

The research project’s overall aim was to understand the sediment and phosphorus dynamics in two

dryland meandering floodplain systems in the Eastern Cape, South Africa.
1.4 RESEARCH OBJECTIVES

The following specific objectives were established for the research:

e C(Classify, map, and characterise potential sediment and phosphorus sources and buffers and their
connectivity in the two river catchments, to create a spatial understanding of the potential
sediment and phosphorus dynamics upstream of the two floodplain systems.

e Investigate the spatial variability of sediment and phosphorus composition of the riverbeds,
banks, and recently deposited floodplain sediment, to explore the relationship of these factors
with the geomorphological characteristics of the two floodplain systems.

e Quantify and characterise the historical sedimentation and phosphorus storage rates and
trapping efficiencies and the effect that geomorphology has on these values within the two
floodplain systems, to make a partial sediment and phosphorus budget with a historical
dimension.

e Estimate and describe the contemporary channel erosion and deposition, explore the historical
channel change, estimate lateral migration rates, and investigate the channel’s potential for
future change and how this affects sediment and phosphorus patterns and dynamics in the two

floodplains.
1.5 THESIS STRUCTURE

Chapter 1 defines the research project by outlining the circumstances that drove the research activities,
as well as the challenges that moulded the methodology and activities conducted to obtain the targeted

aim and objectives.



Chapter 2 covers the literature on factors and processes that may influence sediment and associated
nutrient (phosphorus) deposition on floodplains and forms the basis on which the research project was

built. This chapter includes a published literature review journal article (Wiener et al. 2022).

Chapter 3 describes the attributes of the study area, providing the environmental and socio-economic

context for the research.

Chapter 4 analyses the potential sources of sediment and phosphorus, connectivity, and buffers in the

Gatberg and Minnehaha River catchments.

Chapter 5 describes the spatial variability of sediment and phosphorus composition of the channels’ beds
and banks (cut banks and point bars) and the recently deposited sediment exploring the relationships and
patterns between the sediment characteristics within the two meandering channels and across the

surface of the two floodplain systems.

Chapter 6 focuses on characterising and quantifying sediment and phosphorus storage within the two
floodplain systems and allocates storage amounts based on depositional geomorphic units within the
floodplains. This chapter also quantifies the trapping efficiencies of the two floodplain systems based on

the sediment and phosphorus yield values.

Chapter 7 estimates and describes contemporary channel erosion and deposition, explores the historical
channel change, estimates lateral migration rates, and investigates the potential of the two channels for

future change.

Chapter 8 synthesises the literature review and the findings of Chapters 4 to 7. Chapter 8 highlights the
contribution of this research to understanding sediment trapping and phosphorus assimilation ecosystem
services, as well as their dynamics along the Transkei Drakensberg Escarpment, gives the limitations of

this research, and highlights recommendations for further research.



CHAPTER 2 : LITERATURE REVIEW AND KEY CONCEPTS

Published review paper: Wiener, KD; Schlegel, PK; Grenfell, SE; van der Waal, B. 2022. Contextualising sediment
trapping and phosphorus removal regulating services: a critical review of the influence of spatial and temporal
variability in geomorphic processes in alluvial wetlands in drylands. Wetlands Ecology and Management.
https.//doi.orq/10.1007/s11273-022-09861-9. Author Contributions Conceptualization: KW and SG; Writing-
original draft preparation: KW (all sections except 2.3) and PS (Sect. Sediment trapping in meandering river
floodplains: processes of accretion and erosion); Writing- review and editing: SG, BvdW, PS and KW; Funding
acquisition: SG; Supervision: SG and BvdW. All authors have read and given approval for the publication of the
manuscript. The work in this thesis is original work.

2.1 INTRODUCTION

River systems are active elements of the landscape, playing vital roles in ecosystem processes. Although
rivers are conveyors of sediment and sediment-associated nutrients and contaminants to the oceans,
rivers also retain sediment and its associations within the riparian ecosystems along floodplains.

Floodplains have the potential to act as long-term (> 10? y) storage.

Floodplain systems in Drylands are dynamic landforms and hotspots of ecosystem service delivery,
including flood attenuation, and water quality improvement by trapping and storing sediment and
sediment-associated nutrients and contaminants. Floodplain systems also play an important role in the
sediment budget of the catchment. This review focuses on meandering floodplain systems in drylands
with particular attention to the long-term resilience of ecosystem services associated with sediment
trapping and storage in these systems. First, this review will examine the mechanisms and factors
influencing sediment and sediment-associated nutrient deposition and storage. Then erosion and
sediment recycling will be explored. The global rates of sediment accretion within meandering floodplain
systems will be critically evaluated, where a comparison will be drawn between humid/ temperate zones
and their drier counterparts. The biochemical cycling of sediment-associated phosphorus in floodplain
systems will be considered. In conclusion, the effects of drylands on sediment trapping and sediment-

associated phosphorus attenuation will be explored.
2.2 FLOODPLAIN FORMS

Rivers are primarily hydrological units that redistribute water across the Earth’s surfaces and deliver most
of this water to the oceans (Phillips 2009). Sediment dynamics as such are a by-product of hydrological
processes, however, the role of rivers in entraining, transporting, and storing sediment is of key interest

to geomorphologists. This sediment redistribution maintains or changes the morphology of the land
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surfaces of the Earth. Floodplains are integral components of alluvial river systems. Where water and
sediment interact with the terrestrial environment affecting the rivers’ conveyance system of water and
sediment. The floodplain part of the river system is activated when water overtops the channel banks,
exceeding the capacity of the channel, and flows across the adjacent land surface. Areas adjacent to the
channel banks are often referred to as the proximal floodplain, while areas furthest from the channel,
adjacent to the valley margins, are termed the distal floodplain (Figure 2.1). In between the two areas,
where deposits of fine sediments settle after a flood, creating a marsh-like environment, is called the
backswamp. Floodplains are often poorly drained, acting as settling basins in which fine-grained

suspended-load sediments settle out from overbank flows and are stored on the land surface.

Figure 2.1 General floodplain features (adapted from Gabler et al. 2007)

The occurrence of floodplains along a longitudinal profile indicates a change in the dominant processes
along an energy gradient. This change reflects a shift from source-zone activity, of within-channel
processes of erosion and transport of materials with sporadic short-term stores of coarse sediment, to
transfer-zone activity, in which out-of-channel processes create floodplain sediment stores (Schumm
1977). Sediment settles out of suspension and is stored on floodplain surfaces due to the low gradient
that characterises floodplains and the greater accommodation space. These two characteristics, as well
as highly vegetated surfaces, promote the reduction of energy, allowing suspended-load materials time
to settle out and be stored within the floodplain. In the transfer zone along a river corridor, floodplains
typically occur as isolated pockets within partly confined valleys with low gradients (Wohl 2021). Initially,
floodplain pockets can be controlled by bedrock, where sediments are trapped behind bedrock outcrops
or at sites of local valley widening (e.g., at tributary confluences) (McCarthy et al. 2002; Tooth et al. 2002;
Ellery et al. 2009; Grenfell et al. 2010). Eventually, these pockets alternate, as the river switches from one

side of the valley to the other, creating planform-controlled floodplain pockets within partly confined



valley settings. There may be significant pocket-to-pocket variability in floodplain forms due to a range of
localised controls such as changes in the nature/degree of valley confinement or differing flow alignments
over floodplain surfaces in response to changes in valley or channel alignment. As the slope decreases
downstream and the valley widens further, floodplain pockets become more frequent, eventually
becoming continuous along both banks in laterally unconfined valleys of the accumulation zone. In these

settings, the river flows within its deposits (i.e., fully alluvial rivers).
2.3 SEDIMENT ACCRETION MECHANISMS IN MEANDERING RIVER SYSTEMS

Floodplain systems can be made up of a composite of different types of sediment (Nanson and Croke
1992). Firstly, the basal parts of floodplains usually are made up of bedload deposits, and larger-sized
sediments such as boulders, pebbles, or gravels. These materials may be launched onto floodplain
surfaces during high-energy flood events, or they may be deposited within the river as channel bars.
Suspended-load deposits of well-sorted sand-sized sediments, transported by saltation, are regularly
deposited above the bedload deposits and are transported further onto the floodplain surface. Finally,
suspended-load deposits of fine-grained sediment (silt, clay, fine sand, as well as any particles that are
associated with fine materials, for example, organics, nutrients, or contaminants) comprise the bulk of
most floodplain deposits. These sediments settle out from suspension in backwater areas and low-velocity
zones on the floodplain such as old floodplain features (e.g., oxbows or abandoned channels), or the
backswamp. Lateral and vertical accretion (see sections 2.3.1 and 2.3.4) are the primary processes that
form and maintain floodplain systems (Rhoads 2020). Related to this, the less prominent mechanisms
include oblique accretion (see section 2.3.2; Page et al. 2003), counterpoint accretion (see section 2.3.3;
Nanson and Croke 1992; Smith et al. 2009), and accretion that occurs in old floodplain features (section
2.3.5; Toonen et al. 2012). Each of these floodplain accretion processes is described below (Figure 2.2).
The degree to which these different processes influence floodplain development varies both with
differences in fluvial morphology and with temporal variability in discharge and sediment supply (Rhoads

2020).

Figure 2.2 Schematic floodplain cross-section showing the different depositional processes (from Page et al. 2003)



2.3.1 LATERAL ACCRETION

Lateral accretion occurs when the bedload or suspended load is deposited in the low energy margins of
the channel banks and is incorporated into the floodplain surface through progressive lateral and
downstream migration of meandering rivers. Lateral accretion can occur below the bankfull stage because
it involves deposition on within-channel bars (Rhoads 2020). In meandering rivers, progressive migration
of the outer bank through erosion is typically balanced by deposition on the inner bank as point bars

(Sundborg 1956; Wolman and Leopold 1957; Ritter et al. 1975; Jackson 1976; Nanson 1980).

Research has shown that flow velocities along meander bends are nonuniform, where higher velocities
and erosion are typically concentrated along the bank of the convex (outer) bend, and deposition and
slower velocities are concentrated along the inner concave bank creating helicoidal flow (Hooke 1975;
Bridge and Jarvis 1976; Dietrich et al. 1979; Dietrich and Smith 1983, 1984). The power of the helicoidal
flow depends on water depth, bend radius and friction of the banks and bed. This results in sections of
flow being deflected from the thalweg as the flow travels around the bend. This creates a shear stress
zone along the convex (outer) bank, which transports sediment from the thalweg to the point bar.
Generally, the point bar consists of a sloping face that extends into the thalweg flattening out closer to
the inner bank (Nanson 1980). Usually, point bars lie slightly below the elevation of the floodplain surface.
The sedimentological structure of point bars begins with the aggradation of relatively coarse-grained
sediment at the bar head that fines as you move through the sequence and the lateral accretion of
migrating transverse unit bars (Lewin 1978; Peakall et al. 2007). This leads to the distinctive stratigraphy
of point bars which are characterised by large-scale inclined strata (Bridge et al. 1995; Leclerc and Hickin
1997; Sambrook Smith et al. 2016). Experimental studies by van de Lageweg et al. (2014), showed that
lateral accretion of the point bar occurs largely in response to the erosion of the outer bank, which results
in local widening of the channel and deposition of bedload on the point bar face. Scroll bars develop when
the point bar is inundated at flows slightly below or near the bankfull stage. Vertical accretion by migrating
bedforms (Jackson 1976; Bridge et al. 1986) or by deposition of suspended sand (Nanson 1980) builds a
scroll bar, on the point bar platform during these events. This variation can lead to a range of floodplain

morphologies, from minimal surface variation to intricately formed scroll patterns (Nanson 1980).
2.3.2 OBLIQUE ACCRETION

In slowly meandering river systems, both lateral and oblique accretion occur on the concave gentle-
sloping channel margins when suspended sediment settles out. However, oblique accretion deposits

occur as predominantly clay and silt in low-energy systems where deposits are draped over lateral
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deposits and are in a sense transitional between lateral and vertical deposits (Page et al. 2003). Successive
deposition of alternating layers of sand and muddy fines on the inner bank as the channel migrates creates
highly inclined (> 20°) layers (Rhoads 2020). Oblique accretion in some floodplain systems can be very
effective at trapping suspended sediment prone to deposition near the channel margin. This limits vertical
accretion to distal parts of the floodplain surface. Page et al. (2003) showed that in the Murrumbidgee
River oblique accretion contributes more than 65 % of the floodplain sediments. Nanson and Croke (1992)
and Page et al. (2003) further suggest that this could be the case for other low-energy, mixed-load, and

suspended sediment-load alluvial rivers.
2.3.3 COUNTERPOINT ACCRETION

Another form of lateral accretion called counterpoint accretion (Nanson and Croke 1992) or counter-
point-bar deposition (Smith et al. 2009), can also occur along the outer bank upstream of the apex of
sharp bends in conjunction with the occurrence of low-velocity flow or stagnation at this location (Carey
1969; Woodyer 1975; Hickin 1979; Thome and Lewin 1979; Page and Nanson 1982; Lewin 1983; Makaske
and Weerts 2005; Smith et al. 2009, 2011). This depositional process produces fine-grained concave bank
benches, which, once formed, usually become vegetated. Bench growth is further enhanced by the
establishment of vegetation, which increases the likelihood of suspended sediment deposition (Page and
Nanson 1982; Schnauder and Sukhodolov 2012). The benches, which consist mainly of a mixture of silt,
clay, or fine sand, and organic material resulting from the deposition of suspended sediment within a low-
velocity environment, may eventually increase in height to just below the level of the floodplain (Page
and Nanson 1982). Studies conducted by Makaske and Weerts (2005) and Smith et al. (2009) showed that
counterpoint bar formation often takes place under conditions where a river encounters erosion-resistant

material in an outer bank in a sharp meander bend.
2.3.4 VERTICAL ACCRETION

Vertical accretion requires flow to exceed bankfull capacity for sediment to be transported over the bank
and deposited on the floodplain surface. Research has shown that vertical accretion is the dominant
process along various low-gradient single-thread channels (Beckinsale and Richardson 1964; Schumm
1968; Ritter et al. 1975; Rose et al. 1980; Nanson and Young 1981; Burrin and Scaife 1984; Burrin 1985)
and some anastomosing channels (Smith 1971, 1974; Smith and Smith 1980) where channel migration is
restricted due to insufficient stream power (Nanson and Croke 1992). The most active vertical accretion

environments occur along high-energy channels with sandy floodplains that can be destroyed
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catastrophically by large floods and subsequently reconstructed predominantly by overbank deposition

(Schumm and Lichty 1963; Burkham 1972; Nanson 1986).

Two primary processes contribute to the transport of suspended sediment onto floodplains: lateral
turbulent diffusion and lateral advection. Lateral turbulent diffusion occurs due to significant variations in
velocity and sediment concentration between the main channel flow and the flow across the floodplain.
This difference creates a shear layer at the channel-floodplain interface, where turbulent vortices transfer
momentum and sediment between the channel and floodplain (Knight and Shiono 1990; Carling et al.
2002; Rhoads 2020). Due to the greater sediment-transport capacity and suspended sediment
concentration within the main channel, a net transport of suspended sediment occurs toward the
floodplain (Rhoads 2020). The reduced transport capacity of the unconfined sheet-like flow on the
floodplain relative to the deeper and faster flow in the main channel, in turn, leads to the deposition of
suspended sediment. The deposition of suspended load materials vertically builds the floodplain over
time. In general, these fine-grained, horizontally bedded, suspended-load materials dominate floodplain
sequences beyond the active channel zone. In many instances, vertical accretion deposits overlie lateral

accretion deposits.

Two forms of sediment sorting patterns commonly characterise vertical accretion deposits: distal and
vertical fining. When the flow overtops the channel banks, the coarsest suspended-load sediments are
deposited at the channel margins within the proximal floodplain. Finer-grained sediments are
progressively deposited with distance from the channel due to the decreasing transport capacity of the
flow, which is consistent with observations in the Tshwane-Pienaars River (Larkin et al. 2017), the Waal
River (Walling et al. 2010), and the Strickland River (Swanson 2013). This proximal-distal gradation in
sediment particle size is described as distal fining (He and Walling 1996; Walling et al. 1996, 1998, 2003;
Wang et al. 2020). Vertical accretion deposits also grade with depth. This process is typically illustrated by
repeated cycles of flood couplets that fine upward. Each flood event leaves behind deposits that mirror
the rising and falling stages of flow across the floodplain. Analysing these sediment sequences enables the
interpretation of flow conditions during overbank events, providing insights into the history and rate of

floodplain accumulation (Rhoads 2020).

Vertical accretion of a floodplain is a self-limiting process as ongoing accretion builds elevation which
reduces the frequency of floodplain inundation and overbank sedimentation (Wolman and Leopold 1957;

Moody and Troutman 2000). However, as lateral channel migration occurs, bank erosion can reintroduce
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sediment into the channel, offsetting bar accretion on the opposite bank and thereby counteracting

overbank deposition elsewhere.
2.3.5 OLD FLOODPLAIN FEATURES ACCRETION

Old floodplain feature accretion occurs when overbank deposits accumulate vertically in floodplain
features such as paleochannels, cutoffs, and oxbows, during overbank flow. The primary mechanism of
meander bend abandonment is neck cutoff. Neck cutoff occurs late in the development of meander
bends. This occurs by cutting a new channel across the narrow neck of the meander bend or through the
capture of one bend by the next upstream. The end of the cutoff is rapidly filled by bedload sediment to
create an oxbow. These features have well-defined morphologies. Overbank flows generate upward-
fining particle size trends within abandoned channel fills. Over time, progressively larger flows are
required to fill the abandoned channel. The nature of the sediment that fills abandoned channels,
especially clay plugs, can resist subsequent movement of the channel, affecting the morphology of the
meander bend and the migratory pathways on the valley floor (Toonen et al. 2012). In general, once an
oxbow is created, sedimentation rates within the oxbow depend on the connectivity between the main
channel and the oxbow, the depth of water in the oxbow, the alignment of the oxbow to the main channel,
the geometry and position of the oxbow on the floodplain, the overbank flow frequency, the sediment
concentration of the overbank flows, and the distance of different locations within the oxbow from the
main channel. Sedimentation in oxbows usually consists of finer sediments (silts and clays; Fisk 1947;
Saucier 1994; Toonen et al. 2012; Ishii and Hori 2016), however, sand deposits are not uncommon (Erskine
et al. 1992; Hooke 1995). In many instances, abandoned channel fills can be excavated to reconstruct

paleo-channel dimensions in river evolution analyses.

The rates of infilling of floodplain features range from a few millimetres per year to several centimetres
per year. Generally, rates decline over time as the floodplain features fill with sediment (Hooke 1995).
Migration of the river away from an oxbow can decrease sedimentation rates, while changes in land use,
such as clearing of forests and implementation of agriculture on floodplains, which increases the

frequency of overbank flows, can increase sedimentation rates (Erskine et al. 1992; Wren et al. 2008).
2.4 FACTORS INFLUENCING SEDIMENT AND NUTRIENT DEPOSITION AND STORAGE

Information on floodplain processes is essential to understand the geomorphic origin and evolution of
floodplains and to restore, maintain, and manage floodplain ecosystems. Overbank sedimentation

influences downstream sediment loads and sediment-associated nutrients and contaminants (Walling
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and Owens 2003). The accumulation of the loads of fine sediment on floodplains increases floodplain
elevations and modifies the frequency of inundation and the capacity of channel conveyance (Benjankar
and Yager 2012). Furthermore, sediment deposition creates important riparian habitats and replenishes

sediment-associated nutrients (Noe and Hupp 2009).

Overbank floodplain sedimentation rates are influenced by floodplain topography, distance from the
channel, local hydraulics, vegetation characteristics (density, height, and growth form), flood
characteristics (frequency and duration), sediment supply (suspended sediment concentration) and

depositional processes (Nicholas and Walling 1997, 1998).

Floodplain microtopography, consisting of hummocks and hollows (Barry et al. 1996; Day et al. 2008), can
have a significant impact on the elevation of the floodplain, which in turn affects the spatial and temporal
flood patterns, frequency, and duration across a floodplain surface. Research done in floodplain forests
in North Carolina by Bledsoe and Shear (2000) found that a change in elevation of as little as 10 cm
resulted in a 20 % difference in flooding frequency during the growing season. Microtopography creates
spatial and temporal variability in plant communities and productivity (Titus 1990), soil types and
properties (Stolt et al. 2001), biogeochemical processes (Schilling and Lockaby 2005), and nutrient cycling
(Courtwright and Findley 2011; Bannister et al. 2014). Hummocks and other higher-elevation microsites

are important areas for the colonisation of woody species (Titus 1990; Vivian-Smith 1997).

In a study comparing various floodplain plant types on sediment deposition, Olde Venterink et al. (2006)
observed higher rates of deposition on floodplains dominated by Phragmites australis reed beds
compared to those covered by agricultural grassland and woodlands. This difference was attributed to the
robust nature, density, and height of the reeds. A two-year study conducted by Sanchez-Carrillo et al.
(2001) on a semiarid floodplain wetland in Central Spain revealed that seasonal variations in vegetation
growth and fluctuations in vegetation coverage aligned with patterns of sediment accumulation and
storage. Additionally, the authors noted that changes in water levels and flow accounted for only a
relatively small proportion of the variation in sediment accumulation and storage. Research conducted by
Batson et al. (2015) demonstrated strong connections between vegetation and nutrient and sediment
cycling processes at both the plot and longitudinal scales in a forested floodplain in Piedmont, Virginia,
USA. However, these connections were not reflected in the relationships between these aspects and
floodplain geomorphic features, such as levees, backswamp, and toe-slopes. Furthermore, the study
revealed that sediment trapping increased with higher coverage of herbaceous plants and lower density

of tree canopy, indicative of a vegetation community more tolerant to water. Despite the impact of
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urbanisation on hydrology, the forested floodplain was found to function as an effective sediment and

nutrient trap (Batson et al. 2015).

Another well-established factor that affects sediment deposition and in turn sedimentation rates is the
distance from the sediment source, the channel. Research has shown that sediment deposition
rates decrease across the floodplain with distance from the channel (consistent with observations in the
Tshwane-Pienaars River (Larkin et al. 2017), the Waal River (Walling et al. 2011), and the Strickland River
(Swanson et al. 2008). In a study in southeast France by Brunet et al. (1994), it was found that deposition
of sediment was 50 times higher in the riparian zone, between 10 - 50 m from the channel than further

away from the channel.

Patterns of floodplain sedimentation rates are influenced by sediment supply, flood frequency and
duration, and flood water residence time. An increase in all the factors mentioned will increase the
amount of sediment that is deposited on the floodplain (Walling and He 1997; He and Walling 1998;
Middelkoop and Van der Perk 1998; Van Der Lee et al. 2004; Kronvang et al. 2007). High deposition rates
will occur at low elevations that are frequently fluvially inundated for long periods (Nicholas and Walling
1998; Aalto et al. 2003), until a certain threshold when erosion is initiated or if the floodplain is filled with

water, which in turn will create a shear layer hindering sediment from settling out of suspension.
2.5 ACCRETION RATES IN FLOODPLAIN SYSTEMS

The study of floodplain deposition has gained interest due to the increasing awareness of the geological,
geomorphological, environmental, and social significance of sediment deposition, transport, and storage.
Floodplain deposition is now known as a key component in the sediment budgets of catchments because
floodplains form key interrupters of the sediment conveyance system, whereby suspended sediment may
be stored for significant lengths of time (Walling 1983; Walling et al. 1998). Previous studies of sediment
accretion rates in wetlands have focused mainly on floodplain wetlands in humid climatic regions (Aridity
index (Al) > 0.65); whereas there are only a few studies in dryland regions (Al < 0.65; UNEP 1997). The
Aridity Index, adopted by the United Nations Environmental Program (UNEP) in 1992), is a numerical
measure of how dry the climate is at a specific location and is defined as the ratio between average annual

precipitation and potential evapotranspiration.

Contemporary floodplain sedimentation rates (for the last ~100 years) reported in the literature generally
range from a few millimetres to a couple of centimetres per year, and maximum values have been

observed during extreme flood events (see Simm 1995; Terry et al. 2002). Significant differences in
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sedimentation rates can be observed for floodplain surfaces in dryland regions, ranging from 0.01 to 1.21
cmyr™!, and humid regions, ranging from 0.01 t0 5.99 cm yr™' (Table 2.1). Sedimentation rates in floodplain
features, such as abandoned channels, cutoffs, and oxbows, depict considerable variety (Table 2.2).
Values for sedimentation rates within floodplain features range from 0.003 to 3 cm yr™' (Table 2.2).
However, upon examination of the variety in sedimentation rates, for example in South African systems
(within a narrow climate band with Al ranging from 0.27 to 0.28) sedimentation rates range from 0.01 to
1.15 cm yr™ (Table 2.2), it suggests that vertical sediment accretion rates are not solely controlled by
climate variability. Other floodplain factors such as distance from the channel, microtopography of the
floodplain, local base level, catchment area, valley slope, sediment supply, vegetation structure and
composition, lateral migration and bank erosion may play a significant role in the variability of
sedimentation rates (Tooth et al. 2007; Keen-Zebert et al. 2013). Similarly, Craft et al. (2017) found that
long-term sediment accumulation in Midwestern USA floodplain wetlands was up to 50 % higher than the
rates measured in a floodplain wetland in the South Bohemian Region of Czechia, despite similar climates.
This was ascribed to the differences in catchment land use intensity and the resulting suspended sediment
supply. Another factor that may contribute to variable sedimentation rates is the wide range and accuracy

of dating and field sampling techniques.

Humans and their impacts on the environment have changed the sediment deposition rates of many
floodplain systems around the world. Research conducted on forested floodplains in the humid lowlands
and foothills of eastern USA observed long-term sedimentation rates (> 100 years) ranging from 0.001 to
0.3gcm™ yr! (Kleiss 1996; Craft and Casey 2000; Bannister et al. 2015). Whereas contemporary
accumulation rates for the same region ranged between 0.01t0 2.67 gcm™2yr™" (Hupp et al. 2013; Gillespi
et al. 2018). This could be attributed to widespread changes in land use and anthropogenic changes in
catchments, rivers, and floodplains where local hydrodynamics (e.g., runoff and flow patterns) and

sediment regimes have been modified.

Dryland floodplain systems have a considerably lower and narrower range of accumulation rates
compared to humid regions. This may be attributed to high seasonality and interannual variability in flow,
variable sediment supply and higher evapotranspiration, which in turn decreases inundation extent and
duration, and discontinuities in downstream water and sediment transport due to climate (McCarthy et

al. 2011).

Although sedimentation deposition rates are frequently low and, in some cases, almost indiscernible,

substantial amounts may be deposited when large areas, which usually characterise floodplain systems,
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are involved (Walling and Owens 2003). As a result of the overbank deposition, floodplains may trap and
store a significant part of the suspended sediment load of a river system. Several existing studies have
shown that between 10 and 60 % of suspended sediments in the annual load entering the river system do
not reach the outlet (e.g., Trimble 1983; Lambert and Walling 1986; Phillips 1989; Walling and Quine 1992;
Campo and Desloges 1994; Mertes 1994; Allison et al. 1998; Goodbred and Kuehl 1998; Owens et al. 1999;
Walling et al. 2003). When excluding anthropogenic storage units (e.g., reservoirs), this discrepancy can
be accounted for by lateral accretion (point bar, scroll bar and oblique accretion). Research by Moody
(2019) on the Powder River in South-eastern Montana, USA, found that point bars are about two times
more efficient in trapping sediment than floodplains. Likewise, Walling et al. (1998) and Owens et al.
(1999) estimated that channel storage was between 10 and 50 % of the annual suspended sediment load
delivered to the main channel for the Ouse, Wharfe and Tweed rivers, in the United Kingdom. In contrast
with channel-bed storage where the residence time of sediments is usually in the order of a year to a
couple of years, sediment deposited on the floodplain may remain stored for decades to centuries before

re-entering the river system due to channel migration or floodplain surface erosion (see section 2.6).

Table 2.1 Published sedimentation rates for floodplain wetlands ordered according to UNEP aridity index

Region Source Location Aridity Index Rates (cm yr™)

Omengo et al. (2016) Lower Tana River, Kenya 0.18 1.15-1.21
Cabezas et al. (2010) Ebro River, Spain 0.25 0.57
R McCarthy et al. (2011) Nyl River, South Africa 0.27 0.01

Dryland regions Tshwane-Pienaars River, South
(Aridity Index Larkin et al. (2017) Africa ! 0.28 0.02-1.15

<0.65)
Hughes et al. (2009) Theresa Creek, Australia 0.28 0.07 (£0.02)- 0.21
(+0.01)
Xu (1998) Yellow River, China 0.45 0.2-0.3
He and Walling (1996) River Stour, United Kingdom 0.72 0.83
Knox (2006) Upper Mississippi River 0.76 0.2-2
Saxena et al. (2002) Yamuna River, India 0.76 2.48-5.99
Owens et al. (1999) River Ouse, United Kingdom 0.78 0.11-1.04
Owens et al. (2013) James River, Missouri, USA 0.90 0.19-0.69
Hobo et al. (2010) Lower Rhine River, Netherlands 0.92 0.02-2.5
Wallinga et al. (2010) River Waal, Netherlands 0.96 0.3-0.8
Walling et al. (1996) River Culm, United Kingdom 1.09 0.32
Humid regions Goodbred and Kuehl (1998) Ganges-Brahmaputra River, 1.11 0.03 (0.06)- 0.27
(Aridity Index ) B.angladesh . . (0.13)
50.65) He and Walling (1996) River Severn, United Kingdom 1.17 0.86
He and Walling (1996) River Exe, United Kingdom 1.24 0.45
Saint-Laurent et al. (2010) St L,awrence River, southern 1.50 0.01-0.1
Québec
{ngggl)mh and Walling Teesta River, India 1.95 0.21-3.56
Aalto et al. (2008) strickland River, Papua New 2.15 16
Guinea

SDV:\jZiZT. ((22%21)) Fly River, Papua New Guinea 2.30 0.13-0.2
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Table 2.2 Published sedimentation rates for oxbows and other floodplain surface features ordered according to UNEP aridity index

Region Source Location Aridity Index Rates (cm yr™)
Gell et al. (2005; 2006) Oxbows on the Murray River, Australia 0.12 0.09-3
Cabezas et al. (2010) Oxbows on the Ebro River, Spain 0.25 1.57-2.07
. Abandoned channels on the Tshwane-
Dryland regions Larkin et al. (2017) Pienaars River, South Africa 0.28 0.3-0.74
(Aridity Index Gell and Little (2006) Oxbow§ on the Murrumbidgee River, 033 06
<0.65) Australia
Keen-Zebert et al. (2013) ﬁfr?:ad"”ed channels on the Klip River, South 0.34 0.003-0.008
Erskine et al. (1992) Ff)ur gxbow cut.offs along the lower Hunter 035 0.45-1.4
River in Australia

Davidson et al. (2004) Oxbows on the Upper Mississippi River 0.76 0.02-1.3
McGlue et al. (2011) Floodplain !akes on t_he Pantanal, Upper 0.78 0.11-0.24

Humid regions Paraguay River, Brazil
(Aridit Ingdex Piegay et al. (2009) 14 cutoffs, Ain River, France 1.20 0.065-0.24
>0 65)y Citterio and Piegay (2009) 39 cutoffs in south-eastern France 1.40 0-0.26
’ Ishii and Hori (2016) Four cutoffs, Ishikari, lowland, Japan 1.50 0.04-0.09

. Floodplain lakes on the Tapajos River

Oestreicher et al. (2016) (Tributary of the Amazon River), Brazi 3.50 0.11-1.25
Lewis and Lewin (1983) 92 cutoffs in Wales, UK 0.03-0.71

2.6 EROSION AND RECYCLING

Although floodplains develop through the accumulation of alluvium, and as such are depositional features
along the river system, they are often shaped and modified by erosional processes once formed (Rhoads
2020). Main floodplain erosional processes involve: i) lateral migration of cut banks and associated shaving
of floodplains, ii) stripping of floodplain surfaces, iii) carving of secondary channels into floodplain
surfaces, and iv) avulsion of the main flow to another area on the floodplain. As with depositional
processes, the efficacy of erosional processes varies geographically, with river type, climate, vegetation
cover, geomorphology, and critical fluvial parameters (e.g., gradient, sediment particle size, stream power
and shear stress; Hupp et al. 2009). Floodplains of rivers with high stream power, that transport coarse
bed material, are more likely to experience an erosional change in shorter temporal scales in comparison
to rivers with low stream power, transporting and depositing suspended sediment (Rhoads 2020).
Erosional processes have a multitude of impacts on floodplain systems, for example, the building of the
sediment stratigraphy (Paola et al. 2001; Martin et al. 2009; Straub et al. 2013), the storage time of
sediment on floodplains (Nakamura and Kikuchi 1996; Bradley and Tucker 2013; Torres et al. 2017) or in
the creation or removal of fluvial terraces (Limaye and Lamb 2016; Malatesta et al. 2017). The erosion of
the floodplain directly affects habitats (Shields et al. 2002), land use potential, and flooding hazards
(Hutton and Haque 2004).
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2.6.1 LATERAL MIGRATION

Lateral migration of a river often governs the spatial pattern and rate of sediment deposition and delivery
(Aalto et al. 2008), and as such, it has important consequences for geochemical cycling (Billen et al. 1991)

and nutrient and contaminant remobilisation and transport (Marcus et al. 2001; Papacostas et al. 2008).

Two key processes involved in river bend migration are floodplain shaving and bend extension (Lauer and
Parker 2008). These two processes transfer sediment from floodplains to the channels. Floodplain shaving
occurs due to the height difference between the inner (lateral deposition) bank and the outer (vertical
accretion and cut) bank along bends (Rhoads 2020). The inner bank is typically lower than the outer bank,
due to vertical growth by long-term overbank deposition. As the higher, outer bank is eroded, floodplain
sediment is transported to the channel that is not directly replaced on the inner bank by lateral and
vertical accretion (Rhoads 2020). In conjunction, the crust of the floodplain is ‘shaved’ off along the inner

bend.

The second process of lateral migration is bend-extension. Bend extension elongates the channel, and if
the channel width and depth are kept constant, it increases the volume of sediment eroded by the
channel, reducing floodplain storage. Floodplain erosion by bend extension is restricted by meander bend
cutoff events, which shorten the length of a meandering river. However, meander bend cutoff events
frequently develop quickly and large amounts of sediment from the floodplain are eroded (Zinger et al.
2011), whereas the deposition and accretion of oxbows take much longer (centuries to millennia; Dieras
et al. 2013). Lauer and Parker (2008) estimated that for four rivers in the USA, an average of 22 % of the

total outer bank erosion was due to shaving and extension.
2.6.2 STRIPPING, SECONDARY CHANNELS AND AVULSIONS

Floodplain erosion, also referred to as floodplain 'stripping,’' can occur when large floods generate shear
stresses on the floodplain surface that surpass the erosional resistance of floodplain sediments. Erosional
floodplain stripping is most common within steep, narrow valleys that concentrate flood flows creating
overbank flows that have high stream power (Nanson 1986; Warner 1997; Hauer and Habersack 2009;
Tranmer et al. 2015). In some extreme events, stripping can remove almost the entire floodplain. In other
instances, such as, on floodplains of large, low-gradient meandering rivers, floodplain stripping can occur
locally where overbank flow moves perpendicular to topographic gradients associated with old floodplain
features, such as meander scars. Goodwell et al. (2014) observed, during the 2011 flood along the

Mississippi River, the creation of upstream-migrating gullies due to intentional levee breaches where flow
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energy increased as it crossed the relict outer bank of a meander scar. Scour can also occur within

secondary channels on the floodplain surface as flow is concentrated during floods (Riquier et al. 2017).

River avulsion is the process by which flow is diverted from the main channel to a new course on the
adjacent floodplain (Slingerland and Smith 2004). Avulsions occur mostly on aggrading floodplains. Flood-
induced avulsions that carve out a new channel or secondary channel are common floodplain erosional
processes (Rhoads 2020). The recurrence interval of avulsions varies widely, as certain internal and
external thresholds must be crossed before an avulsion can occur. Recurrence intervals, based on
available data from a few rivers, range from as low as 28 years for the Kosi River (India) to up to 1400

years for the Mississippi (Fisk 1944; Stouthamer and Berendsen 2000).
2.6.3 IN-CHANNEL EROSION

A growing body of literature suggests that in-channel sources can represent a significant source of both
suspended sediment and phosphorus to river loads (Simon and Darby 1999; Sekely et al. 2002; Evans et
al. 2006; Wilson et al. 2008; Miller et al. 2014; Fox et al. 2016). Studies from across the United States have
suggested that channel banks can contribute from 23 to as much as 95 % of the total catchment’s
sediment yield (USACE 1983; Simon and Hupp 1986; Odgaard 1987; Rondeau et al. 2000; Simon et al.
2002; Simon and Thomas 2002; Simon et al. 2004; Thoma et al. 2005; Wilson et al. 2008). Research from
the United Kingdom calculated that the contribution to the suspended sediment load from channel banks
was between 7 and 37 % (Ashbridge 1995; Bull 1997; Walling et al. 1999; Collins and Walling 2007) which
is significantly lower than contributions calculated across the United States. A recent study, done by Pulley
and Collins (2024), found that the contributions of channel bank erosion in the UK to be much higher than
agricultural topsoil contributions. They conclude that the previous studies done on this subject
underestimated the contributions of channel bank erosion in the UK. In Gelbaek River, Denmark, Kronvang
et al. (1997) suggest that in-channel (channel banks and bed) is the primary source of catchments

suspended sediment yield, contributing 92 %.

Significant, yet highly variable, channel bank contributions have also been documented for total
phosphorus annual loads (Kronvang et al. 1997; Sekely et al. 2002; Thoma et al. 2005; Walling et al. 2008;
Miller et al. 2014). In some Danish rivers, it has been calculated that bank erosion contributes up to 90 %
of the overall phosphorus loads (Kronvang et al. 1997). Although a wide range has been observed,
estimates have generally been lower in the Midwestern United States. In Minnesota, Sekely et al. (2002)
suggested that bank erosion contributed 7 - 10 % of the total phosphorus load. Meanwhile, in an lllinois

study, Roseboom (1987), estimated that up to 56 % of the total phosphorus load resulted from channel
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bank erosion. Despite the potential significance of channel bank erosion as a contributor to channel
phosphorus loads, published literature has relatively little information on the concentrations of total
phosphorus within channel banks (Fox et al. 2016). According to the assessment by Fox et al. (2016), the
evidence currently available generally indicates that the total phosphorus concentrations in channel bank
material may exceed 250 mg kg™'. However, Beck et al. (2018) in lowa, USA, reported quantities as low as
171 mg kg™, whereas Granger et al. (2022) in the upper River Taw in southwest England found amounts
ranging from 130 to 1207 mg kg™". It is difficult to accurately estimate total phosphorus loads at a strategic
scale for catchment management and policy support without a solid understanding of the concentrations
of total phosphorus in channel banks, given that they have the potential to be a significant source of

catchment sediment.

Studies measuring the total phosphorus and suspended sediment contribution from channel banks are
still few and regionally underrepresented (Fox et al. 2016). Suspended sediment and total phosphorus
loading from channel bank erosion are frequently excluded from local and regional water quality policies
intended to reduce nutrient loading due to the relative scarcity and high variability of data, although

improved simulation models are taking steps to help overcome these issues (Janes et al. 2018).
2.6.3.1 MECHANISMS

Subaerial processes (processes that take place on land and occur above the waterline), fluvial erosion
(refers to the removal of material from the riverbed and its banks), and mass wasting are all components
of the cyclical process known as channel bank erosion (Simon et al. 1999; Couper and Maddock 2001;
Couper 2003; Fox and Wilson 2010). Fluvial erosion is influenced by the amount of applied shear stress,
the sinuosity of the channel, the stream power or river discharge, and the soil resistance of the riverbanks
to the fluvial force (Thorne 1981, 1982; Morisawa 1985). A linear excess shear stress equation is most
frequently used to represent fluvial erosion. This equation depends on the applied shear stress as well as
two erodibility parameters: the critical shear stress and the erodibility coefficient. In addition, several
other factors affect the applied shear stress placed on channel bank materials, including i) river flow rates,
which are closely related to land use and management in the catchment (Ramos-Scharron and MacDonald
2005); ii) channel properties, including roughness (grain roughness on the channel bed, bedform
roughness due to bedforms, and boundary roughness), slope, and cross-sectional area of the channel
(Shore et al. 2016); and iii) degree of sinuosity or meandering as channel banks along the outside of a
meander bend experience higher shear stress (Daly et al. 2015a). If the applied shear stress is greater than

the critical shear stress of the soil, continual fluvial erosion may occur. Once the applied shear reaches the
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critical shear stress, the rate at which detachment due to fluvial erosion occurs depends on the
streambank sediment's erodibility coefficient. The critical shear stress and erodibility coefficient typically
have an inverse relationship, with more sandy and erodible soils having a higher erodibility coefficient and
lower critical shear stress and more clay and less erodible soils having a lower erodibility coefficient and
higher critical shear stress (Hanson and Simon 2001). Nonetheless, significant diversity is frequently noted

surrounding this inverse association (Daly et al. 2015a, b).

Gravity may cause mass wasting (Bowie 1982; Thorne 1982), typically caused by a decrease in the upper
bank's internal strength due to saturation, undermining, or foundation deterioration from seepage
(Harmel et al. 1999, Fox and Wilson 2010). Mass wasting, unlike fluvial erosion, is episodic. Subaerial
erosion is linked to climate and occurs when soil strength is reduced because of subaerial processes,
resulting in direct erosion or an increased risk of erosion (Fox et al. 2006; Daly et al. 2015a). These three
processes are all interdependent. Subaerial erosion can weaken a bank initially, making it more vulnerable
to erosion (Midgley et al. 2013). Fluvial erosion can then easily undercut the bank or scour the bed,
resulting in increased instability and, eventually, mass wasting (Fox and Wilson 2010; Midgley et al. 2012).
Indeed, the most severe erosive events occur when banks are predisposed to fail due to high soil water
content in the bank (Fox and Wilson 2010; Daly et al. 2015a). High flows that occur as isolated events may
transport a significant amount of bed load or suspended load in the river but may result in limited bank

retreat.
2.6.3.2 CHANNEL BANK PHOSPHORUS CONCENTRATIONS AND LOADS

The variation of phosphorus concentrations in riverbanks and their implications for catchment
phosphorus concentrations and loads are important topics of investigation. Alluvial material that has been
eroded and deposited can form riverbanks, giving them distinct physical and chemical characteristics
derived and fluvially sorted from the upstream catchment and soils. Catchment land use and management
practices, as such, have an impact on these physical and chemical characteristics. Miller et al. (2014)
reported along the Barren Fork Creek in eastern Oklahoma, a longitudinal profile in several of these
chemical characteristics (pH and EC). When the riverbank sediment qualities differed from the catchment
soil chemical properties, it was postulated that these longitudinal variations in soil chemical properties
may have been caused by excessive fertiliser applications in the catchment (Miller et al. 2014). Studies on
channel bank phosphorus loading require more data on soil physical and chemical parameters and other

soil characteristics including mineralogy and redox conditions. Additionally, riparian buffers may cause
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sedimentation and deposition of sediment-associated phosphorus in adjacent soils, thereby, potentially

increasing the channel bank phosphorus contributions (Hoffman et al. 2009).

Since most of the phosphorus in soils is solid-phase phosphorus (primarily found associated with the fine
fraction of the sediment), it will be incorporated into surface water along with riverbank sediment (Shore
et al. 2016). The sediment may operate as a sink or a source of phosphorus, meaning phosphorus might
easily be released into the system, depending on the soil phosphorus concentration, receiving water
phosphorus concentration, solid: solution ratio, period of contact, and numerous chemical variables.
Studies have linked increased sediment loading with elevated river phosphorus concentrations (Kroening
and Andrews 1997; Engstrom et al. 2009). The modelling and prediction of sediment loading from channel
bank erosion and, consequently, estimations for phosphorus loading from these banks, will be more
accurate if fluvial processes are understood and the dynamics of in-channel suspended sediment can be

observed and estimated (Sherriff et al. 2015).
2.7 EROSION AND RECYCLING RATES IN FLOODPLAIN SYSTEMS

Several studies of floodplain systems provide insights regarding lateral migration rates. The reported
migration rates in humid and dryland settings are summarised in Table 2.3. For humid regions with an
Aridity Index greater than 0.65, research has revealed that lateral migration is an active and dominant
process within these systems with a recorded range of between 5 m for the Strickland River in Papua New
Guinea (Aalto et al. 2008) and 140 m yr™' maximum movement for a bend on the Amazon River (Mertes
et al. 1996). Comparatively floodplain systems occurring in dryland regions with an Aridity Index of less
than 0.65, research has revealed that lateral migration is a much slower process with a recorded range
between 0.034 and 3.74 m yr™" (Table 2.3). This could be due to the irregular nature and short period of

floods that are big enough to initiate bend movement within dryland settings.
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Table 2.3 Published erosion and recycling rates for floodplain wetlands ordered according to UNEP aridity index

Region Source Location Aridity Lateral mlgra_t:on rates
Index (myr™)
Magdaleno and . . 3.74:1927-1956
Fernandez-Yuste (2011) Ebro River, Spain 0.25 0.87:1957-2003
Larkin et al. (2017) Tshwane-Pienaars River, South Africa 0.28 <1
. . 0.2 (cutoff
Dryland regions Tooth et al. (2014) Blood River, South Africa 0.31 development)
(Aridity Index Owens (1998) Murrumbidgee River, Australia 0.33 0.08
<0.65) Rodnight et al. (2005) Klip River, South Africa 0.34 0.05-0.16
Ellery et al. (2003) Mkuze River, South Africa 0.42 0.034, 0.036, 0.049
Bai . . .
Liu and Liu (2019) : alhet River tributary of the Yellow River, 0.45 0.38-6.10
in China
Grenfell (2007) Nsonge River, South Africa 0.61 <1
Drago (1990) Parana River, Argentina 1.30 50-200
Coleman (1969) Ganges—Brahmaputra River, Bangladesh 1.11 60-420
Humid regions \éVinoosk_i Rivs_r, Ve;monft, L;SGSA 1.25 0.7
(Aridity Index Black et al. (2010) onnecticut River, stratiord, 120 3.1
Genesee River, central New York State,
>0.65) 1.20 4.7
USA
Herndon (1853); Bates Fonte Boa, Cayhiarhy (tributary) of the 0.90 25
(1962) Amazon River ’

2.8 NUTRIENT DYNAMICS AND STORAGE

Water chemistry is a primary determinant of the ecological quality of rivers. Among the parameters
measured to assess water quality is the nutrient phosphorus, which holds particular significance for
managing river systems and their floodplains. Phosphorus, as well as Nitrogen, are the two macronutrients
that are essential components of all organisms and are connected to the aquatic carbon cycle, establishing
both the primary production and the microbial mineralisation of organic matter in river systems
(Weigelhofer et al. 2018). However, industrialisation and intensification of farming production have led
to excessive loadings of sediment and phosphorus to river systems and have resulted in decreasing water

quality and eutrophication of many of the world’s aquatic systems (Grizetti et al. 2011).

Several studies have shown that wetlands, including floodplains, can improve downstream water quality
by removing and storing nutrients and contaminants (e.g., Blackwell et al. 2002; Fisher and Acreman 2004;
Rebelo et al. 2018). Research has shown that the retention of the total phosphorus loads by wetland
systems is in the range of 5 to 80 % (Brunet and Astin 1997; van der Lee et al. 2004; Gillespie et al. 2018).
Phosphorus and other nutrients and contaminants are primarily transported and stored in association
with fine sediment (< 63 microns (um); Allan 1986; Horowitz 1991; Richardson and Craft 1993; Walling et
al. 1997). This is mainly attributed to the negative charge and large surface area structure of colloidal
particles, particularly the clay fractions (< 3.9 um; Horowitz 1991). Fundamentally, the sediment

composition and accretion rates determine the nutrient and contaminant transport and storage capacity
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of alluvial wetland systems (van der Lee et al. 2004). These, in turn, are determined by sediment supply,
wetland type, hydrogeomorphic characteristics, and vegetation composition (type, density and height;
Johnston et al. 1984; Sanchez-Carrillo et al. 2001; Kronvang et al. 2007). Accumulation rates of sediment
and nutrients in humid-region floodplains with various catchment land uses were compared by Noe and
Hupp (2005). The results from the study showed that phosphorus accumulation is intrinsically linked to
mineral sedimentation and that the accumulation rates of sediment and phosphorus among the different
floodplains displayed the same pattern. However, there can be notable spatial and temporal differences
in accumulation rates within a single floodplain. This is because of the variability in local hydro-
geomorphic drivers, topography, vegetation characteristics, sediment sorting processes and localised
hydraulics that occur across both temporal and spatial scales (Thoms 1998; Axt and Walbridge 1999;
Bridgham et al. 2001; Johnston et al. 2001; Bruland and Richardson 2004; Olde Venterink et al. 2006;
Odhiambo et al. 2016).

2.9 CONCLUSION AND SIGNIFICANCE OF THE RESEARCH

Floodplains provide a variety of physical and biological roles, which are intricately linked. Floodplains'
primary physical function is to attenuate water flows as well as dissolved material, sediment, and organic
matter conveyed by water. Although floodplain storage is a physical process, floodplain biogeochemical
processes and biotic communities have a major effect on essential aspects of storage such as amount,
calibre, duration, and spatial distribution. A floodplain is a dynamic ecosystem located at the aquatic-
terrestrial interface. Whatever the climate and flow regime, a floodplain alternates between a submerged
surface with lotic or lentic water and an exposed area with hydrologic conditions more akin to nearby
uplands than to the river channel. A floodplain is not a homogenous ecosystem, either spatially or
temporally, and different parts of it, such as abandoned cutoff meanders, natural levees, and backswamp

regions, can have significantly varied hydrologic, sedimentological, and biological conditions.

Floodplains are primarily depositional fluvial landforms that store significant volumes of sediment. The
major depositional processes of floodplain formation are 1) lateral accretion of point bars and 2) vertical
accretion on floodplain surfaces, which includes overbank sedimentation, levee construction, splay
formation, and channel infilling. Because of these processes floodplain's primary function is to attenuate
fluxes of sediment, associated nutrients and contaminants, and organic matter transported by flood
water. This buffering function supplied by floodplains can influence downstream fluxes within the river

conveyance corridor (Harvey and Gooseff 2015).
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The interactions between fluxes of material and floodplain storage are substantially influenced by the
floodplain's physical properties, particularly spatial variability. The relevant spatial scales of floodplain
heterogeneity may vary depending on the kind of storage studied, but they are most likely hierarchical
(Wohl 2021). Floodplains can be longitudinally discontinuous at the scale of a river network, especially in
mountainous areas, with river beads (river segments with floodplains) interspersed longitudinally with
river strings (laterally confined reaches lacking floodplains) (Bellmore and Baxter 2014; Wohl et al. 2018).
The disturbance regime caused by water and sediment fluxes generates distinct geomorphic units such as
the active channel, natural levees, cutoff meanders, and backswamp deposits (Dunne and Aalto 2013).
Each of these geomorphic units is distinct and differs from the others in terms of their characteristics such
as topography, sediment particle size, organic matter content, phosphorus content, hydraulics,
hydrological regime, and sedimentation rates. The interactions between water, sediment and associated
materials and the floodplain ecosystem across temporal and spatial scales suggest that floodplain storage

is the consequence of a dynamic, integrative system.

While there have been studies on sediment dynamics in floodplain systems, there is a lack of empirical
studies on floodplain systems in drylands, such as South Africa. Wetlands in drylands unique
hydroclimatic, geomorphological, and sedimentological features are expected to have an impact on
sediment transport and biogeochemical processes, thus changing sedimentation rates, trapping
efficiencies, and the rates at which phosphorus is sequestered in these systems. In addition, little is known
about the relationship between the dynamics of sediment and phosphorus flux and these unique wetland
features. Furthermore, there is still a dearth of knowledge regarding the quantitative feedback processes
and connections between the biophysical elements and processes that regulate the rates and amounts of
sediment trapping and phosphorus absorption in floodplain wetlands in dryland environments. As a result,
this research will concentrate on two interconnected ecosystem services: sediment trapping and storage
and phosphate assimilation using two case studies in South Africa. This study contributes to the efforts of
better understanding and quantifying floodplain processes and regulatory ecosystem services within

dryland environments.
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CHAPTER 3 : THE STUDY AREAS

3.1 INTRODUCTION

The following chapter provides a description and analysis of the broader catchment area and the two
study sites, encompassing aspects such as locality, climate, hydrology, topography, land cover and usage,

geology and soils, and erosion status.
3.2 BROADER CATCHMENT DESCRIPTION

The Umzimvubu River system lies along the northern boundary of the Eastern Cape and extends for over
200 kilometres from its source in the steep Maloti-Drakensberg Escarpment (approximately 2 700 m.a.s.l)
to the estuary at Port St. Johns where it flows into the Indian Ocean (Figure 3.1). The river drains a
catchment area of approximately 20 000 km?2. This river system has been nationally prioritised as one of
the few remaining near-natural and free-flowing rivers; however, it is categorised as vulnerable due to
the rapid rates of degradation in the catchment. In addition, the adjacent template of grassland, forest,
thicket, wetlands, and dune vegetation are some of the most biodiverse in the world (Environmental and
rural solutions 2011). These habitats support numerous species of flora and fauna and provide a range of
ecosystem services such as water provision, erosion control, sediment trapping, infrastructure protection,
fodder for livestock and food security, and materials for household and community use. The Tsitsa River
is a large tributary of the Umzimvubu River. The research in this thesis focuses on floodplain systems in
the Gatberg River and the Minnehaha River. The two rivers are in the upper regions of the Tsitsa River
catchment. Maclear and Ugie are the two urban towns closest to the systems and are indicated on Figure

3.1
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Figure 3.1 The landscape setting of Maclear and Ugie in relation to the Tsitsa River catchment within the broader Umzimvubu
River catchment in the Eastern Cape province (based map: Airbus, USGS, NGA, NASA, CGIAR, NLS, OS, NMA Geodatastyrelsen,
GSA, GSI and the GIS user community)

3.2.1 TsITSA RIVER CATCHMENT DESCRIPTION
3.2.1.1 LocATION

The main stem of the Umzimvubu River has four major tributaries; the Tsitsa, Tina, Kinira, and Mzintlava
Rivers, all of which have their headwaters in the Maloti-Drakensberg Mountains. The study sites for this
research fall within the upper Tsitsa River catchment. The upper Tsitsa River catchment (Quaternary
Catchment T35 A-K) drains an area of approximately 4 300 km? (Figure 3.2). Approximately 45 % of the
Tsitsa River catchment lies in traditional council areas (found mostly in the middle and lower parts of the
catchment) of the former Transkei homeland where much of the population resides in low-density rural
villages, often situated on the mid-slopes of hillsides. Land use in traditional council areas is dominated
by rural subsistence livestock (cattle, sheep, and goats) farming and subsistence vegetable gardens. The
slightly larger portion (55 %) of the middle and upper catchment is privately owned land and consists of
bigger commercial farms and plantations with urban and peri-urban centres scattered around the

catchment (Kakembo and Rowntree 2003). Although there are some urban centres, commercial farms,
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and plantations, the Tsitsa catchment is one of the poorest and least developed regions of South Africa
(Calmeyer and Muruven 2015). During the Apartheid era, communal land was part of the Transkei
homeland where population density was high, and livelihoods were dependent on migrant labour, grants,
and subsistence farming (Fabricius et al. 2016). Even though the homeland policy was abolished in 1994
the area remains poor with a shortage of infrastructure and employment opportunities. The rural
communities depend heavily on the natural environment in which they are situated and depend on river
water during dry periods. Wetlands in the catchment play an important role in supporting good water
quality and quantity (Kakembo and Rowntree 2003; Blignaut et al. 2010; van der Waal 2015; van der Waal
and Rowntree 2018; Schlegel et al. 2019).

Figure 3.2 The two study area catchments (Gatberg River and Minnehaha River) located within the Tsitsa River catchment witt
all major rivers and Maclear and Ugie shown
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3.2.1.2 TOPOGRAPHY

The Tsitsa River has its headwaters in the Great Escarpment geomorphic province, here the landscape is
dissected by an intricate drainage network, characterised by deep and narrow cross-valley profiles.
Longitudinal profiles of the river and its tributaries are very steep and stepped in places where they
intercept hard resistant geological barriers (e.g., dolerite intrusions, Figure 3.3Figure 3.4). Partridge et al.
(2010) categorised this area predominantly as a low to very low (MV- medium average macro-reach valley
width to very steep average macro-reach slope and NV- narrow average macro-reach valley width to very
steep average macro-reach slope) sediment storage surrogate description. The Tsitsa River flows from its
headwaters in the Great Escarpment at approximately 1 300 m.a.s.l and flows onto an elevated platform
margin of the Cedarville Flats. The river then flows through the Southeastern coastal hinterland
geomorphic province (Partridge et al. 2010) to its confluence with the Umzimvubu River. Here the
landscape is steep, transforming into hilly to rolling hills with V-shaped valleys and limited sediment
deposition space. The most significant constraint on the rivers of this area were two post-Cretaceous
epeirogenic uplift events in the Neogene (the first at approximately 20 Ma and the second at around 5
Ma) that were concentrated along the Ciskei—Swaziland axis, 80 km inland from the coast (McCarthy and
Rubidge 2005). Uplift totalled between 800 and 1 100 m, elevating the eastern section of southern Africa,
and thus magnifying the relief between the Great Escarpment and the Southeastern coastal hinterland
geomorphic province. The uplift produced large-scale (asymmetrical) arching, steepening of the lower
courses of rivers, entrenchment, and rapid down-cutting of pre-existing meander systems. Due to the
presence of dolerite sills, dykes, and other hard lithologies in an area of considerable geological diversity,

the longitudinal profiles of the Tsitsa River and its tributaries are stepped (Figure 3.3 and Figure 3.4).

The Tsitsa River transitions between a bedrock and mixed bedrock-alluvial river. The long profile of the
river is strongly influenced by the type of rock, where steeper sections form on more resistant bedrock
(such as basalt and dolerite) and gentler sections form on sandstones, mudstones, and mudrocks (Figure
3.5). Along the steeper escarpment zones, the riverbeds are dominated by bedrock with rapids and
waterfalls. Instream vegetation is generally absent, with riparian vegetation dominated by alien invader
tree species. In many places, channels are deep to very deeply incised in the alluvial plains and are locally
characterised by flood benches, meanders, and oxbows (van der Waal and Rowntree 2018). Below the
upper Tsitsa waterfall, the Tsitsa River passes through a deep and largely inaccessible gorge as it crosses
the middle escarpment. The Mooi River, having been joined by the Pot River, converges with the Tsitsa

River within this gorge. Below the gorge, the river opens into a mixed alluvial river with large sediment
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deposits and sand beds in low-gradient areas. The Gatberg and Minnehaha rivers are both found in the
upper Tsitsa River catchment. The Gatberg River is a tributary of the Inxu River, which is a tributary of the

Tsitsa River (Figure 3.4). The Minnehaha River is a tributary of the Little Pot River (Figure 3.3).
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Figure 3.3 Longitudinal profile of the upper Tsitsa River and its major tributaries from their headwaters to the confluence with the Inxu River
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Figure 3.5 Longitudinal profile of the Tsitsa River showing generalised rock types and dolerite outcrops (from Huchzermeyer
etal. 2019)

3.2.1.3 GEOLOGY AND SOILS

The geological composition of the catchment plays a crucial role in shaping its landscape, groundwater
characteristics, and soil composition, which in turn affects the vegetation types and how the land is
utilised. These factors interact to determine the hydrological and sedimentological regime of the
catchment. Moreover, geology also affects the sediment yields and the specific properties (physical or

chemical) of that sediment (Lambert and Walling 1986).

The upper parts of the catchment area are underlain by basic mafic lavas of the Drakensberg formation.
Moving downward, the catchment is underlain with intercalated arenaceous and argillaceous strata. The
lower sedimentary sequence consists of the sandstones of the Clarens, mudstones of the Elliot,
sandstones of Molteno, highly dispersive mudstones of the Tarkastad Formations and alluvium in the
valley bottoms. Intrusions of Karoo pyroclastic rocks or dolerite dykes can be found throughout the
catchment, mostly in lines indicating previous fissures in the base material (Figure 3.6; Le Roux et al. 2015).
The strata have remained structurally intact since their deposition, and the typical dip of the layer ranges
from 2 to 70 degrees west. A description of each of the geological formations adapted from de Decker

(1981) is detailed below.

e The Drakensberg Formation, which comprises a basalt cap up to 1 200 m thick, generates the
escarpment. Basalt was generated by a sequence of basalt flows of varying thicknesses that range

from resistant crystalline rock (thick flows) to softer vesicular forms (thinner flows) that give the
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basalt its layered appearance. Clarens sandstones may be incorporated in the basal portion. Many
cracks occurred in the terrain, as shown by the many dolerite dykes that protrude from it. The
majority are orientated northwest-southeast and stand out as large steep ridges.

e The Clarens Formation is dominated by well-sorted, fine-grained feldspathic sandstones of light
orange colour and aeolian origin. Between the sandstone layers are minor mudstone strata. This
formation was deposited during the Triassic Era (McCarthy and Rubidge 2005) in an arid climate.
The formation is up to 275 m thick and can build magnificent cliffs with cave structures.

e Red and purple mudstones dominate the Elliot Formation, with subordinate strata of medium-
grained feldspathic sandstone that are not laterally persistent. Upward fining sequences (sand to
mudstone) are common; this formation was probably formed by meandering streams. The red
colours of the mudstones are due to oxidised iron, which relates to the presence of drier
conditions during their development. This layer can be as thick as 370 m.

e The Molteno Formation is the lowest geological formation in the Stormberg Group. The formation
is composed of fine, medium, and coarse-grained sandstones, as well as greyish mudstone strata.
Trough cross-bedding structures are seen in the coarser sandstones. Siltstones are also found in
the mudstones. Secondary quartz overgrowths and clasts in the sandstones give them a
characteristic sparkling aspect. Finer-grained sandstones exist throughout the lower deposits of
the Molteno Formation, becoming coarser toward the top parts. The Molteno Formation was
deposited during the mid-Triassic Era in a warm and humid climate. This layer indicates a
transitional era from a warm and humid to a desert climate which dominated the formation of
the later Elliot and Clarens Formations (Bordy et al. 2004).

e The oldest layer found in this area is the Tarkastad formation of the Beaufort Group. The
formation is composed primarily of sandstones and mudstones deposited in the late Triassic Era.
The formation can be up to 250 m thick with alternative layers of coarse sandstone and fine-
grained mudstones (Botha and Singh 2012). This formation was likely formed in fluvial-lacustrine
environments in a semi-arid environment with highly variable rainfall (Botha and Singh 2012)

e Quaternary deposits can be found in valley bottoms as colluvial and river deposits. The soils are

dark, with sandstone and basalt debris at the edges.

The existence of harder strata (e.g., sandstones, which are more resistant to erosion) contributes to the
stepped structure of the terrain. Erosion removes the softer layers, such as mudstone, exposing the harder

strata and forming the steps.
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Figure 3.6 Geological map of the Tsitsa River Catchment. The study area catchments (Gatberg and Minnehaha River),
all major rivers, and Maclear and Ugie are shown
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Soils throughout the catchment vary significantly, but the most prominent soil forms include poorly
drained and shallow to moderately deep loams usually with minimal soil development on hard or
weathering rock (Land Type Survey Staff 2012). Less common in the catchment are soils of moderately
deep to deep sandy loams. Most of the soil types found in the catchment are highly acidic because of the
siliceous nature of the lithology that the soils derive from (Huyssteen et al. 2005). Soils that develop on
the Tarkastad, Molteno and Elliot Formations, found in the central part of the catchment area, are
associated with duplex and dispersive soils which are particularly vulnerable to the formation of soil pipes
(Figure 3.7) and subsequent gullying (Le Roux et al. 2015). The most noticeable aspect of these soils is a
significant increase in clay content from the topsoil to the subsoil horizon, with an abrupt transition in
texture, structure, and consistency between the two (Samadi et al. 2005). These soils are commonly found
with vertical, melanic and/or plinthic soils. As a result, these soils impede root growth and reduce

infiltration, increasing runoff and erosion. Large gully networks are a prominent feature of this catchment.

Figure 3.7 A photograph of a gully pipe network, a
common feature of areas with duplex soils
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3.2.1.4 VEGETATION

The Tsitsa River Catchment is dominated by grassland which varies from Lesotho Highland Basalt
Grassland (1 900 — 2 900 m.a.s.l), Southern Drakensberg Highland Grassland (1 720 — 1 900 m.a.s.l), East
Griqualand Grassland (920 — 1 720 m.a.s.l), Drakensberg Foothill Moist Grassland (880 — 1 860 m.a.s.l),
Eastern Valley bushveld, Mthatha Moist Grassland (600 — 1 080 m.a.s.l), Eastern Temperate Freshwater
Wetlands, and small pockets of Southern Mistbelt Forests (800 — 1 400 m.a.s.l) in ravines (Mucina and
Rutherford 2006). Natural vegetation is fundamentally influenced by aspect, catena, slope, geology, soil
type, altitude, and fire occurrences (which in some areas occur as frequently as every year (Snyman
2020)). Invader species, especially the Australian Acacia sp., occur in large stands and are present along

most drainage lines within the catchment.

Mucina et al. (2006) define these vegetation categories and associated environmental parameters as

follows:

e Lesotho Highland Basalt Grassland is short grass-veld with patches of shrubland (Leucosidea
sericea), usually associated with disturbance. Basalt underpins this type of vegetation, and soils
are basalt-derived with almost equal parts coarse sand, fine sand, silt, clay, and organic material.
Organic material is the consequence of the gradual decomposition of the grassroots that holds a
lot of precipitation and slowly releases it in the form of seeps. The average monthly minimum and
maximum temperatures vary from -10.5 to 31.4°C, with frost persisting all winter.

e The Southern Drakensberg Highland Grassland occur on steep, moist slopes with thick tussock
grasslands dominating and a tall shrub component (Leucosidea sericea). The soil is usually deep
and fine-grained. It has a cool temperate climate (mean temperature of 13°C) with 30 - 90 days
of frost each year, which increases with elevation.

e The East Griqualand Grassland dominates on the hilly terrain, with grassland predominant and
Leucosidea sericea growing on damp slopes. The associated soils are formed from mudstones and
sandstones that are 500 - 800 mm deep, well-drained, and rich in clay. The average annual
temperature is 14.7°C, with frost occurring around 30 days per year.

e Drakensberg Foothill Moist Grassland cover the moderately rolling and mountainous areas with
drier vegetation types, forb-rich grasslands with short tussock grasses (Themeda triandra and
Tristchya leucothrix) and small patches of forest in the moist ravines. Associated soils are formed

from mudstones, sandstones and dolerite intrusions that are more than 800 mm deep, well-
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drained, and rich in clay. The average annual temperature is 14.6°C, with frost occurring ~26 days
per year.

e The Mthatha Moist Grassland covers the plains between the coastline and the foot slopes,
excluding the river valleys. This vegetation type occurs in undulating plains and hills supporting
species-poor, sour, wiry grassland dominated by Eragrostis plana and Sporobolus africanus.
Associated with highly leached mudstones. Frost occurs between 2 and 14 days per year.

e Southern Mistbelt Forests occur in fire-shadow habitats on south- or southeast-facing slopes and
ravines. This type of vegetation is characterised by tall forests and multilayered understory. Some
of the soils associated with this type of vegetation are deep and loamy with high amounts of

nutrients developed in dolerite intrusions or mudstones, shales, and sandstones.
3.2.1.5 LAND COVER AND USE

The interactive factors of soils, vegetation and land use often determine the physical and chemical

properties of suspended sediment.

According to the National Land Cover (2020), in the Tsitsa River catchment (Figure 3.8), natural vegetation
exceeds 2 200 km? (61 %) of the catchment area, including grassland (55 %), and woody vegetation
including thicket, indigenous forest, woody alien species and shrubland/ fynbos (5 %). The lower slopes
are mainly used for grazing and agricultural practices. The main land use is degraded or unimproved
grasslands used for subsistence grazing with minority land uses including agriculture (15 %) and forest
plantations (11 %). Relatively large waterbodies such as farm dams and wetlands occupy roughly 112 km?
(3 %) of the catchment area. Urban areas cover the remaining 270 km? (6 %) of the catchment area. The

two towns of importance to this research, Maclear and Ugie, are also shown.
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Figure 3.8 Land cover and use in the Tsitsa River Catchment

3.2.1.6 CLIMATE

The predominant climate patterns in the area when integrated with other physical factors, determine the
hydrological response of the catchment area, affecting flood frequency and magnitude, as well as the

transport, quantity, and quality of suspended sediment.

The climate for most of the Tsitsa River catchment, according to the Képpen-Geiger climate classification,
is warm and temperate with warm summers and dry winters with an Aridity Index between 0.5 and 0.65
(Mucina and Rutherford 2006). The catchment receives summer rainfall (between October and April),
often in the form of afternoon thunderstorms (Mucina and Rutherford 2006). There is a distinct rainfall
gradient, with the mean annual rainfall ranging from 625 mm in the lower catchment to 1 327 mm in the
upper catchment closer to the escarpment (Le Roux et al. 2015). The average maximum hourly rainfall
rate is 13 mm hr™" with the maximum occurring in September (Agrometeorology Staff. 1984-2008). These
are described as high-intensity rainfall events and result in high erosion rates (Fraser et al. 1999).
Spatiotemporal variability in rainfall is due to the varied topography across the catchment (Base et al.

2007; Mucina and Rutherford 2006). The driest and coldest month is July, with monthly average rainfall
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and temperature of ~13 mm and ~0°C respectively (Mucina and Rutherford 2006). Snowfalls can be
expected during the winter months along the Escarpment and may occur less frequently in the lower

regions of the catchment.
3.2.1.6.1 Maclear rainfall

The average annual rainfall for Maclear, the closest major town to the Minnehaha River Catchment,
rainfall calculated using rainfall data from 1978 to 2012 (The Agricultural Research Council — Institute for
Soil, Climate and Weather (ARC-ISCW); Moore 2016), is ~824 mm, which ranges from a low of 503 mm to
a high of 1 144 mm (Figure 3.9). The average monthly rainfall for Maclear shows that January has the
highest monthly rainfall with ~133 mm, and July has the lowest monthly rainfall with ~15 mm. The average

monthly rainfall for Maclear is 69 mm (Figure 3.10).
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Figure 3.9 Annual rainfall (mm) for Maclear from 1978 to 2012 (adapted from Moore 2016)
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Moore 2016)
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3.2.1.6.2 Discharge

The Tsitsa River at the Xonknxa monitoring station (Latitude: -31.23805; Longitude: 28.85222) has an
average daily discharge of approximately 24 m3s™" (1951- 2021) and the highest recorded discharge was
947 m3s™! (Department of Water and Sanitation: Verified flow data). The highest average daily discharges
mainly occur during the summer season (wet season from November to April) with the peak flows
occurring in February (Figure 3.11). The Mooi River, which is a tributary of the Tsitsa River, has an average
daily discharge of approximately 3 m3s™ at the Maclear monitoring station (Latitude: -31.07166;
Longitude 28.35361). The peak discharge recorded was 323 m3s™" (Figure 3.12). Like the Tsitsa River, the
Mooi River's average daily discharges are highest in the wet season, peaking in February. Figure 3.13
shows the annual peak water levels with the 2- and 10-year return periods for the Tsitsa River at Xonknxa
from 1951 to 2022. In the 71 years recorded 35 years were above the two-year return period, and of those

6 were recorded above the 10-year return period.

Figure 3.11 The distribution of average daily Tsitsa River discharges per month at Xonknxa from 1951 to 2021 showing
the median, mean (x), upper and lower quartiles
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3.2.2 STUDY SITES
3.2.2.1 GATBERG FLOODPLAIN SYSTEM

3.2.2.1.1 LOCATION

The Gatberg floodplain wetland system on the Gatberg River is in the Quaternary Catchment T35G close
to the settlement of Ugie in the Eastern Cape (Figure 3.14) and falls within the Elundini Local Municipality.
The wetland is situated on the privately-owned farms of Belmount, and Mount Elton surrounded by
commercial forestry. The wetland can be accessed through the network of forestry roads with permission

from the forestry company, PG Bison, and the landowner.

Figure 3.14 The location of the Gatberg floodplain system (study site) within the Gatberg River catchment
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3.2.2.1.2 DESCRIPTION

The Gatberg floodplain wetland system is a relatively small wetland pocket (~0.3 km?) within a large
catchment (~135 km?2). It is connected to the main drainage system of the Gatberg River which drains into
the Inxu River, a tributary of the Tsitsa River. The Quaternary catchment has a Mean Annual Precipitation
(MAP) of 795 mm and potential Evapotranspiration (PET; refers to the quantity of water that would be
evaporated and transpired by a particular crop, soil, or ecosystem under conditions of sufficient water
availability) of 1655 mm. A climate ratio (P/Ep) of 0.48 classifies this area within the semiarid climate type.
The wetland is situated on alluvium and underlain by the alternating sandstones, mudstones, and shale
of the Molteno Formation (Beaufort Group of the Karoo Supergroup geology), with the higher ground
being comprised of the Elliot Formation (Beaufort Group of the Karoo Supergroup geology). These soils

are generally well-drained with a clay content ranging from 15 to 55 % (Mucina and Rutherford 2006).

The dominant vegetation type in the surrounding area (that has not been transformed to commercial
forestry) is East Griqualand Grassland (Gs12), with Drakensberg Foothill Moist Grassland (Gs10) occurring
closer to the escarpment and Southern Drakensberg Highland Grassland (Gd4) on the higher slopes in the
upper region of the catchment (Mucina and Rutherford 2006). East Griqualand Grassland is considered
Vulnerable while the Drakensberg Foothill Moist Grassland and Southern Drakensberg Highland Grassland
are considered Least Threatened (Mucina and Rutherford 2006). All types are dominated by grassland
species, herbaceous plants, and low shrubs. The vegetation in the wetland itself is still in a nearly natural
state, although at the species level, it may be transformed due to selective grazing by cattle and an annual

burning regime.

During the dry season (Figure 3.15A), the wetland receives some subsurface and lateral water inputs from
the surrounding hillslopes, this has likely been altered by anthropogenic landscape transformation such
as commercial forestry and road networks. During the wet season, large and cumulative storm events

resultin the Gatberg River overtopping its banks and inundating the surrounding floodplain (Figure 3.15B).
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Figure 3.15 Aerial images showing the Gatberg floodplain system in A) the dry season and B) the wet season

3.2.2.1.3 RAINFALL (2019-2021)

Rainfall was measured in the Mooi River catchment (PG Bison Training Centre, -31.07454 and 28.21382;
Figure 3.16), using a 150 mm funnel tipping bucket rain gauge and a HOBO® pendent event logger. The

rain gauge was installed in 2015 under the Tsitsa Project (Huchzermeyer et al. 2021).

Figure 3.17 shows the daily rainfall recorded for the study period (2019-2021). The corresponding flood
events recorded for the Gatberg River are highlighted. The maximum daily rainfall recorded was 65.5 mm.
The 2019/2020 wet season had fewer storm events, with less rain falling within those events than in

2020/2021.
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Figure 3.16 Google Earth image showing the location of the PG Bison rain
gauge in relation to the two study sites
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Figure 3.17 Daily rainfall recorded at PG Bison for the research period (2019-2021). Events highlighted in red correspond to the recorded
flood events presented in the following section

3.2.2.1.4 RIVER FLOW AND FLOODPLAIN INUNDATION (2019-2021)

Discharge is a significant driver of channel response and floodplain dynamics over time (Rowntree and
Wadeson 1999). Significant sediment entrainment and transport necessitate high flows. In rivers and their
floodplain systems, higher and overbank flow (frequency, magnitude, and residence time) drives and
maintains morphology (Shields Jr et al. 2000), biological processes (Amoros and Bornette 2002; Thoms
2003), habitat formation (Ward et al. 1999), nutrient cycling (Meyer and Likens 1979; Junk et al. 1989;
Thoms et al. 2004) and sediment storage (Erskine and Livingstone 1999; Walling et al. 1999; Fryirs et al.
2007). The degree of connectivity between the channel and its floodplain will be determined by
the magnitude of the flood and the form of the channel. Smaller magnitude events occur more frequently

than larger magnitude events (Wolman and Miller 1960; Pickup and Warner 1976; Fryirs et al. 2007).

In this section the frequency of overbank connectivity is considered for the Gatberg River floodplain
system. Measured water level data for two wet seasons were assessed to evaluate the observed

inundation frequency of the floodplain.

A Solinst pressure transducer logger was installed, on cross-sectional transect 2, in the channel to monitor
water levels across two wet seasons. The pressure logger was set to a 10-minute time interval to record
the water level data. In the channel, the logger was placed into a metal cover that was attached to a metal

pole. The metal pole was hammered as close to the channel bed as possible. Logger and thalweg elevation
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were noted with a Differential Global Positioning System (DGPS) for calibration for the next field visit. The
Solinst system recorded both a temperature and a pressure transducer. The total pressure transducer
combines the sum of the water and air pressure above the sensor when installed. Following that,
atmospheric pressure changes must be calibrated to calculate the actual elevation of the water column
above the pressure transducer. To accommodate for the absolute water level elevation, a barometric

correction was performed using a Solinst Barologger installed near the wetland.

To map the extent of identified overbank flooding events, 3 m resolution multispectral PlanetScope
satellite imagery (Planet Team 2017) was imported into ArcMap 10.8.2. A Normalised Difference
Vegetation Index (NDVI) was created from the imagery, and the values corresponding with water, and

verified with in-field observations, were extracted.

Figure 3.18 shows the water levels measured in the Gatberg River from August 2019 to October 2021. The
dotted line depicts the channel bank height on the same transect as the logger. This was used to estimate
the number of overbank floods that occurred over the two wet seasons. During the measurement period
11 floods were recorded that were higher than the channel bank elevation, 5 in the 2020 hydrological
year and 6 in the 2021 hydrological year (hydrological years run from October to September). The first
flood event recorded for the 2020 hydrological year was on the 12" of January 2020 and the last on the
29%™ of April 2020. The first flood event recorded for the 2021 hydrological year was on December 17,
2020, and the last on February 6, 2021.

Figure 3.19 and Figure 3.20 show the mapped flood extents across the floodplain surface for 4 flood events
identified in the water level analysis. These extents would also include collected rain and previous flood
waters that had not yet evaporated on the floodplain surface. The satellite images used were a couple of
days older than when the flood events occurred due to cloud cover obscuring the wetland. Oxbows and
lower-lying areas on the floodplain surface collected water first, however within the wet season most of
the floodplain had at least some water on it. From field observations, it was noted that some of the
oxbows were permanently filled with water. Table 3.1 shows the summary of the details of the overbank
floods that occurred during the two wet seasons. The table shows the magnitude and frequency of flood

peaks within the Gatberg River floodplain, floods over-top their banks multiple times every year.

Sections of floodplains become inundated at different rates and times due to floodwater travel time,
attenuation and lag, and site-specific morphological and vegetation characteristics. Pondage times after
floodwater recession depends upon the rate of stage rise and microtopography, and more particularly the

connectivity of the floodplain and the geomorphic unit mosaic. Thus, once overbank spillage occurs, there
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is a dramatic reduction in floodwater transmission capacity caused by frictional factors, such as vegetation
and microtopography, and shallower floodwater depths, with important implications for sediment

deposition and storage.

Measuring suspended sediment fell out of the scope of this study. However, other research on rivers of
the upper Tsitsa River catchment (Huchzermeyer 2016; Bannatyne 2018; Bannatyne pers comm.) shows
the timing of sediment load transport through these rivers is highly variable. Baseflows typically don't
carry much sediment. Most of the sediment is transported, almost exclusively, in the wet season, except
for isolated winter rain or snowmelt events. High flows generally carry more sediment, but the
relationship between discharge and suspended sediment concentrations typically has a very weak
correlation (r? < 0.3) because of the positive hysteresis. From the data, suspended sediment
concentrations and discharge, time series for the Pot River, the upper section of the Tsitsa River, the
Gqukunqa River and the Tsitsa River below the tributaries, no general trends in terms of beginning, middle
or end of the season could be identified (Bannatyne pers comm). However, the research focussed on
annual loads and yields rather than sediment dynamics within the wet seasons. Suspended sediment

concentrations seem to be dependent on changing sediment sources within the catchment within and

between rainfall events, rainfall erosivity, antecedent conditions and vegetation.
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Figure 3.18 Ten-minute compensated water level recorded by the pressure logger. The black dotted line indicates the channel bank elevation. The gap in the
data occurred over the dry season in 2019 due to being unable to get into the field due to Covid-19
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Table 3.1 Summary of the flood events during the study period

Hydrological Storm Storm and overbank flood Date of flood peak Time of flood peak  Peak water level above
year number dates (yy/mm/dd) (yy/mm/dd) (hh:mm:ss) channel bank (m)

1 2020/01/12 - 2020/01/13 2020/01/13 00:10:00 0.12

2 2020/02/06 - 2020/02/13 2020/02/09 14:50:00 0.39

2020 3 2020/02/19 - 2020/02/21 2020/02/20 10:20:00 0.23
4 2020/03/02 - 2020/03/05 2020/03/03 04:30:00 0.46

5 2020/04/29 - 2020/05/01 2020/04/29 21:40:00 0.34

6 2020/12/17 - 2020/12/20 2020/12/19 13:20:00 0.18

7 2020/12/23 - 2020/12/25 2020/12/24 03:10:00 0.32

2021 8 2021/01/06 - 2021/01/12 2021/01/10 06:00:00 0.34
9 2021/01/14 - 2021/01/17 2021/01/15 14:40:00 0.18

10 2021/01/27 - 2021/02/01 2021/01/28 07:50:00 0.64

11 2021/02/06 - 2021/02/09 2021/02/07 06:00:00 0.39
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Figure 3.19 Flood water extents mapped by NDVI analysis for 2019.03.13 (pink) and 2019.04.25 (blue)
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Figure 3.20 Flood water extents mapped by NDVI analysis for 2020.01.15 (green) and 2020.02.13 (salmon)
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3.2.2.2 MINNEHAHA FLOODPLAIN WETLAND SYSTEM
3.2.2.2.1 LOCATION

The Minnehaha floodplain wetland system on the Minnehaha River, a tributary of the Little Pot River, is
in Quaternary Catchment T35B, 14 km northwest of the settlement of Maclear in the Eastern Cape (Figure
3.21). It falls within the Elundini Local Municipality. The wetland is situated on the privately owned farms
of Cornlands, Lower Cornlands, and Minnehaha. The wetland can be accessed via the network of farm

roads with permission from the landowners.

Figure 3.21 The location of the Minnehaha floodplain system (study site) within the Pot River catchment

3.2.2.2.2 DESCRIPTION

The Minnehaha floodplain wetland system is relatively large (~1.5 km?) within its catchment (~ 40 km?). It
is connected to the main drainage system of the Minnehaha River which drains into the Little Pot River, a

tributary of the Pot River. The Quaternary catchment has a Mean Annual Precipitation (MAP) of 915 mm
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and Potential Evaporation (PET) of 1442 mm. A climate ratio (P/Ep) of 0.64 classifies this area within the
semiarid climate type. The wetland is in alluvium and is underlain by the alternating sandstones and
mudstones of the Elliot Formation (Beaufort Group of the Karoo Supergroup geology) with the higher
ground being comprised of the Clarens Formation (fine-grained sandstone and siltstone of the Beaufort
Group of the Karoo Supergroup geology). These soils are generally well-drained with a clay content

ranging from 15 to 55 % (Mucina and Rutherford 2006).

The dominant vegetation type in the area is East Griqualand Grassland (Gs12) and Southern Drakensberg
Highland Grassland (Gd4) on the higher slopes in the upper region of the catchment (Mucina and
Rutherford 2006). East Griqualand Grassland is considered vulnerable while the Southern Drakensberg
Highland Grassland is considered least threatened (Mucina and Rutherford 2006). All types are typified by
grassland species, herbaceous plants, and low shrubs. The vegetation in the wetland itself is still in an
almost natural state, although at the species level, it may be transformed due to selective grazing by cattle

and sheep.

During the dry season (Figure 3.22A), the wetland receives some subsurface and lateral water inputs from
the surrounding hillslopes, this has likely been decreased by anthropogenic landscape transformation
such as some agricultural fields and the construction of farm dams in the adjacent area surrounding the
wetland. During the wet season (Figure 3.22B) large and cumulative storm events result in the Minnehaha

River overtopping its banks and inundating the surrounding floodplain.

A. B.

Figure 3.22 Photographs showing the Minnehaha floodplain system in A) the dry season and B) the wet season
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3.2.2.2.3 RAINFALL (2019-2021)

Figure 3.23 shows the daily rainfall recorded for the study period (2019-2021). The corresponding flood
events recorded for the Minnehaha River are highlighted. The maximum daily rainfall recorded was 65.5
mm. The 2019/2020 wet season had fewer storm events with lower rainfall within those events than

2020/2021.
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Figure 3.23 Daily rainfall recorded at PG Bison for the research period (2019-2021). Events highlighted in red correspond to the recorded
flood events presented in the following section

3.2.2.2.3 RIVER FLOW AND FLOODPLAIN INUNDATION (2019-2021)

Figure 3.24 shows the water levels measured in the Minnehaha River from August 2019 to October 2021.
The dotted line depicts the channel bank height on the same transect as the logger. This was used to
estimate the number of overbank floods that occurred over the two wet seasons. Over the measurement
period 19 floods were recorded that were higher than the channel bank elevation, 9 in the 2020
hydrological year and 10 in the 2021 hydrological year (hydrological years run from October to
September). The first flood event recorded for the 2020 hydrological year was on the 11" of December
2019 and the last on the 28" of April 2020. The first flood event recorded for the 2021 hydrological year
was on the 1st of November 2020 and the last on the 26" of March 2021. Table 3.2 shows the summary

of the details of the overbank floods that occurred during the two wet seasons.
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Figure 3.25 shows the extent of the mapped floods across the floodplain surface for 2 flood events
identified in the water level analysis. These extents would also include rain collected and previous flood
waters that had not evaporated yet on the floodplain surface. The satellite images used were a couple of
days after the flood events due to cloud cover over the wetland. Oxbows and lower-lying areas on the
floodplain surface collected water first, however within the wet season most of the floodplain had at least

some water on it. From field observations, it was observed that the floodplain was covered by water from

the lower area behind the channel levees to the backswamp at the floodplain margin.
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Figure 3.24 Ten-minute compensated water level recorded by the pressure logger. The black dotted line indicates the channel bank elevation
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Table 3.2 Summary of the flood events during the study period

Peak water level

Hydrological Storm Storm and overbank flood Date of flood peak Time of flood peak above channel bank

year number dates (yy/mm/dd) (yy/mm/dd) (hh:mm:ss) (m)

1 2019/12/11-2019/12/11 2019/12/11 05:30:00 0.44

2 2020/01/20-2020/01/20 2020/01/20 02:20:00 0.42

3 2020/02/07 - 2020/02/11 2020/02/09 22:00:00 0.51

4 2020/02/19 - 2020/02/19 2020/02/19 05:10:00 0.48

2020 5 2020/02/21 - 2020/02/23 2020/02/21 21:30:00 0.49

6 2020/03/08 - 2020/03/08 2020/03/08 20:10:00 0.36

7 2020/03/13-2020/03/13 2020/03/13 07:20:00 0.34

8 2020/04/02 -2020/04/02 2020/04/02 12:10:00 0.41

9 2020/04/28 - 2020/04/28 2020/04/28 16:10:00 0.35

10 2020/11/01-2020/11/02 2020/11/01 18:30:00 0.45

11 2020/11/10-2020/11/11 2020/11/11 00:50:00 0.44

12 2020/12/21-2020/12/23 2020/12/23 03:00:00 0.48

13 2021/01/05-2021/01/06 2021/01/06 00:10:00 0.50

2021 14 2021/01/08 - 2021/01/09 2021/01/08 23:10:00 0.49

15 2021/01/11-2021/01/11 2021/01/11 06:20:00 0.43

16 2021/01/15-2021/01/15 2021/01/15 14:50:00 0.39

17 2021/01/27-2021/01/29 2021/01/27 18:00:00 0.51

18 2021/02/06 - 2021/02/07 2021/02/06 17:30:00 0.51

19 2021/03/26-2021/03/26 2021/03/26 07:40:00 0.46
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Figure 3.25 Flood water extents mapped by NDVI analysis for 2019.12.14 (pink) and 2020.01.24 (blue)
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3.3 CONCLUSION AND CHAPTER SUMMARY

The study area was in a remote part of one of South Africa’s least developed provinces, with high levels
of unemployment and low levels of education. Many livelihoods are closely tied to ecological
infrastructure and services. The Umzimvubu River and its tributaries have been nationally prioritised as
one of the few remaining free-flowing, near-pristine rivers; yet it is classified as vulnerable due to the

catchment's high rate of degradation.

The Gatberg and Minnehaha Rivers are both found in the upper Tsitsa River catchment, one of the main
tributaries of the Umzimvubu River, in the Eastern Cape, South Africa. The Gatberg River is a tributary of
the Inxu River, which is a tributary of the Tsitsa River. The Minnehaha River is a tributary of the Little Pot

River, which flows into the Pot River, which joins the Tsitsa River and ultimately the Umzimvubu River.

The Gatberg and Minnehaha River catchments are predominantly natural grassland, commercial forestry,
and privately owned farms (mostly used for livestock farming (cattle and sheep) and some pastures and
agriculture). The soils in the two catchments are primarily derived from sandstone and mudstone from
the Elliot, Clarens, and Molteno Formations of the Karoo Supergroup. Shallow, easily weathered soils are
found on the steep slopes. Duplex soils, which contain highly dispersive clay soils, are found on lower

slopes.

Both the Gatberg and Minnehaha River catchments display characteristics typical of dryland climates, with
mean annual precipitation lower than potential evapotranspiration rates, indicating a delicate balance
between water input and loss. Hydrologically, both floodplain systems show dynamic responses to
seasonal rainfall patterns. Wet season inundation results from localised high-intensity storm events.
Analysis of rainfall and flood events over two consecutive wet seasons reveals variations in event
frequency and intensity, highlighting the influence of climate variability on hydrological processes and
thus sediment transport and trapping within these systems. Measurement of water levels and mapping
of flood extents provide valuable data for assessing overbank flooding frequencies and the extent of
inundation across the floodplain surfaces. Both the Gatberg and Minnehaha floodplains are inundated
every year. According to the analysis of the water levels, both systems experience multiple floods that
overtop (a potential source of sediment and phosphorus) the respective channel banks a year. These
observations underscore the importance of maintaining connectivity between river channels and their

floodplains.
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In conclusion, the Gatberg and Minnehaha floodplain systems are integral components of their catchment
ecosystems, serving as important reservoirs of ecosystem services and contributing to downstream water

quality and flow regulation.
3.3.1 MOTIVATION FOR SELECTION OF THE TWO FLOODPLAIN SYSTEMS

The two floodplain systems were chosen because both are typical meandering floodplain systems, in a
nearly pristine state with no man-made structures, and few tributary influences. The Gatberg floodplain
wetland system was chosen as it was a floodplain system that fell well within the semi-arid climate index
and represents a ‘typical’ system found on the Gatberg River. It is a small floodplain wetland within a
confined valley, where the wetland is controlled by dolerite protrusions. The Minnehaha floodplain
wetland system was chosen as it was a floodplain system that fell on the upper limit of the semiarid
climate index and represents a larger wetland system with a wide valley where the wetland is controlled

by the trunk river (Little Pot River).
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CHAPTER 4 : POTENTIAL SEDIMENT AND PHOSPHORUS SOURCES, CONNECTIVITY
AND BUFFERS IN THE GATBERG AND MINNEHAHA RIVER CATCHMENTS

4.1 INTRODUCTION

The physical characteristics and functioning of a river are predominantly a product of, and determined by,
the movement of water and sediment through the catchment (Rosgen 1994). Sediment input from the
catchment is determined by the amount of sediment available and the paths or links (connectivity)
required to transport the sediment to the river (Owens 2005). The term ‘connectivity’ can refer both to i)
structural - the physical structure of the landscape and ii) functional - the movement of water, sediment,
and other materials (or species) through it. As a result, connectivity is extremely useful in studies of
sediment and sediment-associated nutrient dynamics. A well-connected system allows for the movement
of energy and materials, as well as mutual adjustment of system components (Harvey 1997; Brierley et al.
2006; Farraj and Harvey 2010). At the catchment scale, the main active geomorphic zones are hillslopes

and channels, and the main fluxes are within and between these two components (Bracken et al. 2015).

Connectivity is offset by storage units, such as buffers, barriers, and blankets, within the catchment that
allows sediment and water to be retained or stored within the system (Fryirs et al. 2007). The role of
sediment sources and connectivity both within the broader catchment and within a floodplain system is

vital when trying to understand the dynamics of sediment and nutrients within a floodplain system.

Field observations revealed that the Gatberg and Minnehaha River catchments were characterised by high
sediment concentrations during rainfall events. This thesis focuses on two key components of landscape
connectivity: firstly, the potential sources, connectivity, and storage units within the upstream catchment,
and secondly, those within each floodplain system. Both aspects will be addressed in this analysis. The

focus objectives are as follows:

1. Describe the general characteristics of the catchment in terms of the longitudinal profile of the
Gatberg and Minnehaha Rivers.

2. Classify, map, and characterise potential sources of sediment and phosphorus within the broader
catchment of the two rivers.

3. Classify, map, and characterise potential sediment and phosphorus buffers and barriers within
the broader catchment of the two rivers.

4. Classify, map, and characterise potential sediment and phosphorus sources within the two

floodplain systems.
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The methods for mapping and assessing sources, connectivity, and storage are discussed below.
4.2 METHODS

This section describes the methods that were used to meet the objectives set for this analysis. The
methods were based largely on a desktop study using a Geographical Information System (GIS), with field
visits to ground truth a selection of the features. High-resolution images and spatial datasets are useful to
identify recent sediment sources and the pathways that connect the source areas to the channel. The
characteristics of the source areas and the pathways were derived from aerial images (0.5 m resolution;
2021) interpretation and a terrain analysis (based on 10 m contours). Details of the methods used are

given below.
4.2.1 DESKTOP ANALYSIS

The desktop analysis was conducted to facilitate a comparison between the Gatberg River floodplain
system and the Minnehaha River floodplain system, as well as to offer a catchment-scale and regional

context for the two study sites.

4.2.1.1 LONGITUDINAL PROFILES AND CATCHMENT CHARACTERISTICS (POTENTIAL SEDIMENT AND PHOSPHORUS SOURCES,

BUFFERS, AND BARRIERS)

This section describes the methods that were used to assess the longitudinal profiles and characteristics
of the Gatberg and Minnehaha River catchments to determine the potential sources, buffers, and barriers
of sediment and phosphorus (Fryirs et al. 2007). The methods were largely based on a desktop study using
a Geographical Information System (GIS), with field observations to verify the characteristics. High-
resolution aerial images were used to identify recent sediment sources and the pathways (drainage lines,
roads, tracks, and gullies) that connect the source areas to the channel (Owens 2005). Characteristics of
the source, buffers, barriers, and pathways were derived from aerial photo interpretation and terrain

analysis (based on 10 m contours; Kheir et al. 2007).

Longitudinal profiles of the entire Gatberg and Minnehaha Rivers were compiled using 1:10 000
orthophotographs obtained from the South African Surveyor General, and contours with 10 m intervals.
The spatial datasets from the South African National Land Cover (SANLC) 2020, the national wetlands map
v5 (2018) and locally relevant vector data (dams, rehabilitation structures, changes in land use, floodplain
systems and tributaries) were marked on the aerial imagery along the longitudinal profile to assess
potential sediment storage units and additional sediment sources along the profile upstream of the study

sites.
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A 1:250 000 geological map was obtained from the Council of Geoscience of South Africa, and this was
cropped to the location of the study sites and used in the area calculations for each of the geological

provinces.

Potential phosphorus sources in the study area were identified using the spatial datasets from the South
African National Land Cover (SANLC) 2020; Surveyor General; Council of Geoscience; Tsitsa Project and
confirmed using 2022 Google Earth images (© Maxar Technologies, Google Earth 2024). The main
sediment phosphorus sources include cultivated fields (agricultural), fallow land, previously cultivated
fields (agriculture) and bare ground, gullies, roads and tracks, towns, villages, residential areas, and

commercial forestry.

Areas characterised by rectangular or trapezoidal shapes with linear edges, where the vegetation within
the boundaries consisted of crops and differed from that outside, were classified as agricultural fields.
Agricultural fields that have not been cultivated recently (with plough lines visible) and lacked fencing
were categorised as previously cultivated fields. All cultivated lands currently or previously, act as
sediment sources to a certain extent (Fryirs and Brierley 1999; Kakembo and Rowntree 2003; Koulouri
and Giourga 2007; Lépez-Vicente et al. 2013). Currently, cultivated lands are ploughed annually, resulting
in a disturbance of the soil structure and low vegetation cover for large parts of the year, resulting in
easier entrainment and transport of sediment. Partly used fields are ploughed on a less regular basis but
the initial disturbance of the soil structure results in the continual transport of sediment from these areas.
Previously cultivated fields were observed to have depleted soils and low vegetation cover and as such

are sediment source areas.

The gullies were considered large (> 2 m), incised linear erosional features with steep sidewalls that
concentrate flow and sediment predominantly downslope. Roads (gravel) were easily recognisable, as
they were larger features (> 2 m wide) of constant width, usually followed the contour and linked homes,
farms, or residential areas, and traversed the commercial forestry. Livestock tracks were observed to be
narrow (< 2 m wide) linear features, largely following the contours (traversing the slopes) or mountain
slopes or concentrating towards water and feed points. Currently and previously cultivated fields, fallow
land, bare ground, gullies, towns, villages, residential areas, and commercial forestry were captured as
polygons. Roads and livestock tracks were captured as line features. To calculate the area for roads and
livestock tracks, the lengths were multiplied by the average width of 4.04 m and 0.79 m respectively

(averages based on calculations by van der Waal 2015 in a neighbouring catchment). These widths were
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reasonable averages based on field and aerial image observations for the Gatberg and Minnehaha River

catchments.

Statistics that described the topographic character of the catchment, each of the geological provinces
(regions), and the various types of sediment and phosphorus sources (in terms of the whole catchment
and the individual geological provinces) were calculated using ArcMap 10.8.2 GIS. Statistics included: the
area of features, percentage of total area (catchment and geological provinces), slope, aspect (Le Roux
and Sumner 2012), connectedness to the river network, the percentage of fields that were recently

cultivated and the percentage of features located on the agricultural fields.

Each river catchment boundary was established based on 10 m contours (national dataset), and the
underlying geology was digitised from a 1:250 000 geological map. A 10 m DEM was created using the
Interpolate tool and the 10 m contour data. Using the Surface toolset, a slope and aspect raster were
generated from the 10 m DEM. To minimise the number of slope classes, only three were classified: gentle
(< 6°), moderate (> 6° - 25°) and steep (> 25°) to reflect the stepped nature of the landscape. The steep (>
25°) category represents the very steep sections, often including vertical cliffs; the moderate category
represents lower talus slopes and more gentle areas above the steep sections; the gentle category
represents the near flat areas found between the ‘moderate’ sections on top of the mountains (mountain
plateaus) or along the valley fill adjacent to the rivers. From the aspect raster, the north-facing slopes (0°
- 23° and 338° - 360°) were extracted. North-facing slopes were measured and extracted due to

erosion patterns and soil instability. North-facing slopes in the southern hemisphere usually have
less vegetation due to sunlight and moisture differences this results in north-facing slopes
experiencing more erosion than south-facing slopes. North-facing slopes can contribute more

sediment to the river system. Slope and aspect data were extracted for source polygons using the
Extract by Mask tool. Other attributes, such as geology, connectedness, and location relative to a field,
were assigned to each polygon using the Intersect tool. Connectivity was assigned according to whether
a feature was intersected by a continuous gully or a drainage line (both identified as physical features in
the landscape). The same was done for features that were located on fields. The databases were copied

to Microsoft Excel for further interpretation.
4.2.1.2 CLASSIFY, MAP AND CHARACTERISE POTENTIAL FLOODPLAIN STORAGE UNITS

Large-scale (1:1 000) geomorphological maps of the Gatberg and Minnehaha valley fill features were
created based on high-resolution colour aerial images (0.5 m resolution; 2021) and topographic surveys.

An Epoch 35 Differential Global Positioning System (sub-centimetre accuracy) was used to survey
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floodplain cross-sections and along the river channel, noting clear breaks in slope, floodplain geomorphic
features, and changes in sediment composition. Five transects were surveyed along both floodplain study
sites. A detailed map of both floodplain systems was drawn by overlaying the surveyed transects and
features on a high-resolution aerial image in ArcMap 10.8.2. The features were classified according to the
results of the survey and field observations. Field observations such as slope, sediment composition, and
size of features were used, together with changes in vegetation, to extrapolate field-based evidence onto

the map.

The following floodplain storage units were identified: proximal floodplain (inner and outer meander
bend), oxbow and backswamp areas. The proximal floodplain in this study refers to the floodplain surface
immediately adjacent to the channel, it may include levees and the lower elevated floodplain surface
beyond the levee, up to 6 m from the channel banks. This is an area of potential sediment and phosphorus
exchange, where lateral deposition from the channel may be stored or exchanged. The proximal
floodplain deposits are usually formed by large to fine sediment size fractions and have higher
sedimentation rates compared to other floodplain zones (Asselman and Middlekoop 1995; Bridge 2009;
Swanson 2013; Pizzuto 2016; Wiener et al. 2022). Oxbows are those features common to floodplain
systems that are round, near round or u-shaped pools that form when a meander loop is cut off, by neck
cutoff or chute cutoff mechanisms, creating a free-standing body of water. Oxbows store sediment and
sediment-associated phosphorus from overbank flows that transport material across the floodplain when
the flow overtops the active channels’ banks. The sediment that is stored in the oxbows is usually the fine
sediment fraction. Sedimentation rates depend on a multitude of factors (i.e., flood characteristics,
distance from the channel, oxbow morphology, etc.). Backswamp zones are low-lying areas close to the

valley margin and are usually inundated less frequently than the proximal floodplain.
4.3 RESULTS

The sections that follow provide GIS and field-based information and statistics for the two catchments,
the potential sediment sources, storage units, and pathways. The data could not be displayed
meaningfully on a single map because of the huge area and high definition of the mapped source, storage
areas, and connectors. Small-scale maps are provided in the text; however, larger versions are included

in Appendix 1.
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4.3.1 LONGITUDINAL RIVER PROFILES AND CATCHMENT CHARACTERISTICS

The longitudinal profiles of the Gatberg River, the Minnehaha River, and their floodplain sections are
illustrated in Figure 4.1 and Figure 4.2. Figure 4.1 illustrates the Gatberg River profile from its headwaters
to the Gatberg River floodplain system (research site), while Figure 4.2 shows the slope of the Minnehaha

River from its headwaters to the Minnehaha River floodplain system (research site).

The Gatberg catchment is a typical representation of the steep headwater areas of the Drakensberg
Escarpment (De Decker 1981; Mucina et al. 2006) with steep slopes dominating the upper catchment and

tier edges of the lower parts of the catchment.

The longitudinal profile of the Gatberg River is initially logarithmic (Figure 4.1), with the upper reach
having a steep initial slope of 10 % (0 to 991 m) that transitions to a slope of 0.66 % (991 to 5 546 m), then
to a slope of 0.26 % (5 546 to 21 212 m). Subsequently, a steep step that has a slope of 5 % and an
approximate height of 25 m interrupts the logarithmic trend of the profile, with the step being formed at
the boundary between the alternating layers of sandstone, mudstone and shale of the Molteno Formation
and the mudstones of the Elliot Formation. This step ends at about 23 km along the profile and after this,
the profile becomes more planar continuing with an average slope of 0.04 % which terminates at 46.8 km
at the toe of the study site Gatberg floodplain system. The average slope of the Gatberg River upstream
of the research site is 0.6 %. Floodplain pockets or ‘beads’ occur along the longitudinal profile of the
Gatberg River. These seem to be linked to changes in valley width or geological composition (dolerite

intrusions).

The soil properties (Dijkshoorn et al. 2008) for the catchment are shown in Figure 4.3. The catchment is
characterised by Eutric Regosols soils (6 % of the total catchment), Haplic Acrisols (15 %), Eutric Leptosols
(19 %) and Gleyic Acrisols (33 %). According to Fey (2010), regosols are characterised by shallow, medium-
to fine-textured, unconsolidated parent material that may be of alluvial origin and lack significant soil
horizons. Leptosols are soils with a very shallow soil profile and often contain large amounts of gravel.
They are especially susceptible to erosion, desiccation, or waterlogging, depending on climate and

topography. Acrisols are characterised by clay-rich subsoil.

Gentle (66 %) to moderate (31 %) slopes dominate the catchment (Table 4.1), with a larger proportion of
the steeper slopes on the Elliot Formation (Figure 4.4A). A large proportion (14 %) of the slopes were
north-facing, with the most (9 %) occurring within the Elliot Formation. The shift from steeper slopes for

higher-lying areas indicates the expected trend along the river profile, where the river headwaters are
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steeper compared to the gentler landscapes of the lower reaches of the river. There are 9 major tributaries
which feed into the Gatberg River upstream of the study site, 5 from the left bank and 4 from the right
bank. Numerous valley bottom wetlands (13) feed into the Gatberg River. Due to the erodibility of the
soils, intense rainstorms and land use several rehabilitation structures (black arrows in Figure 4.1) have
been built along the Gatberg River as part of the Working for Wetlands Gatberg River rehabilitation
program to preserve the numerous floodplain systems and other types of wetlands occurring along the
river. None of these structures are situated within the Gatberg study site. A large impoundment has been
constructed on the Gatberg River in its headwaters (991 m). Several smaller impoundments have been
constructed on the tributaries and valley bottom wetlands entering the Gatberg River for water storage

and as a resource for fire emergencies for commercial forestry companies or private farms.

The longitudinal profile of the Minnehaha River (Figure 4.2) is initially planar, with the upper reach having
a gradual initial slope of 1.3 % (0 to 11 997 m). Subsequently, a steep step that has a slope of 21.4 % and
an approximate height of 310 m interrupts the planar trend of the profile. This step ends at about 13.8
km along the profile and after this, the profile becomes planar again continuing with an average slope of
0.3 % which terminates at 29.8 km at the toe of the study site Minnehaha floodplain system. Gentle (66
%) to moderate (31 %) slopes dominate the catchment (Table 4.1), with a larger proportion of the steeper
slopes on the Elliot Formation. The soil properties (Dijkshoorn et al. 2008) for the catchment are shown
in Figure 4.3. The catchment is characterised by Eutric Regosols soils (48 % of the total catchment) and
Haplic Acrisols (52 %). A large proportion (14 %) of the slopes were north-facing, with the most (9 %)

occurring within the Elliot Formation.

16 tributaries feed into the Minnehaha River upstream of the study site, 3 from the left and 13 from the
right. Four valley bottom wetlands feed into the Minnehaha River. There is also another large floodplain
system above the study site upstream of the waterfall. Several smaller farm impoundments have been

constructed on the tributaries and valley bottom wetlands that enter the Minnehaha River.

Table 4.1 Area, slope, and aspect (north-facing) for the Gatberg and Minnehaha River catchments

Catchment Formation Area Slope Aspect
Km? % gentle % moderate % steep % north-facing
Total 205 66 31 3 14
Gatberg River Elliot 126 65 31 4 14
Molteno 80 68 31 1 13
Total 40 48 45 7 18
Minnehaha River Clarens 18 39 56 11 22
Elliot 22 56 36 5 14
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Relative elevation (m.a.s.l)

Relative distance (m)

Figure 4.1 The Gatberg River longitudinal profile from its headwaters to the toe of the Gatberg River floodplain system (study site). Dominate land use, tributaries (RHB- right-hand bank and LHB-
left-hand bank), floodplain and valley bottom wetlands, dams and erosion structure’s locations are marked along the profile
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Figure 4.2 The Minnehaha River longitudinal profile from its headwaters to the toe of the Minnehaha River floodplain system (study site). Dominate land-use, tributaries, floodplain and valley bottom
wetlands and dam locations are marked along the profile
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Figure 4.3 Soil properties for the A) Gatberg River catchment and B) Minnehaha River catchment (spatial dataset from
Dijkshoorn et al. 2008)
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F. G.

Figure 4.4 A) A slope map indicating gentle (< 5°), moderate (5-20°) and steep (> 20°) slopes for the Gatberg River catchment. Also indicated are the geological provinces. The potential
sediment and phosphorus source maps of the Gatberg River catchment are displayed indicating B) North-facing slopes, C) Cultivated fields (currently and previously) and fallow land,
D) Gullies, E) Roads, F) Towns and villages and G) Commercial forestry. All maps are included at a higher resolution in Appendix 1
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F. G.

Figure 4.5 A) A slope map indicating gentle (< 5°), moderate (5-20°) and steep (> 20°) slopes for the Minnehaha River catchment. Also indicated are the geological provinces. The
potential sediment and phosphorus source maps of the Minnehaha River catchment are displayed indicating B) North-facing slopes, C) Cultivated fields (currently and previously)
and fallow land, D) Gullies, E) Roads, F) Towns and villages and G) Commercial forestry. All maps are included at a higher resolution in Appendix 1
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4.3.2 TOPOGRAPHIC AND GEOLOGICAL CHARACTERISTICS OF POTENTIAL SEDIMENT AND PHOSPHORUS SOURCES

IN THE TWO CATCHMENTS
4.3.2.1 CURRENT TOPOGRAPHIC AND GEOLOGICAL CHARACTERISTICS OF POTENTIAL SOURCE AREAS

In this section the current catchment characteristics of potential sediment sources for both floodplain
system catchments are given. These include fields, fallow land, bare ground, gullies, roads and tracks,
towns and villages, and commercial forestry (Figure 4.4 and Figure 4.5). The results are based on area

calculations.

Cultivated fields (South African National Land Cover (SANLC) dataset 2020 and confirmed with 2022
Google images) in both catchments are shown in Table 4.2. In the Gatberg River catchment cultivated
fields covered less 15 % of the total catchment area. A marginally higher number of fields were identified
within the Elliot Formation (7 %) than the 5 % within the Molteno Formation (Figure 4.4C and Table 4.2).
However, based on the area calculations for each geological province, slightly more fields (13 %) occurred
within the Molteno Formation compared to 11 % within the Elliot Formation. Almost all the current
cultivated fields were directly connected to the drainage network, with the proportion of fields connected
being the highest (90 %) on the Elliot Formation. The fields were mainly (> 95 %) located on gentle slopes,
with a small proportion (< 5 %) identified on moderate and steep slopes. Twenty per cent of the current
cultivated fields were found on north-facing slopes, with the greatest proportion (65 %) on the Elliot
Formation. In the Minnehaha River catchment current cultivated fields cover 7 % of the total catchment
area (Figure 4.5C and Table 4.2). No fields were identified on the Clarens Formation. Based on the area
calculations for the geological provinces, 12 % of the cultivated fields were identified in the Elliot
Formation. Almost a quarter (19 %) of the current cultivated fields were connected to the drainage
networks within the catchment. The fields were mainly (85 %) located on gentle slopes, with 2 % found
on moderate slopes and none found on steep slopes. Less than 15 % of current cultivated fields were

identified on north-facing slopes.

Table 4.2 Summary statistics for the characteristics of the cultivated fields for the Gatberg and Minnehaha River catchments

Catchment Formation Cu:;\ll:;ed Connected % of cultivated fields on slope categories Aspect
km? % % of area % gentle % moderate % steep % north-facing
Catchment area (206 km?) 23 11 85 97 3 0.3 20
Gatberg . N
River Elliot (126 km?) 13 10 90 98 2 0 65
Molteno (80 km?) 10 13 77 96 4 0.7 36
Minnehaha Catchment area (40 km?) 3 7 19 85 2 0 12
River Clarens (18 km?) 0 0 0 0 0 0 0
Elliot (22 km?) 3 12 19 85 2 0 12
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Fallow land, previously cultivated fields and the bare ground covered 1 % of the total Gatberg Catchment
area, with an equal area found within both geological formations (Figure 4.4C and Table 4.3). More than
half were connected to the drainage network within the catchment, and the proportion of connected
areas was the highest in the Molteno Formation. Most of the fallow land, previously cultivated fields, and
bare ground were identified on gentle slopes (between 82 and 95 %) and a small proportion (less than 20
%) on moderate slopes. Within the Minnehaha River catchment fallow land, previously cultivated fields
and bare ground accounted for 5 % of the catchment (Figure 4.5C and Table 4.3), and slightly more (8 %)
occurred within the Clarens Formation compared to the 2 % coverage of the Elliot Formation based on
the area calculations for each of the geological provinces. Less than 25 % of the area was identified on

north-facing slopes.

Table 4.3 Statistics regarding the location of fallow land, previously cultivated fields, and bare ground in terms of geology,
connectivity, and slope for the Gatberg and Minnehaha River catchments

Fallow land, previously o . . )
f fallow | ly cul fiel
. cultivated fields, and bare Connected % of fallow land, previously cu tlv.ated ields, Aspect
Catchment Formation ground and bare ground on slope categories
km? % of area % of area % gentle % moderate % steep % north-facing

Catchment 2 1 61 87 13 0 11
Gatberg area
River Elliot 1 1 40 95 5 0 31

Molteno 1 1 66 82 18 0.1 69

Catchment
Minnehaha | area 2 > 28 a4 a4 1 17
River Clarens 1.6 8 7 29 57 14 21

Elliot 0.4 2 75 100 0 0 5

Gullies, with an average depth of > 2m, covered less than 1 % of the total Gatberg and Minnehaha River
catchment areas, slightly more in both catchments (0.2 and 0.5 % respectively) identified in the Elliot
Formation (Figure 4.4D, Figure 4.5D, and Table 4.4) and a slightly smaller proportion in the Molteno
Formation (0.1 % for the Gatberg) and none were identified in the Clarens Formation. Within the Gatberg
River catchment, less than 50 % of the gully area was structurally connected to the drainage network, with
an increase in connectivity for the Elliot Formation. Within the Minnehaha River catchment, 91 % of the
gully area was structurally connected to the drainage network. Gullies were only identified in the Elliot
Formation within the Minnehaha River catchment. Gullies (catchment-wide) were infrequently (< 1 %)
identified on currently cultivated fields and less than 5 % on fallow land, previously cultivated fields, and
bare ground, for both catchments. Gullies were identified mainly (67 and 91 % for the Gatberg and

Minnehaha respectively) on moderate slopes, with an increasing proportion identified on the Elliot
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Formations (75 and 91 % respectively) for both catchments. Less than 50 % of the identified gullies are on

north-facing slopes for both catchments.

Table 4.4 Statistics regarding the location of gullies in terms of geology, connectivity, and slope for the Gatberg and Minnehaha
River catchments

Gullies Connected Onfields  On fallow land % of gullies on slope categories Aspect
Catchment | Formation %
km? % % of area % of area % of area gentle % moderate % steep % north-facing
Catchment 43 g4 33 0.02 0.02 33 67 0 23
Gatberg area
River Elliot 0.2 0.2 50 0.03 0.04 25 75 0 30
Molteno 0.1 0.1 30 0 0 50 50 0 10
) Catchment 4, o3 91 0.05 1 9 91 0 18
Minnehaha | area
River Clarens 0 0 0 0 0 0 0 0 0
Elliot 0.1 0.5 91 0.05 3 9 91 0 18

Table 4.5 shows the coverage of roads and livestock tracks within the Gatberg and Minnehaha River
catchments. Roads and tracks covered < 1 % of the Gatberg catchment area The 90 km length had an
average width of ca. 4.04 m (Figure 4.4E). Within the Minnehaha River catchment, roads covered less than
1 % with a total length of 2.6 km and an average width of ca. 4.04 m (Figure 4.5E), the livestock tracks
covered < 1 % with a total length of 51 km with an average width of 0.07 m. It was estimated that more
than half of these roads and tracks in both catchments discharged directly into the drainage networks. All

the roads and livestock tracks were identified on gentle and moderate slopes.

Table 4.5 Statistics regarding the location of roads and livestock tracks in terms of geology, connectivity, and slope for the Gatberg
and Minnehaha River catchments

. Roads and tracks  Connected % of roads and tra.cks on slope Aspect

Catchment Formation categories
km? % % of area % gentle % moderate % steep % north-facing
Gatberg Ca.tchment area 0.36 0.2 69 81 19 0 14
River Elliot 0.22 0.2 73 77 23 0 14
Molteno 0.14 0.1 86 86 14 0 14
Minnehaha Catchment area 0.05 0.1 40 48 52 0 26
River Clarens 0.03 0.02 20 33 33 0 17
Elliot 0.02 0.09 50 35 60 0 40

Table 4.6, Figure 4.4F, and Figure 4.5F identify the towns, villages, and residential areas for both
catchments. For both catchments’ towns, villages and residential areas are mostly found on gentle and
moderate slopes. Within the Gatberg River catchment, less than a quarter of the towns, villages, and
residential areas were connected to the drainage network. None were identified as connected to the

drainage network within the Minnehaha River catchment.
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Table 4.6 Statistics regarding the location of towns, villages, and residential areas in terms of geology, connectivity, and slope for
the Gatberg and Minnehaha River catchments

. % of towns, villages, and residential area
. Towns and villages  Connected ) Aspect
Catchment Formation on slope categories
km? % % of area % gentle % moderate % steep % north-facing
Catchment 0.4 0.2 24 76 23 0.5 25
Gatberg area
River Elliot 0.2 0.2 25 74 25 0.9 40
Molteno 0.2 0.3 21 79 20 0 60
Catchment
Minnehaha | area 0.05 0.1 0 80 20 0 20
River Clarens 0 0 0 0 0 0 0
Elliot 0.05 0.2 0 80 20 0 20
Commercial forestry covered almost a quarter of the total Gatberg River catchment (Figure 4.4G and Table
4.7). Based on the area calculations for each geological province, slightly more commercial forestry (24 %)
occurred within the Molteno Formation compared to 23 % within the Elliot Formation. Almost all the area
of the commercial forestry was connected to the drainage network, with the proportion of commercial
forestry connected being the highest (96 %) in the Elliot Formation. Commercial forestry was identified
mainly on gentle (> 60 %) and moderate (> 30 %) slopes, with a small proportion (< 1 %) identified on
steep slopes. Thirty per cent of the commercial forestry was found on north-facing slopes, with the
greatest proportion (64 %) facing north on the Elliot Formation. There were very few (< 1 %) commercial
forestry within the Minnehaha River catchment (Figure 4.5G and Table 4.7).
Table 4.7 Statistics regarding the location of commercial forestry in terms of geology, connectivity, and slope for the Gatberg and
Minnehaha River catchments
. o .
' Commercial Connected % of commercial foTestry on slope Aspect
Catchment | Formation forestry categories
km? % % of area % gentle % moderate % steep % north-facing
Catchment 48 23 94 67 33 0.4 31
Gatberg area
River Elliot 29 23 96 70 30 0.4 64
Molteno 19 24 91 63 37 0.4 36
Catchment
Minnehaha | area 0.2 0.4 0 73 27 0 13
River Clarens 0 0 0 0 0 0 0
Elliot 0.2 0.7 0 73 27 0 13

The Elliot Formation was the most impacted in terms of density of sediment source features, erosion, and
connectivity (Table 4.8). This is likely to be a function of the erodible nature of the soils and ongoing

anthropogenic activity, and pressures found within this geological province.
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Table 4.8 A summary table for all the mapped potential source features for both catchments

% cover of the Formation with the Dominant % of the area
Catchment Feature R .
total catchment highest density slope connected
Currently cultivated fields 11 Molteno Gentle 85
Fallow land, iousl [tivated .
.a owand, previousty cuitivate 1 Elliot and Molteno Gentle 61
fields, and bare ground
Gatberg Gullies 0.1 Elliot Moderate 33
River Roads and tracks 0.2 Elliot Gentle 69
Towns, villages, and residential 02 Molteno Gentle 24
areas
Commercial forestry 23  Elliot and Molteno Gentle 94
Currently cultivated fields 7 Elliot Gentle 19
Fallow land, previously cultivated Gentle and
fields, and bare ground 5 Clarens moderate 28
Minnehaha | Gullies 0.3 Elliot Moderate 91
River Roads and tracks 0.1 Elliot Moderate 40
Towns, villages, and residential 01 Elliot Gentle 0
areas
Commercial forestry 0.4 Elliot Gentle 0

4.3.2.2 TOPOGRAPHIC AND GEOLOGICAL CHARACTERISTICS OF DRAINAGE FEATURES- EFFECTIVE DENSITIES

Gullies, roads, and livestock tracks contribute significantly to the connectivity and drainage density within
the two catchments (Table 4.9). Within the Gatberg River catchment, gullies contributed approximately
11 % to the natural drainage network density, slightly more within the Elliot Formation geological province
compared to the Molteno Formation (ca. 10 and 6 %, respectively). Within the Minnehaha River
catchment gullies were only observed within the Elliot Formation geological province and contributed ca.
23 % to the overall natural drainage network density and 67 % within the Elliot Formation. Gullies were
observed to be effective conduits, especially in the wet season because these features were orientated

down-slope and mostly connected directly to the drainage system.

The roads and livestock tracks were found to be orientated mostly across the slope. Within the Gatberg
River catchment, roads and livestock tracks added ca. 21 % to the density of the drainage network. The
roads and livestock tracks within the geological province of the Molteno Formation contributed more to
the density of the drainage network (24 %) than those found within the geological province of the Elliot
Formation (19 %). Within the Minnehaha River catchment roads and livestock tracks contributed
significantly (~100 %) to the density of the drainage network. Roads and livestock tracks contributed over
110 % in the Clarens Formation and 78 % within the Elliot Formation. Roads and livestock paths often
follow the contour (gently sloping) or are along ridges, although, they regularly intersect down-slope
orientated drainage features, allowing hillslope runoff to accumulate and be routed towards the drainage

network during storm events.
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Table 4.9 Densities of the drainage features for the two catchments and the various geological provinces

Catchment Feature Unit Catchment MOIte'_m E"wt_ Claren.s
Formation Formation Formation
Area km? 206 80 126
% of total % 39 61
. Length (km) 397 135 262
Natural drainage Density (km km"2) ) ) 5
. Length (km) 31 9 21
Gatberg River | - ljies Density (km km™2) 0.2 0.1 0.2
% of drainage 11 6 10
. Length (km) 90 35 55
R | k
tr:\ii: and livestoc Density (km km™2) 0.4 0.4 0.4
% of drainage 21 24 19
Area km? 40 22 18
% of total % 55 45
. Length (km) 54 19 35
N |
atural drainage Density (km km™2) 1 1 2
Minnehaha Length (km) 12 12 0
River Gullies Density (km km™2) 0.3 0.6
% of drainage 23 67
. Length (km) 55 15 38
F:;ii: and livestock Density (km km™2) 1 1 2
% of drainage 100 78 111

4.3.3 TOPOGRAPHIC AND GEOLOGICAL CHARACTERISTICS OF POTENTIAL SEDIMENT AND PHOSPHORUS BUFFERS AND

BARRIERS IN THE TWO CATCHMENTS

Current catchment characteristics of potential sediment buffers and barriers (Fryirs et al. 2007), e.g.,
natural vegetation (grasslands and forests), herbaceous wetlands, natural and artificial impoundments
(dams or lakes), and anti-erosional structures are given in this section. Results are based on area

calculations.

Within the Gatberg River catchment buffers account for 36 % of the total catchment area (Table 4.10).
According to the SANLC (2020) dataset, most of the catchment is covered in natural grasslands with
several herbaceous wetlands found along the length of the drainage network. Within the Minnehaha River
catchment, the buffers cover 36 % of the total catchment area (Table 4.10). Two large floodplains are
located within the catchment covering 10 % of its area. Like the Gatberg River catchment, the Minnehaha

River catchment is predominantly covered by natural grassland vegetation.
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Table 4.10 Statistics regarding the location of buffers in terms of geology for the Gatberg and Minnehaha River catchments

. Natural grasslands Natural forests Herbaceous wetlands
Catchment Formation
km? % km? % km? %
Catchment area 62 30 2 1 10 5
Gatberg River Elliot 38 30 1 1 6 5
Molteno 24 30 1 1 4 5
Catchment area 10 25 0.3 0.8 4 10
Minnehaha River Clarens 6 33 0 0 1 6
Elliot 4 18 0.3 1 3 14

Within the Gatberg River catchment barriers such as artificial and natural impoundments cover an area
of 0.9 km? or 0.4 % of its total area (Figure 4.6). Several (40) rehabilitation structures (anti-erosional
structures) have been built along the Gatberg River as part of the Working for Wetlands Gatberg River
rehabilitation program to preserve the numerous floodplain systems and other types of wetlands
occurring along the river (Table 4.11). Within the Minnehaha River catchment, there were fewer
impoundments and anti-erosional structures. Natural and artificial impoundments made up 0.03 % of the

catchment and only occurred in the Elliot Formation.

Table 4.11 Statistics regarding the location of barriers in terms of geology for the Gatberg and Minnehaha River catchments

. Natural and artificial impoundments Anti-erosional structures
Catchment Formation 2
km % km number
Catchment area 0.9 0.4 4 40
Gatberg River Elliot 0.4 0.3 2.5 25
Molteno 0.5 0.6 1.5 15
Catchment area 0.01 0.03 0.2 3
Minnehaha River Clarens 0 0 0 0
Elliot 0.01 0.05 0.2 3

Figure 4.6 An example of a typical farm impoundment found in the two catchments
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4.3.4 POTENTIAL SEDIMENT AND PHOSPHORUS SOURCES AND STORAGE WITHIN THE FLOODPLAIN SYSTEMS

In Figure 4.7, the potential sources of sediment and nutrients for the Gatberg River floodplain system
were identified. These sources were pinpointed through visual observations made during field trips. The
potential upstream contributing areas have already been mapped, including both sediment and
phosphorus, in the preceding section. The primary sources of sediment and phosphorus entering the
Gatberg floodplain system probably stem from various land uses in the upstream catchment area.
However, there are additional potential sources within the floodplain and the land adjacent to it. These
include the commercial forestry surrounding one side of the floodplain, an unsealed gravel road, livestock
grazing within the floodplain, disturbances caused by biological activity, bank erosion, bank collapse due

to livestock activities (Figure 4.8), and erosional gullies that feed into the floodplain system.

Figure 4.7 Potential sediment and phosphorus sources identified adjacent and within the Gatberg River
floodplain system
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Figure 4.8 A typical cattle crossing path through the Gatberg River

In Figure 4.9, the possible origins of sediment and nutrients for the Minnehaha River floodplain system
were identified. Potential sources from upstream were previously delineated. The area upstream of the
floodplain system maintains its natural state largely, with the land primarily used for livestock grazing.
However, there are several potential contributors of increased sediment delivery to the system from
within and adjacent to the floodplain. These include multiple cultivated agricultural fields that surround
the system, an unsealed gravel road, livestock grazing within the floodplain, disturbances caused by
biological activity, collapse of riverbanks due to livestock, livestock pens and silage pits, erosional gullies

feeding into the floodplain, and residential structures associated with farms.
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Figure 4.9 Potential sediment and phosphorus sources identified adjacent and within the Minnehaha River floodplain system

4.3.5 POTENTIAL TOTAL PHOSPHORUS SOURCES IN THE CATCHMENTS

Total phosphorus has been identified to be strongly correlated with the fine sediment particle size fraction
(Allan 1986; Horowitz 1991; Moustakidis et al. 2019). Therefore, understanding the source, transport, and
deposition of sediment is paramount to understanding the source, transport, and deposition of
phosphorus. However, total phosphorus has its own set of distinct sources, point sources and non-point

sources in a river’s catchment.

Potential phosphorus sources in the Gatberg and Minnehaha River catchments are point sources such as
sewage and industrial effluents from towns, villages and residential areas, fertiliser production, feedlots,
meat processing and packaging and milk processing. Diffuse sources in the catchments comprise urban
run-off, run-off from cultivated land or previously cultivated land, commercial forestry, the atmosphere,

and the natural background levels.
4.4 DISCUSSION

4.4.1 INTRODUCTION

This section discusses the mapping results presented in Section 4.3. General topographic characteristics
for the catchment and identified sources, barriers and buffers are discussed. Furthermore, linkages and

their influence on water and sediment transport are discussed.
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4.4.2 LONGITUDINAL PROFILES AND CATCHMENT CHARACTERISTICS

Rivers are the principal conveyors of water, sediment, and dissolved constituents through the landscape
to the oceans. The transport of material is carried out under the influence of gravity from high-elevation
areas to low-elevation areas. Rivers naturally move sediment with minimal energy expenditure, aiming to
maintain a balanced slope that accommodates both the discharge and the amount of sediment present
(Schumm 1977). This equilibrium slope is achieved by adjusting the river's transport capacity, primarily
determined by discharge, to match the supply of available sediment. Hence, the longitudinal profile is
critical to maintaining the movement of water and the transport of sediment within river systems.
Longitudinal profiles of both rivers and wetlands have been measured due to the well-known concept of
a “graded stream profile” being in a stable equilibrium state (Goldrick and Bishop 1995; Ellery et al. 2009),
which means that the river has a logarithmic shape (Schumm 1977; Goldrick and Bishop 1995; Ellery et al.
2009). Any deviation from this ‘equilibrium’ condition and logarithmic shape is generally attributed to one
or more variables, such as a change in geology, tectonics, climate, and tributary influence (Goldrick and
Bishop 1995; Brierley and Fryirs 1999; MacGregor et al. 2000; Partridge and Maud 2000; Crosby and
Whipple 2006; McCarthy et al. 2011). Several researchers (King 1963; Partridge and Maud 2000; McCarthy
and Rubidge 2005) have observed marked variations in longitudinal slope along South African rivers that
have been attributed to one or more of these factors. Wetlands usually form along the longitudinal profile
where there are local decreases in slope, and widening of valleys which increase accommodation space,
where resistant lithology or intrusions inhibit downward incision thereby increasing lateral erosion.
Because floodplain wetlands are linked to river systems in South Africa, the study of fluvial geomorphology
has become essential to understanding the formation, behaviour, storage, and vulnerability of floodplain

wetlands (Jain et al. 2008).

The Gatberg catchment is a typical representation of the steep headwater areas of the Drakensberg
Escarpment with steep slopes dominating the upper catchment and tier edges of the lower parts of the
catchment (De Decker 1981; Mucina et al. 2006). The Gatberg River has an abrupt step which separates
the upper distinctly logarithmic longitudinal profile from a lower relatively uniformly sloping reach, where
the research floodplain system is located. The step-like feature is related to harder more resistant layers
(Seidl et al. 1994; Tooth et al. 2004) as can be seen in the Elliot Formation, where softer layers are removed
by erosion, leaving the harder layers to form steep near vertical cliffs (Moon and Selby 1983). Landscape
relief is somewhat gentler at lower altitudes. Small ‘beads’ of floodplain systems occur along the length

of the Gatberg River, either associated with local wider valley widths or lithological changes such as
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dolerite intrusions creating features of more erosional resistance. In comparison, the Minnehaha has a
distinctly gentler uniform longitudinal profile disrupted by a large step feature at the junction between
the Clarens and Elliot geological formations. The Minnehaha River has two very large floodplain systems,
one in the upper section and one in the lower section (the research site). The floodplain system on the
lower section seems to have formed due to the abrupt valley widening below the waterfall as well as the
relationship between the tributary (Minnehaha River) and the trunk system, Little Pot River (McCarthy et
al. 2011).

The impact of a resistant geological outcrop, such as a dolerite outcrop, or an abrupt change in
accommodation space, or the relationship between a tributary and trunk stream has on the
geomorphology or a river or floodplain and the geomorphological processes occurring within, in South
Africa, are relatively well documented (Tooth et al. 2002, 2004, 2007; McCarthy et al. 2010; Ellery et al.
2012; Job 2014). Both the Gatberg and Minnehaha River floodplain systems are meandering systems with
low levees and alluvial ridges situated in wide valleys, like the other South African systems, occurring due
to the interactions mentioned above. Both floodplain systems owe their origins to resistant dolerite
outcrops. The Gatberg River floodplain system has a dolerite dyke crossing the system and the Minnehaha

has a dolerite control close to the confluence with the trunk of the Little Pot River.
4.4.3 POTENTIAL SOURCE AREAS IN THE TWO CATCHMENTS

In many parts of Africa, soil erosion is an important problem, which is evident from high sediment yields
and poor and turbid river quality (Rowntree et al. 2008; Le Roux and Sumner 2012). In river catchments,
sediment sources are linked to land use (agricultural fields, fallow land, and commercial forestry), poor

management, road networks, livestock tracks and gully erosion.

In the Gatberg floodplain systems catchment, agricultural fields (livestock feed crops and commercial
maize), previously cultivated and fallow lands mainly occurred on the edges of plantations and wetland
systems utilising the gentler slopes, makeup 11 and 1 %, respectively, of the total catchment. Most (85 %)
of the currently cultivated fields and 60 % of previously cultivated fields, fallow lands and bare ground are
connected to the drainage network allowing sediment and phosphorus to be freely exported from these
features into the river system. Based on the area calculations for each geological province, slightly more
currently cultivated fields occurred within the Molteno Formation. In the Minnehaha floodplain system
catchment, the agricultural fields (predominantly used for fodder crops) and previously cultivated fields,
fallow land and bare ground were in the lower catchment on the edges of the floodplain system along the

alluvial terrace (7 and 5 %, respectively, of the total catchment). Nineteen per cent of the currently
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cultivated fields and 28 % of the previously cultivated, fallow land and bare ground are connected to the
drainage network. Most of the previously cultivated fields occurred in the Clarens Formation, however,
all the fields that are currently cultivated occur in the Elliot Formation. This is likely due to a change in
farming practices. The probable reasons for the location of the fields are mainly practical; the use of gentle
slopes that had deeper soils and were less prone to erosion would be more favourable for agriculture.
Kroese et al. (2020) in a study in Kenya found that out of the four main sediment sources in a montane
catchment (agricultural land, unpaved tracks, gullies, and channel banks) agricultural land accounted for
75 % of the total sediment in the river. Similarly, in the Root River catchment, in south-eastern Minnesota,
Kuehner et al. (2016) estimated that 44 % of the annual sediment load was derived from agricultural fields
in the catchment. Agricultural fields also introduce extra nutrients into the river system such as

Phosphorus from fertilizers.

Based on a comprehensive review of research, Stott and Mount (2004) found that mean sediment yields
increase in rivers with substantial commercial forestry activities in their catchments. Sediment yields
increase at the initial ground disturbance and clearing phase, recover as the forest matures, and increase
again more significantly at the timber harvesting phase. This is supported by two of the longest-running
forest hydrology studies in the UK found that suspended sediment concentration increased from < 4 mg
L' to 30 mg L™" during ploughing in dry periods and 150 mg L™ during wet periods (Robinson et al. 1998).
The authors also found that phosphate levels increased from background concentrations of < I mg L™ to
2.1 mg L™ after ploughing, this was mainly due to soil preparation and the addition of fertilisers before
ploughing operations. Similarly, in two catchments in Llanbrynmair Wales, Francis and Taylor (1989) found
that the total sediment loads increased from 37 to 90 kg ha™" yr™' after ploughing, in one, and the other
from 7 to 31 kg ha™ yr™'. Commercial forest harvesting activities increase the delivery of fine sediment to
streams due to intensified erosion or mass wasting from hillslopes, roads, and stream channels. In the
Gatberg floodplain system catchment, commercial forestry represented the largest potential sediment
source of anthropogenic land uses (23 %). Ninety-five per cent of the plantations are connected to the
drainage system and are mainly on gentle (> 60 %) and moderate (> 30 %) slopes near the drainage
networks, with a small proportion (< 1 %) identified on steep slopes. In the Minnehaha floodplain system
catchment, commercial forestry accounted for a relatively small area (< 1 %). Research has shown that
wood harvesting operations in river catchments regularly resulted in increased suspended sediment
concentrations and yields in river systems (Beschta 1978; Reid and Dunne 1984; Grayson et al. 1993).
Plantation road networks are the primary sources of sediment delivery to rivers (Luce 2002; Wemple and

Jones 2003; Brown et al. 2013); however, the use of heavy machinery, such as harvesters, during wood
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harvesting operations can also compact soils (Motha et al. 2003; Litschert and MacDonald 2009). Soil
disturbance and compaction and its associated changes in soil physical properties (Bilby et al. 1989;
Megahan et al. 2001; Lane and Sheridan 2002; Sidle et al. 2004) can lead to lower infiltration rates and
increased erosion from harvested slopes (Croke et al. 1999). Secondary activities associated with wood
harvesting, such as slash burning and disposal, can also expose soils and increase rates of erosion (Beschta
1978; Robichaud and Waldrop 1994). Furthermore, the removal of trees and the ensuing alteration of the
hydrologic regime (increased runoff and peak flows), may increase riverbank erosion and remobilisation
of stored sediment on floodplains or within the channel (Jones and Grant 1996; Basher et al. 2011;

Birkinshaw et al. 2011).

The footprint of roads and livestock tracks was small in both catchments (< 1 % of the catchment), but
their relatively good connectivity suggests that they could contribute and route a significant amount of
sediment regularly. Most roads in the catchments are gravel roads. Several studies (Minella et al. 2008;
Ramos-Scharrén and LaFevor 2016) have highlighted the effect of unpaved roads and tracks on routing

water and sediment to the river network.

Gully erosion, like roads and tracks, increases drainage density and are effective link for transporting
runoff, sediment, and sediment-associated nutrients within the catchment, as well as directly contributing
as a sediment source in catchments (Poesen et al. 2003; Valentin et al. 2005; Haregeweyn et al. 2006;
Vanmaercke et al. 2011). Within the Gatberg River catchment, less than 50 % of the gully area was
connected, with an increase in connectedness for the Elliot Formation. Within the Minnehaha River
catchment, 91 % of the gully area was connected to the drainage network. The gullies were only identified
on the Elliot Formation within the Minnehaha River catchment. Although, gully erosion contributed a
small area in both catchments (< 1 %) research has shown that gully erosion has the potential to be a large
contributor to sediment and phosphorus inputs to river systems. Research has shown that gully erosion
worldwide can contribute from 30 % to 83 % of total soil erosion in catchments (Foster 1986; Bogen and
Berg 1994; Poesen et al. 2011; Daggupati et al. 2014). It is especially important to manage erosion in areas
that experience high-intensity rainfall events such as the Gatberg and Minnehaha catchments. Van der
Waal (2015) calculated that the total soil loss for all erosion features was approximately 13 t ha™'y™"in
the nearby Vuvu River catchment, which was higher than the global average, calculated by Yang et al.
(2003) of ca. 10 t ha™ y™". Erosion, especially of previously cultivated fields, may be an important source
of phosphorus to river systems. In North Queensland in Australia, over 85 % of the sediment-bound

phosphorus is derived from hillslope erosion of surface soils (Croke and Nanson 2002). In general, gullies
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were found on moderate slopes (more than 50 %) for both catchments. Vetter (2007) and van der Waal
(2015) had similar results. Researchers have postulated that this is the case because there is sufficient
energy and runoff and sufficient depth of material to initiate gully formation (Schumm 1979; Brierley and
Murn 1997; Hoffman and Todd 2000; Kakembo 2000; Kheir et al. 2007; Grenfell and Ellery 2009). Gullies
in both the Gatberg and Minnehaha River catchments occur predominantly in the Elliot Formation. This
could be because soils that make up the Elliot Formation are highly susceptible to chemical erosion and

do not need a high-energy environment to initiate erosion (Vetter 2009).

Townes, villages and residential areas were relatively small in both catchments (< 0.5 % of the catchment),
however, research has shown that urban and residential areas decrease the vegetation cover, increase
impervious surfaces and as a result increase surface runoff which can increase the sediment and
sediment-associated nutrients transport capacity, increase the potential for erosion and increase
connectivity in the catchment (Booth 1991; Walsh et al. 2012, 2016; Wohl et al. 2015; Vietz et al. 2016;
Russell et al. 2017; 2018).

4.4.3.1 EFFECTIVE DENSITIES

In the Gatberg River catchment, down-slope features, for example, gullies, contributed an 11 % increase
in the overall drainage density of the catchment and the across-slope features, for example, roads and
livestock tracks, contributed a 21 % increase. In the Minnehaha River catchment, down-slope features
contributed 23 % and the across-slope features contributed 100 % to the overall drainage density. This
increase in the drainage density of both catchments’ is substantially greater than the 10 % calculated by
Croke and Hairsine (2006), but comparable to the results found by van der Waal (2015) in the
neighbouring Vuvu River catchment. This highlights the highly connected nature and increased drainage
in both the Gatberg and Minnehaha River catchments. Gullies were the major pathways as they directly
linked the adjacent slopes to the river network and transported and delivered sediment under wet
conditions synchronously with the flow of the river networks (Croke and Hairsine 2006). Gullies arise
primarily in the upper regions of the natural drainage network that would be vegetated in the absence of
the influence of the gullies. The removal of vegetation and the entrenchment of natural drainage features
changes the hydrological and sedimentological behaviour of the catchment, allowing water and sediment
to be transported more efficiently down the catchment (Brierley and Murn 1997; Cammeraat 2002;
Vanacker et al. 2005; Rommens et al. 2006; Grenfell and Ellery 2009). Although livestock tracks and roads
are not as efficient as downslope gullies as water and sediment conduits, they concentrate overland and

upper subsurface flow. Huchzermeyer (2014) discovered that livestock tracks and roads increased
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hillslope-channel connectivity on the Elliot Formation in the Vuvu River catchment, particularly on gentler
slopes. Roads and livestock tracks regularly intersect downslope drainage features, increasing the
drainage density significantly (Hoffman and Todd 2000; Croke and Hairsine 2006; Huchzermeyer 2014;
van der Waal 2015).

4.4.4 POTENTIAL BARRIERS AND BUFFERS IN THE TWO CATCHMENTS

Sediment conveyance through a river catchment may be buffered by different features (e.g., wetland
systems, floodplain systems and vegetation cover). The configuration of these features and the nature of
connectivity within and between catchment features affect the transport, deposition, and storage of
sediment through the catchment. According to Fryirs et al. (2007), buffering features are features that
limit sediment transport and delivery to channels (Brunsden and Thornes 1979; Meade 1982; Phillips
1992; Harvey 2002; Michaelides and Wainwright 2002; Hooke 2003). Sediment barriers inhibit the
movement of sediment within the channel (Fryirs et al. 2007), such as vegetation, impoundments,
bedrock outcrops and anti-erosion structures. In the Gatberg and Minnehaha floodplain system
catchments, sediment buffering, and barrier features identified were the natural grassland vegetation,
herbaceous wetlands, artificial and natural waterbodies (including impoundments) and anti-erosional
structures. The natural vegetation accounted for 31 % of the land cover in the Gatberg catchment and 81
% of the Minnehaha catchment. Natural vegetation stabilises the soil, decreases the rainfall intensity on
the earth’s surface, and increases the infiltration rate which in turn decreases runoff. Wetlands (including
the research sites) accounted for an area of 5 % and 10 % in the Gatberg and Minnehaha catchment
respectively. Riparian wetlands are natural traps for fine sediments, organic matter, and phosphorus,
because of their low gradient and the resultant low transport energy. Phillips and Slattery (2007) analysed
fluvial sediment budget studies and showed that in ten study basins of various sizes, an estimated 14 to

58 % of the total upland sediment production was stored in alluvial wetlands.

In both catchments, natural and artificial waterbodies accounted for less than 1 % of the total area.
Impoundments regulate river systems resulting in an altered flow regime, a sediment deficit downstream,
and coarsening of the sediment downstream (Williams and Wolman 1984; Kondolf 1997; Grams and
Wilcock 2007; Yang et al. 2014) and channel morphological changes. Wolf et al. (2022) in a study of the
Rur dam in Germany, found that the impoundments had changed the flow regime, created a deficit in
sediment supply downstream, and increased the mean sediment particle size downstream. Sediment-
associated nutrients and contaminants can also be trapped and potentially stored within impoundments

(ziegler and Nisbet 1995; Palanques et al. 2014).
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4.4.5 POTENTIAL SOURCE AREAS WITHIN THE FLOODPLAIN SYSTEMS

The Gatberg River floodplain system is surrounded by commercial forestry on one side which ranges from
50 to 200 meters away from the outer extent of the floodplain. There is an unsealed gravel road that
crosses the Gatberg River just upstream of the floodplain system and continues to run along the edge of
the commercial forestry. This road is used by the local farm owner and commercial forestry personnel.
Within the floodplain system itself, livestock (cattle and goats) graze and cause bioturbation and bank
collapse that could introduce both sediment and phosphorus to the system. According to Alexander et al.
(2008), 37 % of the phosphorus transported to the Gulf of Mexico came from animal manure on pasture
and rangeland. Similarly, lowa-based research found that catchments with more grazed pastureland had
higher sediment and phosphorus levels in surface water than agricultural catchments (Downing et al.
2001). However, the sources of the sediment and phosphorus were not identified by Downing et al.

(2001).

The active channel is highly sinuous and regularly switches from the left to right side of the valley margin
throughout the floodplain system. In the wet season, after heavy rains, flood waters covered most of the
floodplain surface and filled the oxbow features (observed in December 2019, February 2020, and
November 2020). Freshly deposited sediment was evident on the lower flood benches, channel banks and
levees, and further away from the channel on the floodplain surface during wet season field surveys. This
indicated that this floodplain system was still active in transporting and storing sediment on its surface.
Bank collapse was observed along the outer bend on some of the channels’ meander bends, reworking

sediment stored in the banks and levees.

A gully had formed along a drainage line coming off the steep mountainside on the left bank at the top of
the floodplain system. This introduced sediment from the hillside to the main channel. In the middle of
the floodplain system, a small valley bottom wetland entered the system from the right bank. The
sediment carried by the water that flows through this system was deposited where the water’s carrying
capacity is reduced by the change in slope as it spills onto the relatively flat floodplain surface. A small
channel was cutting through the valley bottom wetland from the Gatberg active channel, reworking
stored sediment and making the valley bottom wetland less efficient at storing sediment and introducing
more sediment to the Gatberg active channel during the wet season. There were a few gully stems on the

mountainsides creating sediment pathways to the system, especially during intensive rainfall events.

The Minnehaha River floodplain system falls within two private farm boundaries. Both these farms use

the floodplain system for livestock grazing (cattle and sheep) causing tracks, bioturbation, increased
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nutrient levels and riverbank collapse. Several cultivated fields are mostly used for growing livestock
fodder. Fertilisers and crop harvesting increase nutrients and sediments in the floodplain system.
Livestock feed is also stored in silage pits adjacent to the floodplain system that leak nutrients. There is a
residential and farm building on a hilltop adjacent to the floodplain system that has the potential to

introduce nutrients and sediment.

The active channel is sinuous and has a straight and narrow meander belt through the floodplain system.
In the wet season, after heavy rains, flood waters covered most of the floodplain surface and filled the
oxbows and backswamp (observed in December 2019, February 2020, and November 2020). Freshly
deposited sediment was evident on the lower flood benches, channel banks and levees and further away
on the floodplain surface during wet season field surveys, indicating that this floodplain system was still
active in transporting and storing sediment on its surface. Bank collapse was observed along the outer
bend on some of the channels’ meander bends, reworking sediment stored in the banks and levees. The
livestock crossing points through the river were areas of erosion, sediment mobilisation and transport,
and reworking sediment stored in the channel, banks, and levees. The floodplain system is bounded on
both sides by a gently sloping alluvial terrace. Some valley-bottom wetlands enter the floodplain system

from either bank, introducing water and nutrients from the surrounding area.
4.5 CONCLUSION

In conclusion, the discussion presented in this section sheds light on the intricate interplay between
various factors influencing the transport of water and sediments within the Gatberg and Minnehaha
catchments. Through an examination of longitudinal profiles, catchment characteristics, potential source
areas, effective densities, barriers, and buffers, a comprehensive understanding of the geomorphological

processes at play emerges.

The desktop analysis using a mixture of GIS, different datasets and field observations proved to be useful
in identifying the potential sediment and phosphorus sources and buffers in the Gatberg and Minnehaha
River catchment and the two research floodplain systems, as well as identifying potential pathways and

connectivity between the different sources and the river network.

The longitudinal profiles of both rivers exemplify the equilibrium that river systems seek, with deviations
attributed to geological, tectonic, and anthropogenic influences. The identification of potential source
areas reveals the possible significant impact of land use practices, such as agriculture and commercial

forestry, on hydrology, sediment yield and nutrient transport. In addition, the effective densities of the
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drainage features underscore the increased connectivity within these catchments, particularly

emphasising the potential for these to have a role in sediment transport.

Importantly, the discussion also highlights the presence of barriers and buffers within the catchments,
including natural features such as wetlands and vegetation, as well as anthropogenic impoundments and
structures such as dams. These features play crucial roles in modulating sediment transport and

deposition, offering insights into potential strategies for sediment management and conservation.

Overall, the findings presented underscore the complex dynamics governing water and sediment
transport within river catchments, emphasizing the need for holistic approaches to land and water
management that consider both natural and anthropogenic factors as well as the different spatial scales.
By understanding and mitigating the impacts of various land use practices, it becomes possible to protect

the integrity of river systems and the ecosystems they support for future generations.
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CHAPTER 5 : INVESTIGATING SEDIMENT CHARACTERISTIC VARIABLES IN
MEANDERING RIVER AND FLOODPLAIN SURFACE SEDIMENT: IMPLICATIONS FOR
SEDIMENT AND PHOSPHORUS DEPOSITION

5.1 INTRODUCTION

Increased suspended sediment loads in rivers are recognised as a pollutant that has many detrimental
effects on the geomorphology and ecology of riverscapes (Owens et al. 2005). Wetlands and floodplains
have been established to be one of the most crucial natural buffers occurring along a river system in terms
of sediment movement and are recognised as important sinks for storing suspended sediment and
sediment-associated contaminants from their catchments (Walling et al. 1996; Fryirs et al. 2013). As such,
recognition of the crucial role that floodplains play in the landscape has increased interest in their

dynamics.

Overbank deposition, lateral migration and channel avulsions are the primary floodplain processes
(Rhoads 2020) responsible for sediment and sediment-associated contaminants and nutrients storage,
cycling, and reintroduction into river systems (e.g., Middelkoop and Asselman 1998; Walling 1999; Thoms
et al. 2000; Croke and Nanson 2002; Walling and Owens 2003). Due to these processes, floodplains are
effective buffers along the river corridor and are important for regulating flood waters, storing sediment,

nutrients, and pollutants, and are self-maintaining under the right hydro-morphological conditions.

Due to the dynamic nature of sediment mobilisation, transport, and deposition; both the suspended
sediment transported by a river and the ensuing overbank floodplain deposits display significant spatial
variation in sediment particle size composition (Marriott 1992; Walling 1996; Walling et al. 1996). Since
many nutrients and contaminants are associated with fine-grained sediment (< 63 um; Allan 1986;
Horowitz 1991), investigation of the spatial variability of floodplain sediment particle size composition is

avital prerequisite for understanding the cycling and fate of nutrients and contaminants in fluvial systems.

There is insufficient data on the function of floodplains in semi-arid regions of South Africa and their
capacity to trap sediment and phosphorus, which hampers the effective prioritisation and evaluation of
restoration projects. Most research on the variability of overbank deposition has focused on the northern
more humid regions (Walling et al. 1996; He and Walling 1997; Simm and Walling 1998; Thonon et al.
2007; Swanson et al. 2008), on historical floodplain deposits (Lecce and Pavlowsky 1997, 2004) or has

used modelling to predict overbank deposition (Nicholas and Walling 1997; Sweet et al. 2003; van der Lee
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et al. 2004). Against this background, there is a need for information concerning the spatial variability of

sediment characteristics of overbank floodplain deposits.

Variability in the overbank deposition of sediment and associated nutrients, between river sections and
rivers, is determined by several factors including channel morphology, floodplain width, sediment load,
and discharge regime (Lecce 1997; Foster et al. 2002; Sweet et al. 2003; Lecce and Paviowsky 2004).
Variations in hydraulic patterns of overbank flow, local topography, and vegetation form the key source
of variability in deposition within and between floodplains (Lambert and Walling 1987; Nicholas and

Walling 1997; Lecce and Pavlowsky 2004).

From field observations, it was observed that recent sediment was deposited on the floodplain surfaces
of both the Gatberg and Minnehaha River floodplain systems during the two wet seasons that were
monitored. The overall purpose of this chapter is to investigate spatial variability of sediment and
phosphorus composition of the riverbeds and banks and recently deposited sediment on the floodplain
surfaces, and to explore the relationship of these factors with the geomorphological characteristics of the

two floodplain systems. The focus objectives are as follows:

1. Toinvestigate and describe the channel and floodplain morphometrics.

2. To determine the channel sediment and total phosphorus dynamics and the relationships
between sediment spatial variability and composition with the morphological and
geomorphological characteristics of the two river-floodplain systems.

3. To establish the dynamics of recently deposited sediment and associated phosphorus on the
floodplain surfaces and investigate the relationships between sediment spatial variability and
composition with the morphological and geomorphological characteristics of the two river-

floodplain systems.
5.2 METHODS

5.2.1 FIELD DATA COLLECTION

Samples of sediment deposited on the floodplain surface were collected using a 30 mm diameter hand-
held corer during the dry season (see Figure 5.1 for sample locations). A composite sample (5 samples of
the top 5 cm of sediment in a 1-meter radius, representing sediment that has been recently deposited)
was taken at each sample site. Samples were collected following a stratified sampling approach along five
transects oriented perpendicular to the river’s thalweg. Between 8 and 15 surface sediment samples were

collected along each cross-section according to changes in topography, geomorphic units, and vegetation.
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A total of 42 samples from the five cross-sectional surveys in the Gatberg floodplain system and a total of
71 samples from the five cross-sectional surveys in the Minnehaha floodplain system were collected for
analysis. This method was chosen to enhance the spatial detail in documenting the selectivity of
deposition, although it comes at the expense of temporal detail, as samples collected from surface
samples represent amalgamations of multiple flood occurrences. Nonetheless, they offer valuable insights

into spatial deposition dynamics.

The suspended sediment from the rivers was sampled at the inlet and outlet of the two floodplain systems
using time-integrated pipe-suspended sediment samplers, installed at a height above the bed equal to 0.4
bank-full flow depth (Phillips et al. 2000). These samplers provide information on suspended sediment
characteristics; however, they do not provide suspended sediment concentrations. They provide a
measure of the relative differences in suspended sediment characteristics that enter and exit the systems,
and thus a measure of what type of sediment is being retained within and released from the systems. The
suspended samplers were installed before the wet season (the wet season is from October to May) and

collected when the river water levels had dropped sufficiently for the samplers to be collected safely.

Cross-sectional surveys were measured across the Gatberg and Minnehaha River floodplain systems using
a Differential Global Positioning System (DGPS). The cross-sectional surveys describe the topography of
the channel and the floodplain surface. Complex micro-topography of floodplain surfaces creates a
dynamic mosaic that affects hydrology, vegetation communities, and transport and deposition of

sediment and adsorbed phosphate (Fryirs et al. 2007).

The flooding frequency (Chapter 3) was calculated using Solinst level loggers. Solinst level loggers are
water level dataloggers that use an absolute pressure sensor to detect the depth (or pressure) of water
above the logger. Loggers were installed in the two channels (Gatberg and Minnehaha Rivers) in winter
2019 along one of the cross-sectional surveys. Loggers were placed into a protective cover that was
attached to a metal stake. This was installed as close to the channel bed as possible, either by inserting
the stake into the channel bed or banks. The logger height was measured using a DGPS to calibrate the
sensor data. A barometric compensation was carried out on the level logger data using a Solinst
Barologger which was installed in the catchment proximal to the level loggers. These loggers measured
the continuous flow variation over the research period. The loggers were used to measure inundation
water level changes throughout the two years. The number of flood events over bankfull was calculated

from this data set.
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Vegetation parameters (vegetation density, stem height and diameter) in one-meter plots were measured
along floodplain cross-sectional surveys at the same location as surface sediment samples. Vegetation in
floodplain systems is one of the most important factors influencing the hydrodynamics of overbank
floodwaters, which affects sediment transport and deposition (Nehal et al. 2012; Curran and Hession

2013).

Figure 5.1 Map of the Gatberg and Minnehaha River floodplain systems showing the location of cross-
sectional surveys and the location of sediment samples, pressure loggers and time-integrated samplers
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5.2.2 LABORATORY ANALYSIS

The sediment samples were analysed in the Geography Department Laboratory at Rhodes University. All
sediment samples collected were oven-dried at 50°C, gently disaggregated, weighed, and passed through
a 2 mm mesh sieve to remove gravel and macro-organics. After homogenising the sediment samples, the
samples were sub-sampled (~5 g) to determine the organic matter content by the loss-on-ignition method
at 450°C in a muffle furnace (Donkin 1991; Leonard et al. 2002). Samples were removed after 4 hours and
placed in a glass desiccator for an hour to avoid moisture re-absorption while they cooled (Leonard et al.
2002). Once the crucibles and samples had cooled, they were reweighed, and the mass recorded. Loss in
mass after the ignition was used as a representation of the organic matter content in each sample,
expressed as a percentage of the original dry mass of the sample. After the organic matter was removed,
the same sub-samples were dispersed using a sodium hexametaphosphate solution and then separated
into the absolute grain size distributions by laser diffraction using a Malvern Mastersizer 2000 (measuring
range from 0.01 to 3500 um). The particle size distribution is reported as median grain size (Dso),
percentage by mass for the sediment classes, using Wentworth (1922) grain size classification scale, as

well as the 16th and 84th percentile particle sizes by mass.

These measures of sediment particle size and distribution were chosen to present the composition of the
sediment samples as well as to sufficiently characterise trends in the spatial distribution of particle sizes
on the floodplain. Evaluating the particle size distribution of the surface sediment is an important
characterisation of the two-dimensional floodplain surface. It can offer an understanding of the transport
dynamics across the floodplain, characterising the sediment delivered to the floodplain from the channel,
the overall composition of accumulated sediment stored in the different sections of the floodplain and

what parts of the floodplain are ‘activated’ for possible sediment deposition.

The original homogenised sample was further sub-sampled (~35 g) and sent to BEMLAB (Somerset West,
South Africa), an independent accredited analytical agricultural laboratory, to analyse the soil samples for
total phosphate (TP), organic phosphate (OP) by the Bray Il method, aluminium (Al), iron (Fe), magnesium
(Mg) and calcium (Ca). TP in soil samples was determined using a method adapted from Sommers and
Nelson (1972). Phosphate was extracted by acid digestion using a 1:1 mixture of nitric acid and
hydrochloric acid at 80°C for 30 minutes. The phosphate concentration in the extract was then determined
with a Varian ICP-OES (Inductively coupled plasma-optical emission spectrometer). Total extractable
cations (Al, Mg and Ca) were extracted using 0.2 M ammonium acetate. Micronutrient (Fe) was extracted

with diammonium salt of ethylenediaminetetraacetic acid (0.02 M) and boron (B) using a 1:2 hot water
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ratio (The Non-affiliated Soil Analyses Work Committee 1990) and measured using an ICP-OES. The organic
phosphate concentration in the samples was determined by the Bray Il method, which is a method for
measuring organic phosphorus in soils that involves sequential extractions using concentrated
hydrochloric acid (HCI) and 0.5 N sodium hydroxide (NaOH) at room temperature, followed by 0.5 N NaOH
at 90°C. The amount of organic phosphorus in the soil is determined by subtracting the inorganic

phosphorus content from the total phosphorus content in the combined extracts.
5.2.3 DESKTOP DATA ANALYSIS

All desktop analyses were performed to determine the morphometrics of the channel and floodplain for
the two research sites, as well as to perform a spatial analysis of the sediment and phosphorus dynamics
using ArcMap 10.8.2. The morphometrics of channels, floodplains, and the associated hydraulic patterns
of overbank flow play a crucial role in determining the quantity and distribution of sediment deposition

in these areas.

This section describes the methods used to evaluate the longitudinal and cross-sectional profiles of the
channel and floodplain of the Gatberg and Minnehaha River floodplain systems to determine the
morphometrics that influence the spatial variability in sediment and total phosphorus dynamics. The
methods were based on field investigations using a DGPS (sub-centimetre accuracy in the x, y, and z fields)
imported into ArcMap 10.8.2. The channel morphometrics measured were the longitudinal slope of the
channel bed and banks, the sinuosity, the channel width, depth, area, and the depth/width ratio. The

floodplain morphometrics measured were longitudinal slope, perpendicular slope, width, and local relief.
5.2.4 DATA ANALYSIS

In total, 113 surface sediment samples were analysed. Excel, R statistical software and ArcGIS 10.8.2 were
used to analyse and visualise that data. To identify the factors driving variability in sediment
characteristics, partial correlation analysis was applied followed by stepwise multiple linear regression

analysis.

The relationships between sediment properties followed by the relationship between the wetland
variables and the sediment properties were studied using partial correlation analysis based on the
Spearman rank correlation coefficient, which indicates the degree of association between the variables,
controlling for effects from all other variables after a test for normality was conducted. For the variables,
an ANOVA, or the non-parametric Kruskal-Wallis test with a pairwise post-hoc Dunn test, depending on

whether the samples showed a normal or non-normal distribution, was applied to test for differences
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within all the variables. Based on the result of the partial correlation analysis and the Kruskal-Wallis tests,
variables were selected for a multiple linear regression model using the bidirectional approach to examine
spatial and temporal change and interrelationships between sediment parameters and amounts of total
phosphorus and controlling factors (e.g., morphometric parameters of the channel and floodplain). All

analyses were carried out using the R software package (RCore Team 2022).

The explanatory variables, which are tested for significance, were selected based on a logical relationship
between sediment properties and then those properties with wetland characteristics. It is assumed that
local deposition is a function of both supply and the local transport capacity, which is related to sediment
size, discharge, and the channel slope. The average longitudinal (downstream) and perpendicular (away
from the channel) floodplain slope was introduced as a variable, as it will be the slope of the floodplain
rather than the slope of the channel that influences the floodplain deposition (Notebaert et al. 2010). This
was measured using the DGPS coordinates of the floodplain cross-sections. The other wetland
characteristic variables were chosen because research has shown that these variables play a role in

sediment and sediment-associated phosphorus deposition.
5.3 REsuLTS

5.3.1 RIVER SEDIMENT AND PHOSPHORUS DYNAMICS
5.3.1.1 CHANNEL AND FLOODPLAIN MORPHOLOGY
5.3.1.1.1 Longitudinal floodplain channel profile

Figure 5.2A shows the longitudinal channel profile of the sections of the Gatberg River within the
floodplain system. The Gatberg River section is a mixed-bed meandering river characterised by pools,
riffles, and runs. Pools occur within the many meander bends and are characterised by lower elevations.
Riffles and runs occur in the straight sections between the meander bends and are characterised by
steeper gradients and higher elevations (Figure 5.2A). The mean longitudinal floodplain channel bed slope
is 0.04 % and the sinuosity index is 3.8. The average height of the left bank from the thalweg is 1.9 m and
the range is 1.2 to 2.9 m. The average height of the right bank from the thalweg is 2 m, and the range is
1.3 to 3.5 m. The slope of the left bank from the head to the toe of the floodplain system is 0.06 % while
the slope for the right bank is 0.05 %. Two tributaries enter the Gatberg River marked by blue arrows in
Figure 5.2A.

Figure 5. 2B shows the longitudinal channel profile of the sections of the Minnehaha River within the

floodplain system. The Minnehaha is a mixed-bed meandering river characterised by pools, riffles and
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runs. The mean longitudinal floodplain channel bed slope is 0.15 % and the sinuosity index is 2.4 (Figure
5.2B). The average height of the left bank from the thalweg is 1.5 m and the range is 0.6 to 2.6 m. The
average height of the right bank from the thalweg is 1.4 m, and the range is 0.7 to 2.5 m. The slope of the

left and right bank from the head to the toe of the floodplain system is 0.14 %.
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Figure 5.2 A) Gatberg River section longitudinal profile along the thalweg, top of the left (LH) and right (RH) bank down the river
section, location of bed sediment grab samples and the location of the two tributaries entering the river section. B) Minnehaha

River section longitudinal profile along the thalweg, top of the left and right bank down the river section, and location of bed
sediment grab samples
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5.3.1.1.2 Channel and floodplain cross-sectional morphology

Table 5.1 shows the summary statistics of the morphometric variables of the research river reach of the
Gatberg and Minnehaha River floodplain systems. Thirty-five channel cross-sections were conducted
down the length of the Gatberg River research reach. The Gatberg River reach had an average bankfull
width of 8.3 m (mode = 7.4 m) with a minimum of 5.2 m and a maximum of 12.3 m. The bankfull channel
widths do not show any pattern of either increasing or decreasing with distance downstream. The Gatberg
channel within the floodplain has a mean bankfull channel depth of 2.0 m (mode of 2.1 m, maximum of 3
m and minimum of 1.3 m), while the channel mean bankfull width to depth ratio is 4.2. The width-to-
depth ratio increases slightly with distance downstream. The bankfull channel area decreases
downstream (mean = 11 m?, mode 25 m?, minimum = 1.5 m? and maximum= 25 m2). The channel moves
from the left to the right margin of the valley. The mean slope of the channel bed was 0.3 % and has a

range of between 0.002 and 1.3 %.

Twenty-five channel cross-sections were conducted along the length of the Minnehaha River research
reach. Bankfull channel widths had an average of 5.6 m (mode = 5.3 m) with a minimum of 3.5 m and a
maximum of 13.4 m. The bankfull channel widths decreased with the distance downstream (r*= 0.4 log)
and increased with increasing elevation (r>= 0.4). The Minnehaha channel within the floodplain has a
mean bankfull channel depth of 1.6 m (mode of 2.2 m, maximum of 2.5 m, and a minimum of 0.7 m),
while the channel mean bankfull width to depth ratio is 3.8. The width-to-depth ratio increases slightly
with distance downstream. The channel meanders slightly through a narrow meander belt in the middle

of the valley. The mean channel bed slope was 0.4 % and ranges of between 0.03 and 2.5 %.

Table 5.2 shows the summaries of the floodplain morphometric of the Gatberg and Minnehaha River
floodplain systems. Figure 5.3 and Figure 5.4 show the floodplain cross-section morphology, geomorphic
features, and floodplain surface sediment sample locations across the two research floodplain systems.
The morphology of the Gatberg River floodplain system was examined to investigate the topography,
sediment, and phosphorus dynamics of the study areas. The width of the floodplain was variable along its
length, with the surveyed cross-sections 2 and 3 representing broader sections of the floodplain system
(Table 5.2 and Figure 5.3). In the broad zones, widths ranged between 300 m and 370 m. In the narrower
zones, the floodplain widths range between 150 m to 230 m (floodplain cross-sections 1, 4 and 5). The
basin is bounded on the left bank by a steep mountain and on the right bank by a gently sloped hill. On
the left side, the transition is more abrupt, and the gradient increases rapidly from the valley bottom to

the mountain. The valley floor, which is covered primarily by the floodplain, has an average local relief of
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0.4 m (minimum 0.07 m and maximum 1 m) over 250 m. For floodplain cross-sections 1, 2, 4 and 5 the
floodplain surface slopes predominantly towards the floodplain margin from the top of the channel levee
or bank (average slope of 0.23 %). The floodplain surface, in floodplain cross-section 3, slopes towards the
channel from the floodplain margin (slope of 0.04 % from the left margin and 1.8 % from the right margin).
A total of 106 oxbows are found on the floodplain surface that vary in size, depth, and distance from the

channel.

The width of the Minnehaha River floodplain was variable along its length, and the surveyed cross-sections
3 and 5 represent broader sections of the floodplain system (Table 5.2 and Figure 5.4). In the broad zones,
the widths were 690 and 820 m, respectively. In the narrower zones, the floodplain widths range between
415 m to 435 m (floodplain cross-sections 1, 2, and 4). The basin is bound on both sides by a gentle sloping
alluvial terrace that separates the floodplain from the other wetlands running parallel to the research site.
The valley floor, which is covered primarily by the floodplain, has an average local relief of 0.5 m (minimum
0.2 m and maximum 0.7 m) over more than 290 m. For floodplain cross-sections 1, 2, 3, and 4 the
floodplain surface slopes predominantly towards the floodplain margin from the top of the channel levee
or bank (average slope of 0.48 %). The floodplain surface at floodplain cross-section 5 slopes towards the
channel from the floodplain margin (slope of 0.3 % from the left margin and 0.8 % from the right margin).
A total of 50 oxbows are found within a narrow (50 m) band within the floodplain system, varying in size,

depth, and distance from the channel.
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Table 5.1 Summary statistics of channel morphometrics for the Gatberg and Minnehaha River floodplain system

Floodplain L. Mean depth  Bankfull depth Bankfull Bankfull cross-sectional area Width/depth

. Summary statistics . . Slope (%)
river system (m) (m) width (m) (m?) ratio

Mean 1.4 2.0 8.3 11.0 4.2 0.3
Median 1.4 2.1 8.4 9.6 4.1 0.2
Mode 1.3 2.1 7.4 25.0 35 0.2
Gatberg River | Standard Deviation 0.3 0.4 1.5 6.8 1.0 0.3
floodplain Range 1.1 1.7 7.1 23.5 5.2 13
Minimum 0.9 1.3 5.2 1.5 2.6 0.0
Maximum 2.0 3.0 12.3 25.0 7.8 13
Standard Error 0.0 0.1 0.2 1.2 0.2 0.1
Mean 1.0 1.6 5.6 49 3.8 0.4
Median 0.8 1.5 5.2 5.0 3.2 0.2
. hah Mode 1.5 2.2 53 49 2.4 0.4
M":;fera 2 | Standard Deviation 0.4 05 2.1 2.5 2.2 0.5
floodplain Range 1.5 1.8 9.9 10.4 10.8 2.4
Minimum 0.5 0.7 3.5 0.3 2.1 0.0
Maximum 2.0 2.5 13.4 10.6 13.0 25
Standard Error 0.1 0.1 0.4 0.5 0.4 0.1

Table 5.2 Floodplain surface morphometrics by cross-section for the Gatberg and Minnehaha River floodplain system

. ) Floodplain cross-sectional morphometrics

ril:\::::\'::;:\ Crisl?;:i:t:on Floodplain width, Floodplain width, = Mean floodplain surface slope, Mean floodplain surface slope, Average local relief

Left bank (m) Right bank (m) Left bank (%) Right bank (%) (m)
1 1.0 139.5 - 0.2 1.0
Gatberg 2 32.0 269.5 0.5 0.2 0.3
River 3 212.6 124.7 0.0 1.8 0.5
floodplain 4 169.9 24.9 0.3 0.5 0.3
5 0.0 173.1 - 0.1 0.3
1 303.3 8.6 0.3 0.8 0.2
Minnehaha 2 300.9 109.8 0.1 0.4 0.4
River 3 443.2 243.7 0.1 0.6 0.6
floodplain 4 203.1 224.2 0.3 0.6 0.7
5 111.7 686.9 0.1 0.3 0.6
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Figure 5.3 Gatberg River floodplain cross-section morphology, geomorphic features, and floodplain surface sediment
sample locations
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Figure 5.4 Minnehaha River floodplain cross-section morphology, geomorphic features, and floodplain surface sediment sample locations
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5.3.1.2 CHANNEL SEDIMENT AND PHOSPHORUS DYNAMICS
5.3.1.2.1 Incoming and outgoing sediment characteristics

The results of the analysis of the deployed time-integrated samplers at the head and toe of the
meandering channel of the Gatberg and Minnehaha floodplain and the two tributaries that enter the

Gatberg River within the research area are presented in Table 5.3.

Within the Gatberg River, the total mass of sediment collected by the time-integrated samplers at the
head of the study site was 250 g with a mean sediment particle size of 24 um (medium silt). The total
phosphorus concentration in the incoming suspended sediment collected was 0.14 g kg™. The total
sediment collected by the time-integrated samplers at the toe of the study site was 156 g with a mean
sediment particle size of 17 um. The total phosphorus concentration of the outgoing suspended sediment
collected was the same as the incoming concentration. The percentage of the organic matter content
increased by one per cent from 8 to 9 % (incoming to outgoing). The geochemical concentrations of the
suspended sediment increased a small fraction from the incoming to outgoing collected suspended
sediment, except for iron which remained the same. The total sediment mass from the left bank tributary
entering the Gatberg River system close to the head of the system was 45 g with a mean sediment particle
size of 25 um. An extra 0.10 g kg™ sediment-associated phosphorus concentration entered the Gatberg
River system from this tributary. The percentage of the organic matter content was 10 % and the
geochemical concentrations were iron 4.53 g kg™', aluminium 3.75 g kg™!, magnesium 0.78 g kg™" and
calcium 1.3 g kg™ The total sediment mass from the second tributary with a valley bottom wetland
entered the Gatberg River approximately halfway through the study site from the right bank was 62 g with
amean sediment particle size of 17 um. The associated total phosphorus concentration from this tributary
was 0.15 g kg™. The per cent organic matter content was 11 % and the geochemical concentrations were

iron 5.76 g kg™, aluminium 3.2 g kg™, magnesium 0.31 g kg™" and calcium 0.44 g kg™".

Within the Minnehaha River, the total sediment mass collected by the time-integrated samplers at the
head of the study site was 578 g with a mean sediment particle size of 20 um. The total phosphorus
concentration in the incoming suspended sediment collected was 0.08 g kg™. The total mass of sediment
collected by the time-integrated samplers at the toe of the study site was 309 g with a mean sediment
particle size of 15 um. The total phosphorus concentration attached to the outgoing suspended sediment
collected was the same as the incoming concentration. The percentage of organic matter content was 7
% for the sediment collected at the head and toe of the system. The geochemical concentrations

associated with the incoming suspended sediment were iron 5.76 g kg™', aluminium 3.73 g kg™,
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magnesium 0.17 g kg™', and calcium 0.44 g kg™". The geochemical concentrations associated with the
outgoing suspended sediment remained the same for aluminium (3.84 g kg™') and calcium (0.5 g kg™);

iron decreased to 5.04 g kg™' and magnesium increased to 0.26 g kg™".

Table 5.3 Results of the deployed time-integrated sediment samplers for both floodplain systems

. Head of the system Toe of the system
Floodplain system Property Mean Mean
Total sediment mass (g) over first wet season 250 156
Sediment (um) 24 17
Total phosphorus (g kg™) 0.14 0.14
Gatberg floodplain Organic matter content (%) 8.2 8.5
system Iron (g kg™) 8.02 7.89
Aluminium (g kg™) 3.11 3.91
Magnesium (g kg™") 0.43 0.59
Calcium (g kg™) 0.72 0.98
Total sediment mass (g) over first wet season 45
Sediment (um) 25
Total phosphorus (g kg™) 0.09
. Organic matter content (%) 10.0
Left bank tributary Iron (g kg™) 453
Aluminium (g kg™") 3.75
Magnesium (g kg™) 0.78
Calcium (g kg™) 1.30
Total sediment mass (g) over first wet season 62
Sediment (um) 17
Right bank tributary Total phosphorus (gkg™ 0.15
> Organic matter content (%) 11.4
with valley bottom -
wetland Iron (g kg™) 5.76
Aluminium (g kg™) 3.20
Magnesium (g kg™) 0.31
Calcium (g kg™) 0.41
Total sediment mass (g) over first wet season 578 309
Sediment (um) 20 15
Total phosphorus (g kg™) 0.08 0.07
Minnehaha floodplain | Organic matter content (%) 5.9 7.4
system Iron (g kg™) 5.76 5.04
Aluminium (g kg™) 3.73 3.84
Magnesium (g kg™) 0.17 0.26
Calcium (g kg™) 0.44 0.50

5.3.1.2.2 Characterising channel-bed sediments, channel-bank (cut bank) and point bar material
[.  Bed material

The distribution of Dso particle size of the bed material along the Gatberg River during the study period
ranged from medium silt to coarse sand (25 to 870 um), with an average of 435 um. Most of the particle
size distributions were unimodal. The Dg4 particle sizes ranged from 57 to 5622 (coarse silt to pebbles),
with an average Dss bedload particle size being 1504 pm in diameter. The D1 particle sizes ranged from 4

to 387 (very fine silt to medium sand), with an average of 143 um (Figure 5.5).
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Figure 5.6 shows that the sand fraction dominated the samples taken along the bed of the Gatberg River
down the system. The percentage of the sediment size fractions does not display a smooth downstream
decline in sediment size but is characterised by several coarse sediment spikes associated with riffles

within the alluvial valley where the research floodplain occurs. A small increase in the percentage of gravel

appears to occur just downstream of both tributaries.

Figure 5.5 Gatberg Riverbed material sediment size (Dis, Dsp and Dgs) distributions. The locations of the two tributaries
indicated

Figure 5.6 Gatberg Riverbed percentage sediment size fractions (Gravel, sand, clay, and silt) distributions with the locations
of the two tributaries indicated
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The percentage of organic matter content was low (below 6 %) for all the bed sediment samples (Figure
5.7). The average percentage of organic matter was 1.9 % (mode of 3.3 %). There was no trend between

the percentage of organic matter and the distance downstream (P > 0.05).

Percentage organic matter content
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Figure 5.7 Gatberg Riverbed percentage organic matter content distributions with the locations of the two tributaries
indicated

The total phosphorus concentration was low (below 1 g kg™) for all the bed sediment samples (Figure
5.8). The average total phosphorus concentration was 0.05 g kg™". There was no trend between total

phosphorus concentration and distance downstream (P > 0.05). Several peaks can be seen downstream.

Figure 5.8 Gatberg Riverbed total phosphorus concentration distributions with the locations of the two tributaries indicated
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In Table 5.4, the geochemical concentrations in the sediment samples ranged from 0.1 to 0.7 g kg™ for

iron, 0.5 to 4.3 g kg™ for aluminium, 0.1 - 0.2 g kg™ for magnesium, and 0.2 - 0.6 g kg™ for calcium. The

highest geochemical concentrations in the bed sediments were recorded for aluminium with a mean

concentration of 2.6 g kg™ followed by calcium and iron with mean concentrations of 0.4 and 0.2 g kg™,

respectively. The lowest geochemical concentrations were recorded in the bed sediments for magnesium

with a mean concentration of 0.1 g kg™. The CV values for all the major chemical element constituents

measured were low with values below 1, indicating that the data do not deviate much from the mean.

Figure 5.9 shows the various concentrations for each geochemical measured in the bed sediments that

were sampled downstream. The geochemical concentrations fluctuate downstream. The data shows that

the tributaries had very little influence on the geochemical concentrations.

Table 5.4 Descriptive statistics of the geochemical concentrations in the Gatberg Riverbed sediment samples

Geochemical | N Minimum Maximum Mean Standard deviation cv
Iron (g kg™) 13 0.1 0.7 0.2 0.2 0.7
Aluminium (g kg™) 13 0.5 4.3 2.6 1.1 0.4
Magnesium (g kg™) 13 0.1 0.2 0.1 0.05 0.3
Calcium (g kg™) 10 0.2 0.6 0.4 0.1 0.3
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Figure 5.9 Gatberg Riverbed geochemical concentration distributions. A) Iron concentration, B) Aluminium concentration, C) Magnesium concentration, and D) Calcium concentration.
Locations of the two tributaries indicated by blue arrows

115



Figure 5.10 shows the percentage of the sediment size fractions (gravel, sand, clay, and silt) for all the
samples classified by the morphological units in which the samples were taken. As was previously shown
sand dominated all the samples. The run morphological unit had the highest mean and the lowest
variation in percentage sand. Riffles had the second-highest mean sand percentage and the highest
variability. Riffles also had the highest mean gravel percentage and most variability in per cent gravels.

Pools had the highest mean percentage of the finer sediment size fraction (clay and silt).

Figure 5.10 Gatberg Riverbed percentage sediment size fractions (gravel, sand, and clay and silt) categorised into
alluvial channel morphological units (run, riffle, and pool)

Figure 5.11 shows the percentage of organic matter content for the samples categorised by the
morphological units the samples were taken in. The pool morphological unit had the highest mean in
percentage organic matter content. Riffles had the second-highest mean percentage of sand and the

highest variability. Runs had the lowest mean percentage of organic matter content.

116



Figure 5.11 Gatberg Riverbed percentage organic matter content categorised into alluvial channel
morphological units (run, riffle, and pool)

Figure 5.12 shows the total phosphorus concentration for the samples categorised by the morphological
units the samples were taken in. The pool morphological unit had the highest mean (0.1 g kg™") and the
highest variability. Unfortunately, only one sample was taken in the riffle morphological unit with a value
of 0.04 g kg™. Runs had a slightly lower mean (0.05 g kg™") and less variability than the pool morphological

unit.

Figure 5.12 Gatberg Riverbed total phosphorus concentration categorised into alluvial channel
morphological units (run, riffle, and pool)

The distribution of the Dsg particle size of the bed material along the Minnehaha River during the period
of study ranged from medium silt to very coarse sand (24 to 1237 um), with an average particle size of

248 um (fine sand). Most of the particle size distributions were unimodal. The Ds4 particle sizes ranged
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from 55 to 6640 (coarse silt to pebbles), with an average particle size of 1397 um (very coarse sand). The
D15 particle sizes ranged from 5 to 217 (very fine silt to fine sand), with an average particle size of 65 um

(very fine sand; Figure 5.13A).

Figure 5.13B shows that the sand fraction dominated the samples taken along the bed of the Minnehaha
River down the system. The percentage sediment size fractions do not display a smooth downstream
decline in sediment size but were characterised by several coarse sediment spikes within the alluvial valley

where the research floodplain occurs.
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Figure 5.13 A) Minnehaha Riverbed sediment size (D16, D50 and D84) distributions. B) Minnehaha Riverbed
percentage sediment size fractions (clay and silt, gravel, and sand) distributions
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The percentage of organic matter content was low at a mean of 4 % for all the bed sediment samples
(Figure 5.14). There was no trend between the percentage of organic matter and the distance

downstream (P > 0.05).

Percentage organic matter content (%)

ol B N B B H B

\ 4

Cumulative distance from the head to the toe of the system

Figure 5.14 Minnehaha Riverbed percentage organic matter content distributions

The total phosphorus concentration was low (below 1 g kg™) for all the bed sediment samples (Figure
5.15). The average total phosphorus concentration was 0.07 g kg™". There was no trend between total

phosphorus concentration and distance downstream. Several peaks can be seen downstream.
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Figure 5.15 Minnehaha Riverbed total phosphorus concentration distributions
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The geochemical concentrations in the sediment samples ranged from 0.05 - 10.5 g kg™ for iron, 2.2 - 5.9
g kg™ for aluminium, 0.1-0.2 g kg™ for magnesium, and 0.3 - 0.9 g kg™" for calcium (Table 5.5). The highest
geochemical concentrations in the bed sediments were recorded for aluminium with a mean
concentration of 4.1 g kg™ followed by calcium with a mean concentration of 0.4 g kg™". The lowest
geochemical concentration in the bed sediments were recorded for iron and magnesium with a mean
concentration of 0.1 g kg™". CV values for all chemically measured were low with values below 1, indicating
the data does not deviate much from the mean, except for iron concentration (CV value > 2.2). The

geochemical concentrations fluctuate downstream.

Table 5.5 Descriptive statistics of the geochemical concentrations in the Minnehaha Riverbed sediment samples

Geochemical | N Minimum Maximum Mean Standard deviation cv
Iron (g kg™") 13 0.1 10.5 1.6 3.6 2.2
Aluminium (g kg™) 13 2.2 5.9 4.2 1.0 0.2
Magnesium (g kg™) 13 0.1 0.2 0.1 0.04 0.3
Calcium (g kg™) 13 0.3 0.9 0.5 0.1 0.3

Relationships between sediment properties and channel morphometrics and geometry

Correlation analysis was used to identify the potential between the sediment properties of the channel
bed samples and the channel morphometrics and geometry. The results of the statistical normality test
indicated that most of the sediment and morphological data were not normally distributed, thus violating
one of the assumptions of Pearson’s correlation analysis. Consequently, Spearman rank correlation
analyses were performed, along with trend analysis. The Spearman correlation matrix obtained is

provided in Table 5.6.

The statistical relationship between sediment properties and channel morphometric variables was
considered significant under specific criteria, including Spearman rank correlation coefficient values (r)
between 0.4 and 1, p-values between less than 0.01 and 0.05, and trend analysis (r?) values between 0.5

and 1.

In the context of the Gatberg River system, the Spearman correlation within the channel bed samples

revealed several significant findings (Table 5.6):

Strong Spearman’s coefficient and p-values were observed between the geochemical elements measured
and a few of the channel morphometric variables e.g. Iron and aluminium concentration with relative
elevation (r.-0.7; p-values < 0.05; r*>0.5) and calcium concentration with average channel depth (r.-0.7;

p-values < 0.05; r2 > 0.5).
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Table 5.6 Results of the Spearman’s correlation matrix showing the Spearman’s coefficient, p-value and R? values (from top to bottom), to explore the relationships between

sediment properties and the morphological and geometrical properties of the Gatberg channel bed samples. Significant relationships are highlighted in grey.

Dependent variable

Independent variable (e Dso(um)  Daa(um)  Sand fraction (%) o o) oMC(%)  TP(gkg™)  Fe(gkg™)  Algkg™  Mg(gke™)  Ca(gkg™)
Distance downstream (m) 0.0 0.0 -0.4 -0.1 0.0 -0.1 0.0 0.6 0.4 0.4 0.2
Relative elevation (m.a.s.l) 0.2 0.2 0.5 0.0 -0.2 -0.1 -0.2 -0.7 -0.7 -0.6 -0.1
Channel morphological unit 0.2 0.0 0.0 0.0 -0.3 -0.3 -0.2 -0.6 -0.6 -0.6

Bankfull depth (m) -0.1 -0.2 -0.1 0.1 0.3 0.2 0.0 -0.1 0.0 -0.2 -0.4
Average depth (m) 0.1 0.1 0.2 0.1 0.1 0.2 0.0 0.6 0.2 0.4 0.7
Channel slope (%) 0.0 0.1 0.0 0.1 0.3 0.1 -0.1 -0.2 0.1 -0.1 0.2
Channel width (m) 0.1 -0.1 -0.1 0.3 0.0 -0.3 0.0 -0.6 -0.1 -0.4 -0.1
Channel width/ depth ratio 0.2 0.1 0.0 0.2 -0.3 -0.3 0.1 -0.5 0.0 -0.2 0.2
Channel area (m?) -0.2 -0.4 -0.3 0.3 0.5 0.2 0.2 -0.2 0.3 -0.1 0.1
Distance downstream (m) 0.42 0.46 0.01 0.28 0.46 0.37 0.46 0.02 0.07 0.10 0.33

Relative elevation (m.a.s.l) 0.15 0.08 0.001 0.47 0.18 0.30 0.27 0.004 0.002 0.02

Channel morphological unit 0.18 0.44 0.39 0.41 0.03 0.03 0.20 0.01 0.01 0.02

Bankfull depth (m) 021 017 0.23 0.36 0.05 0.19 0.49 0.39 0.48 0.21 0.10

Average depth (m) 0.22 0.27 0.10 0.28 0.24 0.14 0.50 0.02 0.28 0.06 0.02

Channel slope (%) 0.42 0.28 0.49 0.31 0.06 0.33 0.42 0.28 0.42 0.32 0.31

Channel width (m) 0.30 0.37 0.21 0.03 0.47 0.06 0.45 0.02 0.32 0.12 0.38

Channel width/ depth ratio 0.11 0.27 0.41 0.12 0.03 0.04 0.35 0.05 0.48 0.27

Channel area (m?) 0.11 0.01 0.03 0.06 0.003 0.09 0.20 0.23 0.15 0.39 0.38
Distance downstream (m) 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.3 0.2 0.1 0.0

Relative elevation (m.a.s.l) 0.0 0.1 0.3 0.0 0.0 0.0 0.0 0.5 0.6 0.3 0.0

Channel morphological unit 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.4 0.4 0.3

Bankfull depth (m) 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.1 0.2

Average depth (m) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.0 0.2 0.5

Channel slope (%) 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0

Channel width (m) 0.0 0.0 0.0 0.1 0.0 0.1 0.0 0.3 0.0 0.1 0.0

Channel width/ depth ratio 0.0 0.0 0.0 0.0 0.1 0.1 0.0 0.2 0.0 0.0 0.1

Channel area (m?) 0.1 0.2 0.1 0.1 0.2 0.1 0.1 0.1 0.1 0.0 0.0
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The Spearman correlation analysis conducted within the channel bed samples of the Minnehaha River
system revealed several significant relationships between sediment properties and channel
morphometric variables, indicating strong or moderate positive or negative correlations at a statistically

significant level (Table 5.7).

Strong Spearman’s coefficient and p-values were observed between percentage gravel fraction and
relative distance downstream (r,-0.8; p-values < 0.05; r> > 0.5) and relative elevation (r.0.7; p-values <
0.05; r? > 0.5). Several other combinations had moderate correlations with strong p-values, however, the

trend analysis revealed that these relationships were below r? 0.5 indicating a poor trend relationship.

The Spearman correlation analysis conducted within the pebble bar samples in the channel of the
Minnehaha River system revealed significant relationships between sediment particle sizes and channel
morphometric variables, indicating very strong positive or negative correlations at a statistically significant

level (Table 5.8).

Very strong Spearman’s coefficient and p-values were observed between the sediment particle size of D,
Dso, and Dgs with the relative elevation of the channel bed (r, >-0.9; p-values < 0.05; r> > 0.5) and relative
elevation (r. > 0.9; p-values <0.05; r*> > 0.5). Several other combinations had moderate correlations with
strong p-values, however, the trend analysis revealed that these relationships were below r? 0.5 indicating

a poor trend relationship.
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Table 5.7 Results of the Spearman’s correlation matrix showing the Spearman’s coefficient, p-value and R? values (from top to bottom), to explore the relationships between

sediment properties and the morphological and geometrical properties of the Minnehaha channel bed samples. Significant relationships are highlighted in grey.

Dependent variable

Independent variable Dis Dso Dsa OMC Clay and silt Sand Gravel TP Bioavailable Fe (gkg™) Al (gkg™) Mg(gkg™™) Ca(gkg™)
(um) (um) (um) (%) fraction (%) fraction (%) fraction (%) (gkg™) phosphorus (gkg™)
Distance downstream (m) -0.4 -0.4 -0.5 0.4 0.3 0.5 -0.8 0.4 0.5 0.6 0.6 0.4 0.5
Relative elevation (m.a.s.l) 0.4 0.5 0.5 -0.4 -0.3 -0.5 0.7 -0.4 -0.5 -0.6 -0.5 -0.3 -0.4
Channel slope (%) 03 0.3 0.3 0.3 -0.2 -0.1 0.6 0.0 0.4 -0.5 0.2 0.0 0.2
Channel width (m) 0.3 0.2 0.2 0.0 -0.3 -0.1 0.1 -0.2 -0.1 -0.1 -0.5 -0.4 -0.1
Bankfull depth (m) -0.1 -0.3 -0.5 -0.1 0.1 -0.1 0.2 0.0 -0.1 0.2 -0.5 -0.5 -0.4
Average depth (m) -0.3 -0.5 -0.6 -0.2 0.3 -0.1 -0.3 0.0 -0.2 0.4 -0.4 -0.2 -0.2
Channel width/ depth ratio 0.4 0.5 0.6 0.2 -0.4 0.1 -0.3 -0.2 0.1 -0.3 0.2 0.1 0.3
Channel area (m?) 0.2 0.2 0.3 0.3 -0.2 0.4 -0.6 -0.4 0.1 -0.1 0.2 -0.4 0.0
Distance downstream (m) 0.08 0.07 0.06 0.08 0.14 0.05 0.04 0.09 0.03 0.01 0.02 0.08 0.06
Relative elevation (m.a.s.l) 0.09 0.06 0.05 0.09 0.16 0.06 0.06 0.06 0.04 0.01 0.05 0.13 0.10
Channel slope (%) 0.16 0.12 0.19 0.14 0.21 0.41 0.10 0.45 0.10 0.05 0.26 0.47 0.27
Channel width (m) 0.20 0.24 0.24 0.46 0.18 0.38 0.39 0.24 0.34 0.36 0.04 0.08 0.37
Bankfull depth (m) 0.31 0.16 0.06 0.33 0.34 0.35 0.35 0.48 0.41 0.21 0.03 0.05 0.10
Average depth (m) 0.13 006 0.02 0.25 0.14 0.34 0.31 0.44 0.29 0.10 0.09 0.29 0.24
Channel width/ depth ratio 0.09 0.05 0.01 0.24 0.09 0.34 0.31 0.24 0.41 0.14 0.31 0.38 0.13
Channel area (m?) 0.30 0.31 0.20 0.16 0.26 0.07 0.10 0.07 0.35 0.35 0.21 0.08 0.44
Distance downstream (m) 0.2 0.2 0.2 0.2 0.1 0.2 0.6 0.2 0.3 0.4 0.3 0.2 0.2
Relative elevation (m.a.s.l) 0.2 0.2 0.2 0.2 0.1 0.2 0.5 0.2 0.3 0.4 0.2 0.1 0.1
Channel slope (%) 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.0 0.1 0.2 0.1 0.0 0.0
Channel width (m) 0.1 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.3 0.2 0.0
Bankfull depth (m) 0.0 0.1 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.3 0.2 0.1
Average depth (m) 0.1 0.2 0.3 0.0 0.1 0.0 0.1 0.0 0.0 0.1 0.2 0.0 0.0
Channel width/ depth ratio 0.2 0.2 0.4 0.0 0.2 0.0 0.1 0.0 0.0 0.1 0.0 0.0 0.1
Channel area (m?) 0.0 0.0 0.1 0.1 0.0 0.2 0.4 0.2 0.0 0.0 0.1 0.2 0.0
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Table 5.8 Results of the Spearman’s correlation matrix showing the Spearman’s coefficient, p-value and R? values (from top to bottom), to explore the relationships between

sediment properties and the morphological and geometrical properties of the Minnehaha pebble bar samples in the channel. Significant relationships are highlighted in grey.

Independent variable

Dependent variable

Di6 (1LmM) Dso (um) Dsga (um) Gravel fraction (%)
Distance downstream (m) -0.98 -0.96 -0.92 -0.52
Relative elevation (m.a.s.l) 0.98 0.96 0.92 0.52
Channel slope (%) 0.04 0.07 0.19 -0.06
Channel width (m) 0.41 0.41 0.44 0.06
Bankfull depth (m) 0.10 0.12 0.02
Average depth (m) 0.02 0.07 -0.05
Channel width/ depth ratio 0.29 0.19 0.31
Channel area (m?) -0.64 -0.52 -0.50
Distance downstream (m) 0.00 0.00 0.00 0.06
Relative elevation (m.a.s.l) 0.00 0.00 0.00 0.06
Channel slope (%) 0.45 0.43 0.30 0.44
Channel width (m) 0.12 0.12 0.10 0.44
Bankfull depth (m) 0.41 0.39 0.48
Average depth (m) 0.48 0.43 0.46
Channel width/ depth ratio 0.25 0.33 0.23
Channel area (m?) 0.04 0.09 0.10
Distance downstream (m) 1.0 0.9 0.9 0.3
Relative elevation (m.a.s.l) 1.0 0.9 0.9 0.3
Channel slope (%) 0.0 0.0 0.0 0.0
Channel width (m) 0.2 0.2 0.2 0.0
Bankfull depth (m) 0.0 0.0 0.0
Average depth (m) 0.0 0.0 0.0
Channel width/ depth ratio 0.1 0.0 0.1
Channel area (m?) 0.4 0.3 0.3
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Relationships between sediment properties

Spearman’s correlation analysis within the channel bed samples of the Gatberg River system revealed
significant relationships between sediment properties, indicating strong or moderate positive or negative

correlations at a statistically significant level (Table 5.9).

Strong Spearman’s coefficient and p-values were observed between iron concentrations and all the
independent variables (r > +0.7 and < * 0.8; p-values < 0.05; r* > 0.5) and between aluminium
concentration and percentage organic matter content (r. = 0.8; p-values < 0.05; r* > 0.5). Several other
combinations had moderate correlations with strong p-values, however, the trend analysis revealed that

these relationships were below r? 0.5 indicating a poor trend relationship.

Table 5.9 Results of the Spearman’s correlation matrix showing the Spearman’s coefficient, p-value and R? values (from top to
bottom), to explore the relationships between sediment properties of the Gatberg channel bed samples. Significant relationships
are highlighted in grey.

Independent variable Dependent variable
OMC (%) TP(gkg™) Fe (gkg™) Al (gkg™) Mg(gkg™) Ca(gkg™)

Dis (um) -0.4 -0.2 -0.8 0.4 -0.4 0.3
Dso (um) -0.8

Dsa (1m) 0.1 0.1 0.8 0.3 0.2 03
Sand fraction (%) -0.3 -0.1 -0.7 -0.2 -0.3 -0.1
Clay and silt fraction (%) 0.5 0.2 0.8 0.3 0.5 0.4
OMC (%) 0.2 0.8 0.7 0.5 0.2
D16 (M) 0.01 0.26 0.00 0.11 0.06 0.20
Dso (um) 0.10 0.43 0.00 0.14 0.16 0.24
Dsa (km) 0.22 0.42 0.00 0.19 0.30 0.22
Sand fraction (%) 0.02 0.38 0.00 0.27 0.13 0.42
Clay and silt fraction (%) 0.00 0.25 0.00 0.12 0.04 0.13
OMC (%) 0.21 0.00 0.00 0.04 0.28
D16 (Hm) 0.7 0.2

Dso (um) 0.7

Dga (km) 0.0 0.0 0.6 0.1 0.0 0.1
Sand fraction (%) 0.1 0.0 0.5 0.0 0.1 0.0
Clay and silt fraction (%) 0.2 0.0 0.7 0.1 0.3 0.2
OMC (%) 0.1 0.6 0.5 0.3 0.0

The Spearman correlation analysis within channel bed samples of the Minnehaha River system revealed
significant relationships between sediment properties, indicating strong or moderate positive or negative

correlations at a statistically significant level (Table 5.10).

Strong positive Spearman’s coefficient and p-values were observed between bioavailable phosphorus and
calcium concentration with percentage organic matter content (r, = 8; p-values < 0.05; r> > 0.5); iron
concentration with percentage clay and silt fractions (r, = 0.8; p-values < 0.05; r*> > 0.5); and between
aluminium concentration with percentage organic matter content (r = 0.7; p-values < 0.05; r* > 0.5).

Strong negative Spearman’s coefficient and p-values were observed between iron concentration and Dss,
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Dso, Dsa sediment particle size (r, >-0.7 and < -0.8; p-values < 0.05; r> > 0.5). Several other combinations

had moderate correlations with strong p-values, however, the trend analysis revealed that these

relationships were below r? 0.5 indicating a poor trend relationship.

Table 5.10 Results of the Spearman’s correlation matrix showing the Spearman’s coefficient, p-value and R? values (from top to
bottom), to explore the relationships between sediment properties of the Minnehaha channel bed samples. Significant
relationships are highlighted in grey.

Dependent variable

Independent variable OMC (%) TP (gkg™) Bioavailable Fe (gkg™) Al (gkg™) Mg(gkg™) Ca(gkg™)
phosphorus (g kg™)
D16 (um) 0.1 0.0 0.1 0.8 0.1 0.4 0.0
Dso (um) 0.1 0.0 0.0 0.8 0.1 0.2 0.2
Dsa (um) 0.3 0.1 0.0 0.7 0.1 0.0 0.4
OMC (%) 0.3 0.8 0.0 0.7 0.1 0.7
Clay and silt fraction (%) -0.1 0.0 -0.2 0.8 0.1 0.4 -0.1
Sand fraction (%) -0.4 -0.2 0.6 -0.1 0.6 -0.2 0.2
Dig (um) 0.39 0.49 0.34 0.00 0.35 0.07 0.46
Dso (um) 0.38 0.47 0.46 0.00 0.40 0.30 0.21
Dsa (um) 0.20 0.39 0.46 0.00 0.42 0.46 0.09
OMC (%) 0.15 0.00 0.49 0.00 0.34 0.01
Clay and silt fraction (%) 0.35 0.44 0.30 0.00 0.35 0.09 0.43
Sand fraction (%) 0.12 0.29 0.01 0.34 0.02 0.21 0.28
D16 (um) 0.0 0.0 0.0 0.7 0.0 0.2 0.0
Dso (km) 0.0 0.0 0.0 0.7 0.0 0.0 0.1
Dsa (km) 0.1 0.0 0.0 0.5 0.0 0.0 0.2
OMC (%) 0.1 0.6 0.0 0.5 0.0 0.4
Clay and silt fraction (%) 0.0 0.0 0.0 0.6 0.0 0.2 0.0
Sand fraction (%) 0.1 0.0 0.4 0.0 0.4 0.1 0.0
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Relationships between total phosphorus and geochemical properties

Spearman correlation analysis within the channel bed samples of the Gatberg River system revealed a
significant relationship between total phosphorus concentration and aluminium concentration, indicating
a strong positive correlation at a statistically significant level (r = 0.7; p-values < 0.05; r? > 0.5). Total
phosphorus concentration had moderate Spearman’s coefficients however, both the p-values (> 0.05) and
the trend analysis revealed that these relationships were below r? 0.5 indicating a poor trend relationship

(Table 5.11).

Table 5.11 Results of the Spearman’s correlation matrix showing the Spearman’s coefficient, p-value and R? values (from top to
bottom), to explore the relationships between total phosphorus content and the measured geochemical elements of the Gatberg
channel bed samples. Significant relationships are highlighted in grey.

Independent variable | Dependent variable
TP (gkg™)

Fe (g kg™) 0.5
Al (gkg™) 0.7
Mg (g kg™) 0.5
Ca(gkg™) -0.1
Fe (g kg™) 0.07
Al (gkg™) 0.01
Mg (g kg™) 0.06
Ca(gkg™) 0.41
Fe (g kg™) 0.2
Al (gkg™) 0.5
Mg (g kg™) 0.2
Ca(gkg™) 0.0

Spearman correlation analysis within the channel bed samples of the Minnehaha River system revealed a
moderate positive correlation between total phosphorus concentration and magnesium concentration (r,
=0.5), however, both the p-values (> 0.05) and the trend analysis revealed that these relationships were

below r? 0.5 indicating a poor trend relationship (Table 5.12).
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Table 5.12 Results of the Spearman’s correlation matrix showing the Spearman’s coefficient, p-value and R? values (from top to
bottom), to explore the relationships between total phosphorus content and the measured geochemical elements of the
Minnehaha channel bed samples. Significant relationships are highlighted in grey.

. Dependent variable
Independent variable TP (g ke™)

Bioavailable phosphorus (g kg™) 0.4
Fe (gkg™) 0.2
Al (gkg™) 0.1
Mg (g kg™) 0.5
Ca(gkg™) 0.4
Bioavailable phosphorus (g kg™) 0.11
Fe (g kg™) 0.31
Al (gkg™) 0.35
Mg (g kg™) 0.06
Ca(gkg™) 0.10
Bioavailable phosphorus (g kg™) 0.1
Fe (gkg™) 0.0
Al (gkg™) 0.0
Mg (gkg™) 0.2
Ca(gkg™) 0.1

[I.  Channel-bank (cut bank) material

During the study period along the Gatberg River, the distribution of the Dso particle size of the cut bank
material ranged from medium silt to medium sand, spanning 16 to 309 um, with an average of 135 um.
Most of the particle size distributions were unimodal. The Ds4 particle sizes ranged from coarse silt to
coarse sand, varying between 45 to 727 um, with an average of 397 um. Similarly, the Di¢ particle sizes

ranged from clay to fine sand, with diameters ranging from 2 to 128 um, with an average of 38 um.

The cut banks exhibited an average percentage of clay and silt fraction of 38 %, indicating a significant
proportion of fine-grained sediment. Additionally, the cut bank material contained an average organic

matter content of 4 % and a total phosphorus concentration of 0.06 g kg™".

The Spearman correlation analysis within the channel bank (cut-bank) samples of the Gatberg River
system revealed significant relationships between sediment properties and channel morphometric

variables, indicating strong positive correlations at a statistically significant level (Table 5.13).

Strong positive Spearman’s coefficient and p-values were observed between Dis sediment particle size
and channel bankfull area (r, = 0.7; p-values < 0.05; r* > 0.5), and bioavailable phosphorus with average
channel bed slope (r, = 0.8; p-values < 0.05; r* > 0.5). Several other combinations had moderate
correlations with strong p-values, however, the trend analysis revealed that these relationships were

below r? 0.5 indicating a poor trend relationship.
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Table 5.13 Results of the Spearman’s correlation matrix showing the Spearman’s coefficient, p-value and R? values (from top to bottom), to explore the relationships between
sediment properties and the morphological and geometrical properties of the Gatberg cut-bank samples. Significant relationships are highlighted in grey.

Dependent variable

Independent variable Dis Dso Dsga OMC (%)  Sand fraction Clay and silt TP (g kg™) Bioavailable Fe (g kg™) Al (g kg™) Mg(gkg™™) Ca(gkg™)
(um)  (um) (um) (%) fraction (%) phosphorus (g kg™)

Distance downstream (m) -0.2 -0.1 -0.1 0.1 -0.1 0.1 -0.3 -0.4 -0.2 -0.3 0.2 -0.1
Relative elevation (m.a.s.l) 0.1 0.0 0.0 -0.1 0.1 -0.1 0.4 0.2 -0.1 0.4 -0.1 0.2
Bankfull depth (m) 0.5 0.3 0.2 0.0 0.4 -0.4 0.1 -0.7 0.0 0.3 -0.2 0.0
Average depth (m) 0.0 0.0 0.1 0.0 0.1 0.1 0.0 0.2 0.3 0.0 0.1 0.0
Channel slope (%) 0.2 0.3 0.3 0.0 0.1 -0.1 -0.2 0.8 -0.1 0.2 0.0 0.1
Channel width (m) 0.2 0.1 0.0 0.1 0.1 -0.1 0.1 0.2 0.1 0.0 -0.3 -0.1
Channel width/ depth ratio -0.3 -0.3 -0.3 0.0 -0.3 0.3 0.1 0.6 0.2 -0.4 -0.4 -0.5
Channel area (m?) 0.7 0.6 0.5 -0.2 0.6 -0.6 0.3 0.2 0.0 0.5 -0.3 -0.3
Distance downstream (m) 0.17 0.33 0.34 0.31 0.36 0.36 0.13 0.25 0.23 0.15 0.26 0.36
Relative elevation (m.a.s.l) 0.36 0.48 0.48 0.41 0.36 0.36 0.05 0.40 0.31 0.07 0.32 0.30
Bankfull depth (m) 0.02 0.08 0.21 0.42 0.05 0.05 0.32 0.11 0.45 0.11 0.21 0.48
Average depth (m) 0.45 0.47 0.39 0.49 0.37 0.37 0.45 0.40 0.17 0.49 0.32 0.48
Channel slope (%) 0.20 0.15 0.13 0.49 0.32 0.32 0.20 0.04 0.36 0.24 0.44 0.39
Channel width (m) 0.20 0.29 0.45 0.40 0.31 0.31 0.41 0.37 0.43 0.47 0.14 0.40
Channel width/ depth ratio 0.10 0.12 0.12 0.47 0.14 0.14 0.42 0.16 0.20 0.04 0.07 0.07
Channel area (m?) 0.00 0.01 0.02 0.25 0.00 0.00 0.09 0.37 0.47 0.02 0.16 0.18
Distance downstream (m) 0.1 0.0 0.0 0.0 0.0 0.0 0.1 0.2 0.0 0.1 0.0 0.0
Relative elevation (m.a.s.l) 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.0 0.1 0.0 0.0
Bankfull depth (m) 0.2 0.1 0.0 0.0 0.2 0.2 0.0 0.4 0.0 0.1 0.1 0.0
Average depth (m) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0
Channel slope (%) 0.0 0.1 0.1 0.0 0.0 0.0 0.0 0.7 0.0 0.0 0.0 0.0
Channel width (m) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0
Channel width/ depth ratio 0.1 0.1 0.1 0.0 0.1 0.1 0.0 0.3 0.1 0.2 0.2 0.2
Channel area (m?) 0.5 0.3 0.2 0.0 0.4 0.4 0.1 0.0 0.0 0.3 0.1 0.1
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During the study period along the Minnehaha River, the distribution of the Dsq particle size of the cut bank
material ranged from medium silt to medium sand, spanning 18 to 271 um, with an average of 115 um.
Most of the particle size distributions were unimodal. The D4 particle sizes ranged from coarse silt to very
coarse sand, varying between 48 and 1504 um, with an average of 448 um. Similarly, the D1 particle sizes

ranged from clay to very fine sand, with diameters ranging from 4 to 74 um, with an average of 36 um.

The cut banks exhibited an average percentage of clay and silt fraction of 42 %, indicating a significant
proportion of fine-grained sediment. Additionally, the cut bank material contained an average organic

matter content of 5 % and a total phosphorus concentration of 0.07 g kg™".

The Spearman correlation analysis within the channel bank (cut-bank) samples of the Minnehaha River
system revealed significant relationships between sediment properties and channel morphometric
variables, indicating strong negative, moderate positive, and moderate negative correlations at a

statistically significant level (Table 5.14).

There was a strong negative Spearman’s coefficient and p-values between Dsg sediment particle size and
both channel bankfull depth (r, = -0.8; p-values < 0.05; r* > 0.5), and channel average depth (r. = -0.7; p-
values < 0.05; r* < 0.5); and both channel bankfull depth (r,= -0.8; p-values < 0.05; r> > 0.5), and channel
average depth (r =-0.7; p-values < 0.05; r* < 0.5). Several other combinations had moderate correlations
with strong p-values, however, the trend analysis revealed that these relationships were below r? 0.5

indicating a poor trend relationship.

However, the only variability within the sediment properties that the channel morphometrics could
explain according to a trend analysis was between Dsg and Dgs sediment particle size and channel bankfull

depth (r? > 0.5).
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Table 5.14 Results of the Spearman’s correlation matrix showing the Spearman’s coefficient, p-value and R? values (from top to bottom), to explore the relationships between
sediment properties and the morphological and geometrical properties of the Minnehaha cut-bank samples. Significant relationships are highlighted in grey.

Dependent variable

Independent variable Dis Dso Dsa omcC Clay and silt Sand fraction TP (gkg™) Bioavailable Fe (g kg™) Al (gkg™) Mg (g kg™) Ca(gkg™)
(um) (um) (um) (%) fraction (%) (%) phosphorus (g kg™)
Distance downstream (m) 0.2 0.1 -0.1 0.3 -0.1 0.4 0.0 0.0 0.3 -0.2 0.3 0.3
Relative elevation (m.a.s.l) -0.1 0.0 0.2 -0.3 0.1 -0.3 -0.1 0.0 -0.3 0.2 -0.2 -0.2
Channel slope (%) -0.2 0.1 0.2 0.1 0.2 -0.2 0.3 0.1 0.0 0.2 0.1 0.5
Channel width (m) -0.3 -0.4 -0.1 0.2 0.2 -0.2 0.4 0.5 0.2 0.0 -0.3 -0.2
Bankfull depth (m) -0.6 -0.8 -0.8 0.2 0.6 -0.5 0.6 0.5 0.6 -0.4 0.0 -0.1
Average depth (m) -0.5 -0.7 -0.7 0.0 0.4 -0.3 0.2 0.1 0.4 -0.4 0.1 -0.2
Channel width/ depth ratio 0.4 0.5 0.7 0.2 -0.4 0.4 -0.2 0.1 -0.5 0.5 -0.2 0.1
Channel area (m? 0.3 0.2 0.2 0.1 -0.3 0.5 0.0 0.1 -0.3 0.5 -0.2 -0.1
Distance downstream (m) 0.26 0.43 0.33 0.17 0.32 0.11 0.47 0.45 0.17 0.31 0.18 0.18
Relative elevation (m.a.s.l) 0.32 0.46 0.25 0.20 0.38 0.16 0.40 0.48 0.14 0.22 0.22 0.22
Channel slope (%) 0.30 0.32 0.22 0.39 0.28 0.23 0.20 0.31 0.44 0.26 0.40 0.05
Channel width (m) 0.19 0.10 0.35 0.28 0.24 0.25 0.10 0.03 0.26 0.49 0.20 0.29
Bankfull depth (m) 0.01 0.00 0.00 0.30 0.02 0.05 0.02 0.05 0.01 0.07 0.48 0.36
Average depth (m) 0.05 0.01 0.01 0.44 0.08 0.19 0.24 0.34 0.09 0.11 0.31 0.22
Channel width/ depth ratio 0.09 0.05 0.01 0.31 0.08 0.11 0.23 0.37 0.06 0.06 0.29 0.42
Channel area (m? 0.16 0.23 0.23 0.36 0.13 0.03 0.47 0.31 0.12 0.03 0.22 0.34
Distance downstream (m) 0.0 0.0 0.0 0.1 0.0 0.1 0.0 0.0 0.1 0.0 0.1 0.1
Relative elevation (m.a.s.l) 0.0 0.0 0.0 0.1 0.0 0.1 0.0 0.0 0.1 0.1 0.1 0.1
Channel slope (%) 0.0 0.0 0.1 0.0 0.0 0.1 0.1 0.0 0.0 0.0 0.0 0.2
Channel width (m) 0.1 0.1 0.0 0.0 0.0 0.0 0.1 0.3 0.0 0.0 0.1 0.0
Bankfull depth (m) 0.4 0.7 0.6 0.0 0.3 0.2 0.3 0.2 0.4 0.2 0.0 0.0
Average depth (m) 0.2 0.4 0.4 0.0 0.2 0.1 0.0 0.0 0.2 0.1 0.0 0.1
Channel width/ depth ratio 0.2 0.2 0.4 0.0 0.2 0.1 0.0 0.0 0.2 0.2 0.0 0.0
Channel area (m? 0.1 0.1 0.0 0.0 0.1 0.3 0.0 0.0 0.1 0.3 0.1 0.0
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Relationships between sediment properties

The Spearman correlation analysis within the channel bank (cut-bank) samples of the Gatberg River
system revealed significant relationships between sediment properties, indicating strong positive, strong
negative, moderate positive, and moderate negative correlations at a statistically significant level (Table

5.15).

There was a strong positive Spearman’s coefficient and p-values between bioavailable phosphorus and
Ds4 sediment particle size (r. = 0.7; r? = 0.5); aluminium concentration and various sediment particle sizes,
including D1, Dso, and Dags, as well as the percentage sand fraction (r, > 0.7 and < 0.8; p-values < 0.05; r* >
0.5), and between magnesium concentrations and percentage of organic matter content (r. > 0.7 and <
0.8; p-values < 0.05; r? < 0.5). A strong negative correlation was observed between aluminium

concentration and the percentage of clay and silt fraction (r, >-0.7; p-values <0.05; r*>>0.5).

However, the only variability within the sediment properties that the other sediment properties could
explain according to a trend analysis was between bioavailable phosphorus and Dg4 sediment particle size
(r* = > 0.5), and aluminium concentration with the various sediment particle sizes, as well as the
percentage sand and clay and silt fraction (r? = > 0.5). This suggests that sediment particle size and
composition characteristics play a significant role in determining aluminium concentration within the

Gatberg River system.

Table 5.15 Results of the Spearman’s correlation matrix showing the Spearman’s coefficient, p-value and R? values (from top to
bottom), to explore the relationships between sediment properties of the Gatberg cut-bank samples. Significant relationships are
highlighted in grey.

Dependent variable
Independent variable omc TP (g kg™) Bioavailable Fe (gkg™) Al (gkg™) Mg (g kg™) Ca(gkg™)
(%) phosphorus (g kg™)
D1 (um) 0,0 0,0 0,6 -0,4 0,7 0,2 0,1
Dso (um) 0,0 -0,1 0,6 -0,4 0,8 0,3 0,0
Dga (um) 0,0 -0,1 0,7 -0,5 0,8 0,4 0,1
Sand fraction (%) -0,1 0,0 0,4 -0,4 0,7 0,1 -0,2
Clay and silt fraction (%) 0,1 0,0 -0,4 0,4 -0,7 -0,1 0,2
OMC (%) 0,1 0,1 0,3 0,2 0,7 0,6
D16 (um) 0,47 0,45 0,16 0,11 0,00 0,29 0,38
Dso (um) 0,48 0,39 0,16 0,08 0,00 0,16 0,50
Dgs (um) 0,50 0,28 0,09 0,05 0,00 0,07 0,37
Sand fraction (%) 0,31 0,44 0,26 0,10 0,00 0,34 0,26
Clay and silt fraction (%) 0,31 0,44 0,26 0,10 0,00 0,34 0,26
OMC (%) 0,32 0,47 0,14 0,20 0,00 0,04
Dis (um) 0,0 0,0 0,3 0,1 0,6 0,0 0,0
Dso (um) 0,0 0,0 0,3 0,2 0,6 0,1 0,0
Dsa (um) 0,0 0,0 0,5 0,2 0,6 0,2 0,0
Sand fraction (%) 0,0 0,0 0,2 0,1 0,5 0,0 0,1
Clay and silt fraction (%) 0,0 0,0 0,2 0,1 0,5 0,0 0,1
OMC (%) 0,0 0,0 0,1 0,0 0,4 0,3
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The Spearman correlation analysis within the channel bank (cut-bank) samples of the Minnehaha River
system revealed significant relationships between sediment properties, indicating strong positive, strong
negative, moderate positive, and moderate negative correlations at a statistically significant level (Table

5.16).

There was a strong positive Spearman’s coefficient and p-values between iron concentration and
percentage clay and silt fractions (r, = 0.7; p-values < 0.05; r* = 0.5); aluminium concentration with Dgs
sediment particle size (r, = 0.8; p-values < 0.05; r* > 0.5), and between calcium concentration with
percentage organic matter content (r. = 0.7; p-values < 0.05; r> = 0.5). A strong negative correlation was
observed between iron concentration and sediment particle sizes, including D1s, Dso, and Dss (r, = -0.7; p-
values <0.05; r?> = 0.5). Several other combinations showed moderate correlations with strong p-values,
but the trend analysis indicated that these relationships had r? values below 0.5, suggesting a weak trend

connection.

Table 5.16 Results of the Spearman’s correlation matrix showing the Spearman’s coefficient, p-value and R? values (from top to
bottom), to explore the relationships between sediment properties of the Minnehaha cut-bank samples. Significant relationships
are highlighted in grey.

Dependent variable
Independent variable OMC (%) TP (gkg™) Bioavailable Fe (gkg™) Al (gkg™) Mg (g kg™) Ca(gkg™)
phosphorus (g kg™)
D16 (um) 0.1 -0.4 -0.4 0.7 0.4 0.1 0.1
Dso (um) -0.1 -0.5 -0.5 -0.7 0.6 0.0 0.2
Dga (um) -0.1 -0.3 -0.2 -0.7 0.8 0.0 0.4
Clay and silt fraction (%) 0.1 0.4 0.4 0.7 -0.4 0.1 -0.1
Sand fraction (%) 0.2 -0.3 -0.3 -0.5 0.5 0.1 0.3
OMC (%) 0.3 0.5 0.4 0.0 0.6 0.7
Dis (um) 0.39 0.07 0.08 0.00 0.08 0.37 0.31
Dso (um) 0.36 0.06 0.06 0.00 0.01 0.44 0.22
Dsa (km) 0.40 0.18 0.23 0.00 0.00 0.49 0.11
Clay and silt fraction (%) 0.41 0.08 0.09 0.01 0.07 0.37 0.32
Sand fraction (%) 0.27 0.16 0.17 0.03 0.03 0.37 0.20
OMC (%) 0.18 0.04 0.08 0.46 0.02 0.00
D16 (um) 0.0 0.2 0.2 0.5 0.2 0.0 0.0
Dso (km) 0.0 0.2 0.2 0.5 0.4 0.0 0.1
Dga (um) 0.0 0.1 0.1 0.5 0.6 0.0 0.1
Clay and silt fraction (%) 0.0 0.2 0.2 0.5 0.2 0.0 0.0
Sand fraction (%) 0.0 0.1 0.1 0.3 0.3 0.0 0.1
OMC (%) 0.1 0.3 0.2 0.0 0.4 0.5

Relationships between total phosphorus and geochemical properties

The Spearman correlation analysis within the channel bank (cut-bank) samples of the Gatberg River
system revealed significant relationships between total phosphorus concentration and geochemical

sediment properties, particularly with iron concentration.
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A strong positive correlation existed between total phosphorus concentration and iron concentration

(Spearman's p = 0.7, p = 0.01).

The results of the Spearman correlation within the channel bank (cut-bank) samples did not show
correlations between the concentration of total phosphorus and the geochemical properties of the

Minnehaha River system sediment.
[II.  Point bar material

During the study period along the Gatberg River, the point bar material exhibited a range of particle sizes,
with associated distributions indicative of varying sediment compositions. Dsg particle size ranged from
fine silt to coarse sand, with sizes spanning 12 to 565 um (average diameter= 184 um). Most of the
distributions were unimodal, suggesting a predominant size class within the sampled material. The size of
the Dsgs particles ranged from coarse silt to very coarse sand, with sizes ranging from 51 to 1424 um
(average 429 um). This further illustrates the variability in sediment size within the point bar material. The
particle size of Dis ranged from clay to fine sand, with sizes varying from 2 to 227 um (average 76 um).
This indicates the presence of finer sediment fractions in addition to coarser particles. The average
percentage of clay and silt fraction was 33 %, suggesting a significant proportion of fine-grained material
within the point bar samples. The organic matter content of the samples was 3 %. The total phosphorus
concentration observed in the samples was 0.06 g kg™, reflecting the phosphorus level within the point

bar material.

The Spearman correlation within the point bar (depositing bank) samples of the Gatberg River system

revealed significant relationships between sediment properties and channel morphometrics (Table 5.17).

There was a very strong positive Spearman’s coefficient and p-values between Dig and Dgs sediment
particle size with bankfull area (r =0.9; p-values <0.05; r*>0.5); and organic matter content with average
distance downstream (r. = 0.9; p-values < 0.05; r> > 0.5). A very strong negative correlation was observed
between organic matter content with bankfull area (r, =-0.9; p-values < 0.05; r> = 0.5); and between iron
concentration with average channel depth (r, =-0.9; p-values < 0.05; r? = 0.5). A strong positive correlation
was detected between Dso sediment particle sizes and the sand fraction with channel bankfull area (r, =
0.8; p-values < 0.05; r* = 0.5); total phosphorus concentrations with relative distance downstream (r, =
0.8; p-values < 0.05; r* = 0.5); and calcium concentrations with relative distance downstream (r, =0.7; p-
values < 0.05; r? = 0.5). A strong negative correlation was detected between Dss, Dgs sediment particle
sizes and relative distance downstream (r. = -0.7; p-values < 0.05; r*> = 0.5); between the percentage

organic matter content, total phosphorus, bioavailable phosphorus and calcium with relative elevation (r,
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between -0.7 and -0.8; p-values < 0.05; r? = 0.5); between clay and silt fraction, bioavailable phosphorus
and iron concentrations with channel bankfull area (r, = -0.8; p-values < 0.05; r*> = 0.5); between iron
concentrations with channel width and channel width/ depth ration (r. = -0.8; p-values < 0.05; r* = 0.5);
and calcium concentration with average channel depth (r. = -0.7; p-values < 0.05; r? = 0.5). Several other
combinations showed moderate correlations with strong p-values, but the trend analysis indicated that

these relationships had r? values below 0.5, suggesting a weak trend connection.
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Table 5.17 Results of the Spearman’s correlation matrix showing the Spearman’s coefficient, p-value and R? values (from top to bottom), to explore the relationships between

sediment properties and the morphological and geometrical properties of the Gatberg point bar samples. Significant relationships are highlighted in grey.

Dependent variable

Independent variable Dis Dso Dga OMC  Sand fraction Clay and silt TP (gkg™) Bioavailable Fe (g kg™) Al (gkg™) Mg (g kg™) Ca(gkg™)
(m) (um)  (um) (%) (%) fraction (%) phosphorus (g kg™)
Distance downstream (m) -0.7 -0.8 -0.7 0.9 -0.6 0.6 0.8 0.6 0.6 0.6 0.6 0.7
Relative elevation (m.a.s.l) 0.6 0.6 0.6 -0.8 0.6 -0.6 -0.8 -0.7 -0.3 -0.5 -0.4 -0.7
Bankfull depth (m) 0.4 0.3 0.3 -0.4 0.2 -0.2 -0.5 -0.1 -0.4 -0.3 -0.1 -0.1
Average depth (m) 0.4 0.3 0.4 -0.3 0.3 -0.3 -0.5 -0.5 -0.9 -0.4 -0.6 -0.7
Channel slope (%) 0.4 0.4 0.4 -0.2 0.6 -0.6 0.1 0.3 -0.6 0.1 -0.6 0.1
Channel width (m) 0.5 0.4 0.5 -0.4 0.5 -0.5 -0.4 -0.5 -0.8 -0.2 -0.5 -0.2
Channel width/ depth ratio 0.0 -0.1 0.2 0.0 0.1 -0.1 -0.1 -0.6 -0.8 0.0 -0.5 -0.4
Channel area (m?) 0.9 0.8 0.9 -0.9 0.8 -0.8 -0.5 -0.8 -0.8 -0.2 -0.6 -0.4
Distance downstream (m) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.03 0.01 0.02 0.01
Relative elevation (m.a.s.l) 0.01 0.00 0.01 0.00 0.01 0.01 0.00 0.02 0.19 0.02 0.06 0.02
Bankfull depth (m) 0.06 0.09 0.15 0.06 0.20 0.23 0.03 0.38 0.08 0.11 0.43 0.44
Average depth (m) 0.09 0.11  0.07 0.17 0.11 0.11 0.02 0.08 0.00 0.05 0.01 0.02
Channel slope (%) 0.04 0.05 0.05 0.24 0.01 0.01 0.32 0.18 0.02 0.37 0.02 0.43
Channel width (m) 0.03 0.07 0.02 0.07 0.04 0.04 0.05 0.11 0.00 0.25 0.06 0.26
Channel width/ depth ratio 0.47 042 0.24 0.45 0.33 0.32 0.33 0.05 0.00 0.48 0.04 0.15
Channel area (m?) 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.00 0.21 0.02 0.14
Distance downstream (m) 0.5 0.6 0.5 0.8 0.4 0.4 0.7 0.4 0.3 0.3 0.3 0.5
Relative elevation (m.a.s.l) 0.4 0.4 0.4 0.6 0.3 0.3 0.6 0.5 0.1 0.3 0.2 0.5
Bankfull depth (m) 0.2 0.1 0.1 0.2 0.1 0.0 0.2 0.0 0.2 0.1 0.0 0.0
Average depth (m) 0.1 0.1 0.1 0.1 0.1 0.1 0.3 0.3 0.7 0.2 0.4 0.5
Channel slope (%) 0.2 0.2 0.2 0.0 0.3 0.3 0.0 0.1 0.3 0.0 0.3 0.0
Channel width (m) 0.2 0.1 0.3 0.1 0.2 0.2 0.2 0.2 0.7 0.0 0.2 0.1
Channel width/ depth ratio 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.6 0.0 0.2 0.2
Channel area (m?) 0.7 0.7 0.8 0.7 0.7 0.7 0.3 0.6 0.7 0.0 0.3 0.2
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The distribution of the Dso particle size of the point bar material along the Minnehaha River during the
period of study ranged from medium silt to very coarse sand (27 to 1003 um), with an average of 180 um.
Most of the particle size distributions were unimodal. The Dss particle sizes ranged from 61 to 6630 um
(coarse silt to pebbles), with an average of 784 um. The Dy¢ particle sizes ranged from 7 to 467 um (very
fine silt to medium sand), with an average of 70 um. The point bars had an average percentage of clay
and silt fraction of 39 %, a content of organic matter of 3 % and a total phosphorus concentration of 0.08

gkg™.

The Spearman correlation within the point bar (depositing bank) samples of the Minnehaha River system

unveiled significant relationships between sediment properties and channel morphometrics (Table 5.18).

There was a strong positive Spearman’s coefficient and p-values between iron concentration and
percentage clay and silt fractions with average channel depth (r. = 0.8; p-values < 0.05; r? = 0.5); and
between aluminium concentration with channel width/ depth ratio (r, = 0.7; p-values < 0.05; r* > 0.5). A
strong negative correlation was observed between sediment particle sizes, including D16, Dso, and Dgs and
average channel depth (r. = -0.8; p-values < 0.05; r? = 0.5); and between aluminium concentrations and
average channel depth (r, =-0.7; p-values <0.05; r? = 0.5). Several other combinations showed moderate
correlations with strong p-values, but the trend analysis indicated that these relationships had r? values

below 0.5, suggesting a weak trend connection.
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Table 5.18 Results of the Spearman’s correlation matrix showing the Spearman’s coefficient, p-value and R? values (from top to bottom), to explore the relationships between
sediment properties and the morphological and geometrical properties of the Minnehaha point bar samples. Significant relationships are highlighted in grey.

Dependent variable
Independent variable Dis Dso Dsa omcC Clay and silt Sand TP (gkg™) Bioavailable Fe (g kg™) Al (gkg™) Mg(gkg™) Ca(gkg™)
(um)  (um)  (um) (%) fraction (%) fraction (%) phosphorus (g kg™)

Distance downstream (m) -0.1 0.0 0.0 0.4 0.0 0.3 0.1 -0.3 0.1 0.2 0.2 0.4
Relative elevation (m.a.s.l) 0.1 0.0 0.0 -0.4 -0.1 -0.3 -0.1 0.3 -0.1 -0.1 -0.1 -0.3
Channel slope (%) 0.2 0.2 0.1 -0.5 -0.2 0.1 -0.3 0.3 -0.2 -0.3 -0.3 -0.3
Channel width (m) -0.4 -0.3 -0.2 0.0 0.4 -0.6 -0.1 -0.3 0.3 -0.2 -0.1 -0.3
Bankfull depth (m) -0.6 -0.6 -0.6 0.0 0.6 -0.5 -0.4 -0.3 0.5 -0.6 -0.4 -0.6
Average depth (m) -0.8 -0.8 -0.8 0.1 0.8 -0.5 -0.3 -0.1 0.8 -0.7 -0.4 -0.6
Channel width/ depth ratio 0.2 0.4 0.4 0.1 -0.3 -0.1 0.6 0.2 -0.2 0.7 0.6 0.5
Channel area (m?) 0.1 0.1 0.2 0.6 -0.1 0.2 -0.1 -0.1 -0.1 0.6 0.3 0.5
Distance downstream (m) 0.42 0.50 0.45 0.10 0.45 0.16 0.35 0.21 0.40 0.26 0.31 0.13
Relative elevation (m.a.s.l) 0.37 0.44 0.49 0.11 0.40 0.20 0.39 0.20 0.36 0.34 0.37 0.18
Channel slope (%) 0.25 0.28 0.36 0.05 0.23 0.44 0.17 0.20 0.27 0.17 0.19 0.18
Channel width (m) 0.12 0.17 0.26 0.48 0.13 0.01 0.33 0.14 0.13 0.28 0.43 0.18
Bankfull depth (m) 0.02 0.01 0.03 0.44 0.02 0.07 0.09 0.18 0.04 0.02 0.07 0.02
Average depth (m) 0.00 0.00 0.00 0.35 0.00 0.04 0.18 0.32 0.00 0.00 0.09 0.02
Channel width/ depth ratio 0.23 0.11 0.09 0.41 0.21 0.35 0.03 0.32 0.30 0.01 0.02 0.04
Channel area (m?) 0.36 0.39 0.32 0.02 0.38 0.25 0.42 0.41 0.34 0.02 0.20 0.06
Distance downstream (m) 0.0 0.0 0.0 0.2 0.0 0.1 0.0 0.1 0.0 0.0 0.0 0.1
Relative elevation (m.a.s.l) 0.0 0.0 0.0 0.1 0.0 0.1 0.0 0.1 0.0 0.0 0.0 0.1
Channel slope (%) 0.0 0.0 0.0 0.3 0.1 0.0 0.1 0.1 0.0 0.1 0.1 0.1
Channel width (m) 0.1 0.1 0.0 0.0 0.1 0.4 0.0 0.1 0.1 0.0 0.0 0.1
Bankfull depth (m) 0.3 0.4 0.3 0.0 0.4 0.2 0.2 0.1 0.3 0.3 0.2 0.3
Average depth (m) 0.6 0.7 0.6 0.0 0.6 0.3 0.1 0.0 0.6 0.5 0.2 0.3
Channel width/ depth ratio 0.1 0.1 0.2 0.0 0.1 0.0 0.3 0.0 0.0 0.4 0.4 0.3
Channel area (m?) 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.4 0.1 0.2
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Relationships between sediment properties

The results of the Spearman correlation analysis within the point bar (depositing bank) samples of the
Gatberg River system revealed significant relationships between the various sediment properties. These

correlations shed light on the interplay between sediment characteristics (Table 5.19).

There was a very strong negative Spearman’s coefficient and p-values between the percentage of organic
matter and magnesium concentration with Dso sediment particle sizes (r, =-0.9; p-values <0.05; r*>>0.5);
and iron and magnesium concentrations with D¢ sediment particle sizes (r, =0.9; p-values < 0.05; r>>0.5).
A strong positive correlation was observed between organic matter content, iron and magnesium
concentrations with clay and silt fractions (r. = 0.7 between 0.8; p-values < 0.05; r* = 0.5); and between
total phosphorus, bioavailable phosphorus, iron, magnesium and calcium concentrations with the
percentage of organic matter content with average channel depth (r. = 0.7 between 0.8; p-values < 0.05;
r> =0.5). A strong negative correlation was detected between the percentage organic matter content and
calcium concentration with Ds sediment particle sizes (r. =-0.8; p-values <0.05; r? = 0.5); iron and calcium
concentrations with Dso sediment particle sizes (r. =-0.7 between -0.8; p-values <0.05; r? =0.5); iron and
the percentage organic matter content with Dss sediment particle sizes (r, = -0.8; p-values < 0.05; r* =
0.5). Several other combinations showed moderate correlations with strong p-values, but the trend

analysis indicated that these relationships had r? values below 0.5, suggesting a weak trend connection.

Table 5.19 Results of the Spearman’s correlation matrix showing the Spearman’s coefficient, p-value and R? values (from top to
bottom), to explore the relationships between sediment properties of the Gatberg point bar samples. Significant relationships are
highlighted in grey.

Dependent variable
Independent variable OMC (%) TP (g kg™) Bioavailable Fe(gkg™) Al (g kg™) Mg (g kg™) Ca(gkg™)
phosphorus (g kg™)

D16 (um) -0.8 -0.4 -0.3 -0.9 0.3 -0.9 -0.8

Dso (um) -0.9 0.5 0.4 0.8 0.3 -0.9 0.7

Dga (um) -0.8 -0.4 -0.9 -0.8 -0.1 -0.6 -0.4

Sand fraction (%) -0.8 -0.3 -0.2 -0.8 -0.2 -0.8 -0.6
Clay and silt fraction (%) 0.7 0.3 0.2 0.8 0.2 0.8 0.6
oMC (%) 0.7 0.8 0.7 0.4 0.7 0.8

Di6 (um) 0.00 0.06 0.26 0.00 0.15 0.00 0.01

Dso (um) 0.00 0.04 0.16 0.00 0.13 0.00 0.01

Dga (um) 0.00 0.07 0.00 0.00 0.36 0.01 0.14

Sand fraction (%) 0.00 0.12 0.33 0.00 0.27 0.00 0.04
Clay and silt fraction (%) 0.00 0.12 0.33 0.00 0.29 0.00 0.04
OMC (%) 0.00 0.00 0.01 0.09 0.00 0.01

Dis (um) 0.7 0.2 0.1 0.7 0.1 0.8 0.6

Dso (um) 0.8 0.2 0.1 0.6 0.1 0.8 0.5

Dsa (um) 0.7 0.2 0.7 0.6 0.0 0.4 0.2

Sand fraction (%) 0.6 0.1 0.0 0.7 0.0 0.7 0.4
Clay and silt fraction (%) 0.6 0.1 0.0 0.7 0.0 0.7 0.4
OMC (%) 0.5 0.7 0.4 0.1 0.5 0.6
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The results of the Spearman correlation analysis within the point bar (depositing bank) samples of the
Minnehaha River system revealed significant relationships between the various sediment properties.

These correlations shed light on the interplay between the sediment characteristics (Table 5.20).

There was a very strong positive Spearman’s coefficient and p-values between iron concentrations with
clay and silt fraction (r, = 0.9; p-values < 0.05; r*> > 0.5). A very strong negative correlation between iron
with Dy, Dso and Dss sediment particle sizes (r, = -0.9; p-values < 0.05; r* > 0.5). Several other combinations
showed moderate correlations with strong p-values, but the trend analysis indicated that these

relationships had r? values below 0.5, suggesting a weak trend connection.

Table 5.20 Results of the Spearman’s correlation matrix showing the Spearman’s coefficient, p-value and R? values (from top to
bottom), to explore the relationships between sediment properties of the Minnehaha point bar samples. Significant relationships
are highlighted in grey.

Dependent variable
Independent variable OMC (%) TP(gkg™)  Bioavailable Fe (gkg™) Al (gkg™) Mg (g kg™") Ca(gkg™)
phosphorus (g kg™)

D16 (um) 03 0.2 0.1 -1.0 0.5 0.2 0.4

Dso (um) -0.4 -0.1 -0.1 -0.9 0.6 0.2 0.4

Dsa (um) -0.4 0.0 -0.2 -0.9 0.6 0.2 0.4

OMC (%) 0.2 0.1 0.3 0.2 0.5 0.5

Clay and silt fraction (%) 0.3 0.2 0.1 0.9 -0.5 -0.2 -0.4
Sand fraction (%) 0.1 0.1 0.3 -0.5 0.5 0.3 0.6
Dig (um) 0.19 0.24 0.41 0.00 0.04 0.30 0.12

Dso (um) 0.11 0.44 0.40 0.00 0.02 0.23 0.09

Dga (um) 0.12 0.45 0.29 0.00 0.01 0.23 0.08

OMC (%) 0.30 0.41 0.17 0.24 0.07 0.07

Clay and silt fraction (%) 0.18 0.26 0.41 0.00 0.04 0.24 0.09
Sand fraction (%) 0.37 0.42 0.14 0.03 0.06 0.20 0.02
Ds6 (um) 0.1 0.1 0.0 0.9 0.3 0.0 0.1

Dso (um) 0.1 0.0 0.0 0.8 0.4 0.1 0.2

Dga (um) 0.1 0.0 0.0 0.7 0.4 0.1 0.2

OMC (%) 0.0 0.0 0.1 0.1 0.2 0.2

Clay and silt fraction (%) 0.1 0.0 0.0 0.9 0.3 0.1 0.2
Sand fraction (%) 0.0 0.0 0.1 0.3 0.2 0.1 0.4

Relationships between total phosphorus and geochemical properties

The results of the Spearman correlation analysis within the point bar (depositing bank) samples of the
Gatberg River system revealed significant relationships between total phosphorus concentration and the
geochemical sediment properties. These correlations elucidate the interaction between the total

phosphorus concentration and the geochemical properties (Table 5.21).

There was a very strong positive Spearman’s coefficient and p-values between total phosphorus

concentrations with calcium concentrations (r. = 0.9; p-values < 0.05; r*> > 0.5). A strong positive
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correlation between total phosphorus concentration with bioavailable phosphorus and aluminium

concentrations (r. between 0.7 and 0.8; p-values < 0.05; r? > 0.5).

However, the only variability within the total phosphorus concentrations that the other geochemical
properties could explain according to a trend analysis was between total phosphorus concentration and

bioavailable phosphorus, aluminium, and calcium (r* = .5, .7, and .8, correspondingly).

Table 5.21 Results of the Spearman’s correlation matrix showing the Spearman’s coefficient, p-value and R? values (from top to
bottom), to explore the relationships between total phosphorus content and the measured geochemical elements of the Gatberg
point bar samples. Significant relationships are highlighted in grey.

Independent variable _:?:Fge::ﬁ;‘t variable
Bioavailable phosphorus (g kg™) 0.7
Fe (g kg™) 0.6
Al (gkg™) 0.8
Mg (g kg™) 0.5
Ca(gkg™) 0.9
Bioavailable phosphorus (g kg™) 0.02
Fe (g kg™) 0.06
Al (gkg™) 0.00
Mg (g kg™) 0.04
Ca(gkg™) 0.00
Bioavailable phosphorus (g kg™) 0.5
Fe (g kg™) 0.3
Al (gkg™) 0.7
Mg (g kg™) 0.3
Ca(gkg™) 0.8

The results of the Spearman correlation analysis within the point bar (depositing bank) samples of the
Minnehaha River system revealed significant relationships between total phosphorus concentration and
the geochemical sediment properties. There was a moderately strong correlation between total
phosphorus concentration and bioavailable phosphorus, magnesium, and calcium concentrations (r, = 0.5;

p-values < 0.05; r? < 0.5).

However, only 30 % of the variability within total phosphorus concentrations could be explained by

bioavailable phosphorus, magnesium, and calcium concentrations according to a trend analysis.
5.3.2 FLOODPLAIN SURFACE SEDIMENT AND PHOSPHORUS DYNAMICS
5.3.2.1 SPATIAL VARIABILITY OF SEDIMENT CHARACTERISTICS ACROSS THE FLOODPLAIN SURFACE

Figure 5.16 illustrates the distribution of the sediment particle size (um), organic matter content (%), and
the total phosphorus concentration (g kg™') among the surface sediment grab samples taken from the

Gatberg floodplain.
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During the study period, the Dsg particle size distribution of sediment samples from the Gatberg River
floodplain surface ranged from very fine silt to very fine sand (5 to 105 pum), with an average of 17 um
(mode 12 um). Most distributions were unimodal. The Dg4 particle sizes ranged from 23 to 251 um
(medium silt to medium sand), averaging 56 pum. The Dy¢ particle sizes ranged from 2 to 17 um (clay to
medium silt), with an average of 3 um (mode 3 um). The organic matter content varied from 2 to 30 %,
averaging 12 %. Total phosphorus concentration in sediment samples ranged from 0.04 to 0.2 g kg™, with

an average and mode of 0.1 g kg™.

Figure 5.17 shows the distribution of the Dso sediment particle size (um), organic matter content (%), and
total phosphorus concentration (g kg™') for the surface sediment grab samples for the Minnehaha

floodplain surface.

The distribution of the Dso particle size of the floodplain surface sediment samples along the Minnehaha
River during the period of study ranged from fine silt to coarse silt (9 to 36 um), with an average of 22 um
(median 21 um). Most of the particle size distributions were unimodal. The Ds4 particle sizes ranged from
26 to 71 (medium silt to very fine sand), with an average of 50 um. The D46 particle sizes ranged from 2 to
11 (clay to fine silt), with an average of 5 um. The per cent organic matter content ranged from 4 to 26 %
with an average of 9 %. The distribution of the total phosphorus concentration of the sediment samples

ranged from 0.04 to 0.4 g kg™ (average 0.1 g kg™").
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Figure 5.16 Dsq particle size (um), organic matter content (%), and total phosphorus concentration (g kg ™) along each transect for the floodplain surface
sediment grab samples in the Gatberg River floodplain system
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Figure 5.17 Dsp particle size (um), organic matter content (%), and total phosphorus concentration (g kg ™) along each transect for the floodplain surface
sediment grab samples in the Minnehaha River floodplain system

The Figure 5.18 shows the logarithmic trend of various percentages of sediment size fractions on the
floodplain surface with distance from the channel (the sediment source). It highlights the prevalence of
clay and silt fractions in samples collected along the Gatberg River floodplain. These fine sediment
fractions accounted for 34 to 97 % of the floodplain deposits, with the remainder being sand, indicating

the predominance of fine-grained suspended sediment transported by the river.
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The distance from the channel, recognised as a crucial factor that influences the grain size composition of
the deposited sediment, is evident in Figure 5.18. Here, the sand fraction (> 60 %) dominates the deposits
near the channel (< 4 m), gradually decreasing across the floodplain. Conversely, the fine sediment
fraction (clay and silt) generally increases with distance from the river channel in the overbank sediment

deposits.

However, it is worth noting that the explanatory power of the logarithmic functions is relatively low overall

(R?2<0.35).
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Figure 5.18 Gatberg River floodplain surface grab samples percentage sediment size fractions (sand, clay and silt, and
clay) distributions

Figure 5.19 illustrates the logarithmic trend of various percentage sediment size fractions across the
floodplain surface from the channel (the sediment source) in the Minnehaha River floodplain system. It
reveals the predominance of clay and silt fractions in the samples, with the percentage of fine sediment
(clay and silt) ranging from 78 % to 100 % of the floodplain deposits, while the remaining percentage
constitutes sand. There's a slight decrease in the percentage of sand fraction from the channel towards
the floodplain surface. However, the overall explanatory power of the logarithmic functions is relatively

low (R? < 0.22).
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Figure 5.19 Minnehaha River floodplain surface grab samples percentage sediment size fractions (Sand, clay and silt,
and clay) distributions

Organic matter content varied from 2 to 30 % across the Gatberg floodplain surface (Figure 5.20), with an
average of 12 %. A slight increasing trend was observed between the percentage of organic matter and
the distance from the channel across the floodplain surface. However, the overall explanatory power of

the logarithmic functions remains relatively low (R? < 0.2).
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Figure 5.20 Gatberg River floodplain surface samples percentage organic matter content distributions
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The percentage of organic matter content varied from 4 to 26 % across the Minnehaha River floodplain
surface (Figure 5.21), with an average of 9 %. A slight decreasing trend was observed between the
percentage of organic matter and the distance from the channel across the floodplain surface. However,

the overall explanatory power of the linear functions remains relatively low (R? < 0.1).
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Figure 5.21 Minnehaha River floodplain surface percentage organic matter content distributions

The total phosphorus concentration was low (below 1 g kg™") across the Gatberg River floodplain surface
(ranging from 0.04 to 0.2 g kg™"; Figure 5.22). The average total phosphorus concentration was 0.1 g kg™.

There was no trend between total phosphorus concentration and distance downstream.
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Figure 5.22 Gatberg River floodplain surface total phosphorus concentration distributions
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The total phosphorus concentration was low (below 1 g kg™) across the Minnehaha River floodplain
surface (ranging from 0.04 to 0.4 g kg™; Figure 5.23). The average total phosphorus concentration was 0.1
g kg™'. There was a decreasing trend between total phosphorus concentration and distance downstream.
Although overall, the degree of explanation provided by the logarithmic functions is relatively low (R? <

0.1).
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Figure 5.23 Minnehaha River floodplain surface total phosphorus concentration distributions

In Table 5.22, the geochemical concentrations of the sediment samples for the Gatberg floodplain ranged
from 0.1-1.5 g kg " foriron, 2 —5.7 g kg™" for aluminium, and 0.1 — 0.4 g kg™" for magnesium. The highest
geochemical concentrations were recorded in the floodplain surface sediments for aluminium with a
mean concentration of 3.3 g kg™. The lowest geochemical concentrations in the floodplain surface
sediments were recorded for magnesium with a mean concentration of 0.2 g kg™. The CV values for all
the chemical samples measured were low with values below 1, indicating the data does not deviate

significantly from the mean.

Table 5.22 Descriptive statistics of the geochemical concentrations in the Gatberg River floodplain surface sediment samples

Geochemical | N Minimum Maximum Mean Standard deviation  CV

Iron (g kg™) 34 0.1 1.5 0.5 0.4 0.7
Aluminium (g kg™) 40 2.0 5.7 33 0.9 0.3
Magnesium (g kg™) 38 0.1 0.4 0.2 0.1 0.3

In Table 5.23, the geochemical concentrations in the sediment samples in the Minnehaha River floodplain

system ranged from 1.6 —10.1 gkg ' foriron, 1.1— 5.4 g kg™ for aluminium, 0.1 —0.3 g kg™ for magnesium,
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and 0.2 — 0.7 g kg™ for calcium. The highest geochemical concentrations in the floodplain surface
sediments were recorded for iron with a mean concentration of 6 g kg™. The lowest geochemical
concentrations in the floodplain surface sediments were recorded for magnesium with a mean
concentration of 0.1 g kg™". The CV values for all the chemicals measured were low with values less than

0.5, indicating the data does not deviate significantly from the mean.

Table 5.23 Descriptive statistics of the geochemical concentrations in the Minnehaha River floodplain surface sediment samples

Geochemical | N Minimum Maximum Mean Standard deviation  CV
Iron (g kg™) 71 1.6 10.1 6.0 21 03
Aluminium (g kg™) 71 1.1 5.4 3.0 1.0 0.3
Magnesium (g kg™) 71 0.1 0.3 0.1 0.1 0.4
Calcium (g kg™) 71 0.2 0.7 0.4 0.1 0.3

Figure 5.24 shows the various concentrations of each major chemical element measured in the floodplain
surface sediments that were sampled in the Gatberg River floodplain system. Iron and aluminium
concentrations show a decreasing trend across the floodplain surface from the channel, magnesium
concentrations increase slightly and then are almost stable across the floodplain surface. Aluminium
concentration has a better relationship with distance across the floodplain surface. Although, in general,

the degree of explanation provided by the logarithmic functions is relatively very low (R? < 0.1).

Figure 5.25 shows the various concentrations for each geochemical measured in the floodplain surface
sediments that were sampled in the Minnehaha River floodplain system. All geochemical concentrations
show a decreasing trend across the floodplain surface from the channel. Iron and calcium concentrations
have a better logarithmic relationship with distance across the floodplain surface. Although, in general,

the degree of explanation provided by the logarithmic functions is relatively low (R? < 0.4).
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Figure 5.24 Gatberg River floodplain surface geochemical concentration distributions. A) Iron concentration, B) Aluminium concentration, C) Magnesium concentration
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Relationships between floodplain surface sediment properties and floodplain

morphometrics and geometry

A normality test conducted on sediment and morphological data revealed that most of the data did not
follow a normal distribution, thereby violating one of the assumptions for Pearson correlation analysis.
Consequently, Spearman rank correlation analyses were conducted, along with trend analysis, to explore
relationships between sediment properties, floodplain, and channel morphological characteristics. Only
statistically significant relationships (with p-values between 0.01 and 0.05) are presented here; detailed

analyses are available in Appendix 2.

For a correlation between sediment properties and channel morphometric variables to be considered

significant, the following criteria were applied (for either negative or positive correlations):

i.  When the Spearman rank correlation coefficient values (r) were between 0.4 and 1.
ii.  The p-values were between less than 0.01 and 0.05.

iii.  and the trend analysis (r?) values were between 0.5 and 1.

The results of the Spearman correlation analysis between the floodplain surface sediment samples and
the floodplain and channel morphometrics of the Gatberg River floodplain system revealed moderate
significant relationships (Table 5.24). However, none of the variability within the surface sediment
properties of the floodplain could be explained by the morphometrics of the floodplain and the channel

according to a trend analysis (r* = or > .5).
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Table 5.24 Results of the Spearman’s correlation matrix showing the Spearman’s coefficient, p-value and R? values (from top to bottom), to explore the relationships between
sediment properties and the morphological and geometrical properties of the Gatberg floodplain surface samples. Significant relationships are highlighted in grey.

Dependent variable

Independent variable D6 Dso Dga OMC  Sand fraction (%) Clay and silt Clay fraction (%) TP (g kg™) Fe (g kg™) Al (g kg™) Mg (g kg™)
(um)  (um)  (pm) (%) fraction (%)

Distance from channel (m) -0.4 -0.5 -0.4 0.4 -0.3 0.3 0.5 0.1 0.2 0.4 -0.2
Distance downstream (m) -0.4 -0.4 -0.3 0.1 -0.3 0.3 0.4 0.1 -0.2 0.3 0.1
Relative elevation (m.a.s.l) 0.5 0.6 0.5 -0.4 0.5 -0.5 -0.6 -0.4 -0.4 -0.4 0.1
Floodplain perpendicular slope (%) 0.4 0.6 0.5 -0.5 0.4 -0.4 -0.5 -0.4 -0.4 -0.3 0.1
Floodplain downstream slope (%) 0.5 0.5 0.4 -0.2 0.3 -0.3 -0.5 -0.1 0.1 -0.4 -0.1
Floodplain width (m) -0.3 -0.2 -0.2 0.1 -0.1 0.1 0.3 0.2 0.0 0.4 0.1
Floodplain width/ Channel width ratio -0.3 -0.2 -0.2 0.1 -0.1 0.1 0.3 0.2 0.0 0.4 0.1
Channel slope (%) -0.1 0.0 0.1 -0.1 0.1 -0.1 0.1 -0.3 0.0 -0.1 -0.2
Sinuosity 0.0 0.2 0.2 0.0 0.2 -0.2 -0.1 0.1 0.2 -0.1 -0.1
Distance from channel (m) 0.00 0.00 0.01 0.01 0.05 0.05 0.00 0.27 0.14 0.02 0.13
Distance downstream (m) 0.01 0.00 0.02 0.24 0.04 0.04 0.01 0.36 0.21 0.04 0.30
Relative elevation (m.a.s.l) 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.02 0.01 0.32
Floodplain perpendicular slope (%) 0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.01 0.03 0.03 0.30
Floodplain downstream slope (%) 0.00 0.00 0.02 0.17 0.04 0.04 0.00 0.29 0.28 0.01 0.31
Floodplain width (m) 0.03 0.12 0.16 0.20 0.23 0.23 0.04 0.12 0.43 0.01 0.32
Floodplain width/ Channel width ratio 0.03 0.12 0.16 0.20 0.23 0.23 0.04 0.12 0.43 0.01 0.32
Channel slope (%) 038 047 036 031 0.29 0.29 0.34 0.05 0.50 0.28 0.17
Sinuosity 0.42 0.12 0.15 0.47 0.12 0.12 0.35 0.37 0.16 0.38 0.33
Distance from channel (m) 0.2 0.3 0.2 0.2 0.1 0.1 0.2 0.0 0.0 0.1 0.0
Distance downstream (m) 0.1 0.2 0.1 0.0 0.1 0.1 0.2 0.0 0.0 0.1 0.0
Relative elevation (m.a.s.l) 0.3 0.3 0.3 0.1 0.2 0.2 0.3 0.1 0.2 0.1 0.0
Floodplain perpendicular slope (%) 0.2 0.3 0.3 0.3 0.2 0.2 0.2 0.1 0.1 0.1 0.0
Floodplain downstream slope (%) 0.2 0.2 0.1 0.0 0.1 0.1 0.2 0.0 0.0 0.2 0.0
Floodplain width (m) 0.1 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.2 0.0
Floodplain width/ Channel width ratio 0.1 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.2 0.0
Channel slope (%) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0
Sinuosity 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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The results of the Spearman correlation analysis between the floodplain surface sediment samples and
the floodplain and channel morphometrics of the Minnehaha River floodplain system revealed moderate
significant relationships (Table 5.25). However, none of the variability within the surface sediment

properties of the floodplain could be explained by the morphometrics of the floodplain and the channel

according to a trend analysis (r* = or > .5).
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Table 5.25 Results of the Spearman’s correlation matrix showing the Spearman’s coefficient, p-value and R? values (from top to bottom), to explore the relationships between
sediment properties and the morphological and geometrical properties of the Minnehaha floodplain surface samples. Significant relationships are highlighted in grey.

Dependent variable

Independent variable Dis Dso Dsa omcC Sand Clay and silt Clay TP (gkg™) Bioavailable Ca(gkg™) Fe(gkg™) Al (gkg™) Mg (g kg™)
(um)  (um)  (pm) (%) fraction (%) fraction (%) fraction (%) phosphorus (g kg™)

Distance from channel (m) -0.5 -0.4 -0.3 -0.3 -0.2 0.2 0.5 -0.5 -0.1 -0.6 -0.6 -0.5 -0.4
Distance downstream (m) -0.1 -0.1 -0.1 -0.2 -0.1 0.1 0.1 -0.1 -0.3 0.0 0.0 -0.3 0.0
Relative elevation (m.a.s.l) 0.3 0.3 0.2 0.2 0.2 -0.2 -0.3 0.1 0.3 0.2 0.1 0.4 0.2
Floodplain perpendicular slope (%) -0.1 -0.1 -0.1 0.0 -0.1 0.1 0.1 0.0 0.2 -0.1 0.0 0.0 -0.1
Floodplain downstream slope (%) -0.1 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.1 0.0 0.0 0.0 0.0
Floodplain width (m) 0.0 0.1 0.1 -0.2 0.2 -0.2 0.0 -0.1 -0.2 0.0 0.0 -0.1 -0.1
Floodplain width/ Channel width ratio -0.1 -0.1 0.0 -0.2 0.0 0.0 0.1 -0.1 -0.3 0.0 0.0 -0.3 0.0
Channel slope (%) 0.2 0.3 0.3 0.1 0.3 -0.3 -0.2 0.0 0.0 0.1 0.0 0.2 0.1
Sinuosity -0.2 -0.2 -0.2 -0.2 -0.2 0.2 0.2 0.0 -0.3 -0.1 0.1 -0.3 -0.1
Distance from channel (m) 0.00 0.01 0.06 0.06 0.10 0.10 0.00 0.00 0.30 0.00 0.00 0.00 0.01
Distance downstream (m) 0.23 0.20 0.23 0.13 0.30 0.30 0.21 0.30 0.04 0.46 0.45 0.04 0.47
Relative elevation (m.a.s.l) 0.07 0.06 0.11 0.10 0.15 0.15 0.06 0.29 0.04 0.13 0.36 0.01 0.12
Floodplain perpendicular slope (%) 0.30 0.32 0.28 0.41 0.26 0.26 0.31 0.43 0.18 0.33 0.44 0.48 0.38
Floodplain downstream slope (%) 0.38 0.46 0.49 0.48 0.47 0.47 0.37 0.49 0.32 0.47 0.47 0.49 0.49
Floodplain width (m) 0.49 0.35 0.23 0.19 0.16 0.16 0.43 0.35 0.16 0.40 0.41 0.22 0.38
Floodplain width/ Channel width ratio 0.27 0.31 0.39 0.11 0.48 0.48 0.23 0.28 0.06 0.42 0.46 0.05 0.41
Channel slope (%) 0.08 0.04 0.02 0.35 0.02 0.02 0.09 0.44 0.42 0.27 0.41 0.08 0.36
Sinuosity 0.11 0.11 0.15 0.17 0.19 0.19 0.10 0.41 0.04 0.32 0.35 0.03 0.36
Distance from channel (m) 0.3 0.2 0.1 0.1 0.0 0.0 0.3 0.3 0.0 0.3 0.3 0.2 0.2
Distance downstream (m) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.1 0.0
Relative elevation (m.a.s.l) 0.1 0.1 0.0 0.1 0.0 0.0 0.1 0.0 0.1 0.0 0.0 0.2 0.0
Floodplain perpendicular slope (%) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Floodplain downstream slope (%) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Floodplain width (m) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Floodplain width/ Channel width ratio 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.1 0.0
Channel slope (%) 0.1 0.1 0.1 0.0 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.1 0.0
Sinuosity 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.1 0.0 0.0 0.1 0.0
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Relationships between sediment properties

The results of the Spearman correlation within the floodplain surface sediment samples between the

sediment properties of the Gatberg River system indicated significant statistical correlations (Table 5.26).

A strong positive correlation was detected between total phosphorus and iron concentrations with
percentage organic matter content (r. = 0.7; p-values < 0.05; r> = 0.5). A strong negative correlation was
detected between the percentage organic matter content with Dso and Dss sediment particle sizes (r, = -
0.7; p-values < 0.05). Several other combinations showed moderate correlations with strong p-values, but
the trend analysis indicated that these relationships had r? values below 0.5, suggesting a weak trend

connection.

However, the only variability within the sediment properties that could be explained by the other
sediment properties according to a trend analysis was between total phosphorus, iron concentration,

percentage organic matter content and Dg4 sediment particle size, (r? = .5).

Table 5.26 Results of the Spearman’s correlation matrix showing the Spearman’s coefficient, p-value and R? values (from top to
bottom), to explore the relationships between sediment properties of the Gatberg floodplain surface samples. Significant
relationships are highlighted in grey.

Independent variable Dependent variable
OMC(%) TP(gkg™) Fe(gks™ Al(gks™) Mglgks™)
D16 (M) -0.5 0.4 0.3 0.5 0.2
Dso (um) -0.7 -0.5 -0.4 -0.5 0.1
Dsa (um) -0.7 -0.6 0.3 -0.6 0.3
OMC (%) 0.7 0.7 0.5 0.1
Sand fraction (%) -0.6 -0.6 -0.2 -0.6 -0.3
Clay and silt fraction (%) 0.6 0.6 0.2 0.6 0.3
Clay fraction (%) 0.5 0.4 0.3 0.5 0.1
D16 (um) 0.00 0.02 0.06 0.00 0.19
Dso (um) 0.00 0.00 0.02 0.00 0.26
Dsa (pm) 0.00 0.00 0.06 0.00 0.10
OMC (%) 0.00 0.00 0.00 0.25
Sand fraction (%) 0.00 0.00 0.11 0.00 0.08
Clay and silt fraction (%) 0.00 0.00 0.11 0.00 0.08
Clay fraction (%) 0.00 0.01 0.04 0.00 0.24
Dis (um) 0.2 0.1 0.1 0.2 0.0
Dso (um) 0.4 0.3 0.2 0.3 0.0
Dga (um) 0.5 03 0.1 0.4 0.1
OMC (%) 0.5 0.5 0.3 0.0
Sand fraction (%) 0.4 0.3 0.1 0.4 0.1
Clay and silt fraction (%) 0.4 0.3 0.1 0.4 0.1
Clay fraction (%) 0.3 0.1 0.1 0.2 0.0

The results of the Spearman correlation within the floodplain surface sediment samples between the
sediment properties of the Minnehaha River system indicated significant statistical correlations (Table

5.27).
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A strong positive correlation was detected between total phosphorus and percentage organic matter
content (r. = 0.7; p-values < 0.05; r? = 0.5). Several other combinations showed moderate correlations
with strong p-values, but the trend analysis indicated that these relationships had r? values below 0.5,

suggesting a weak trend connection.

However, the only variability within the sediment properties that could be explained by the other
sediment properties according to a trend analysis was between total phosphorus and percentage organic

matter content (r? = .5).

Table 5.27 Results of the Spearman’s correlation matrix showing the Spearman’s coefficient, p-value and R? values (from top to
bottom), to explore the relationships between sediment properties of the Minnehaha floodplain surface samples. Significant
relationships are highlighted in grey.

Independent variable Dependent variable

OMC (%) TP (g kg™) Bioavailable Ca(gkg™) Fe (gkg™) Al (gkg™) Mg (g kg™)
phosphorus (g kg™)

Dis (um) 0.2 0.4 0.2 0.4 0.5 0.4 0.3
Dso (um) 0.1 0.3 0.2 0.3 0.4 0.3 0.2
Dgs (um) 0.0 0.3 0.2 0.2 0.4 0.2 0.0
OMC (%) 0.7 0.4 0.6 0.4 0.5 0.6
Sand fraction (%) -0.1 0.2 0.1 0.1 0.3 0.2 0.0
Clay and silt fraction (%) 0.1 -0.2 -0.1 -0.1 -0.3 -0.2 0.0
Clay fraction (%) -0.2 -0.5 -0.2 -0.4 -0.5 -0.4 -0.3
Dig (um) 0.13 0.01 0.09 0.01 0.00 0.02 0.05
Dso (um) 0.31 0.02 0.13 0.04 0.00 0.05 0.16
Dga (um) 0.50 0.05 0.18 0.16 0.01 0.11 0.41
OMC (%) 0.00 0.02 0.00 0.00 0.00 0.00
Sand fraction (%) 0.37 0.08 0.21 0.20 0.02 0.13 0.49
Clay and silt fraction (%) 0.37 0.08 0.21 0.20 0.02 0.13 0.49
Clay fraction (%) 0.10 0.00 0.08 0.00 0.00 0.01 0.04
Dis (um) 0.0 0.2 0.1 0.2 0.2 0.1 0.1
Dso (um) 0.0 0.1 0.0 0.1 0.2 0.1 0.0
Dss (um) 0.0 0.1 0.0 0.0 0.1 0.0 0.0
OMC (%) 0.5 0.1 0.4 0.2 0.2 0.4
Sand fraction (%) 0.0 0.1 0.0 0.0 0.1 0.0 0.0
Clay and silt fraction (%) 0.0 0.1 0.0 0.0 0.1 0.0 0.0
Clay fraction (%) | 0.0 0.2 0.1 0.2 0.3 0.1 0.1

Relationships between total phosphorus and geochemical properties

The results of the Spearman correlation within the floodplain surface sediment samples between total
phosphorus concentration and the geochemical sediment properties of the Gatberg River system

indicated moderately significant relationships.

However, only 30 % of the variability within the total phosphorus data set could be explained by the

aluminium concentration data set (r? = .3).
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The results of the Spearman correlation within the floodplain surface sediment samples between total
phosphorus concentration and the geochemical sediment properties of the Minnehaha River system
indicated that there were significant relationships between total phosphorus concentrations and the
percentage of organic matter content, calcium and iron concentrations (r, between 0.7 and 0.8; p-values

<0.05;r2=0.5).
5.3.2.2 FLOODPLAIN GEOMORPHIC STORAGE UNITS
5.3.2.2.1 Description of floodplain potential storage units

In the Gatberg and Minnehaha River floodplain systems, sediment deposition predominantly occurred on
various sections of the floodplain surface, including the proximal floodplain, oxbows, and backswamp
regions. Figure 5.26 provides a conceptual representation of these distinct geomorphic units, while Table
5.28 offers detailed descriptions of the identified storage units. Overall, within both floodplain systems,

the features were relatively well-defined.

Figure 5.26 Conceptual River floodplain diagram of floodplain geomorphic unit classification system
created for this study (adapted from Triantafillou (2021). 1. Bank and levee; 2. Proximal floodplain; 3.
Floodplain surface; 4. Oxbow; and 5. Backswamp
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Table 5.28 Description of terminology of floodplain storage units identified in this chapter

Floodplain
geomorphic unit

Description

Expected flow
velocities

Expected sediment

properties

Expected
vegetation cover

Expected sedimentation

Active floodplain

Proximal floodplain

Oxbow features

Backswamp

The floodplain refers to the expansive, generally flat alluvial region situated alongside the river channel, formed by the current river within its current course. Essentially acting
as a reservoir or repository, the floodplain plays a crucial role in regulating sediment movement within a river's drainage basin over varying timescales, spanning from years to
millennia. It also dictates the extent to which the river channel can naturally shift its position. Periodic inundation of the floodplain, accompanied by the deposition of fine

sediment and associated nutrients, is a common occurrence, typically happening once every one to two years

The proximal floodplain, as studied here, denotes the immediate floodplain
surface adjoining the river channel, encompassing levees and the lower elevated
floodplain area extending less than 6 meters beyond the levee. Meanders, which
are sinuous curves in a river channel, give rise to features such as point bars, also
known as meander bars. These bars form gradually through the accumulation of
sediment on the inner bank of a meander as the channel migrates towards its
outer bank, a process termed lateral accretion. Typically composed of sand,
gravel, or a mixture of both, point bars are submerged during high water or
floods, allowing helical flows to transport sediment onto them.

While the inner bend of a meander is often lower in elevation compared to the
outer bend, the outer bend, being concave, cuts into the floodplain surface.
Although typically associated with sediment erosion and re-working, in significant
floods, water can breach the banks, depositing sediment in this area. Thus, the
proximal floodplain serves as a zone for potential sediment exchange, influenced
by the dynamics of meander formation and flood events.

Oxbows are natural features commonly found on undisturbed floodplains,
resulting from the natural process of river meandering. As a river meanders, its
channel gradually curves, leading to the formation of a narrow neck within the
meander. Eventually, the river cuts through this narrow neck, creating a cutoff
meander. Subsequently, sediment-laden river water flows into the cutoff
meander, depositing sediment and gradually blocking both ends, thus forming an
oxbow. Once formed, an oxbow becomes isolated from the main flow of the river.

During flood events, fine-grained sediment is deposited into the oxbow, leading to
the gradual accumulation of organic-rich sediments over time. Consequently,
oxbows tend to become filled in with these sediments, highlighting their role as
dynamic features shaped by both fluvial processes and periodic flooding.

A low-lying area lies between the valley margin and the proximal floodplain and is
usually inundated less frequently than the proximal floodplain.

Medium to
fast

Slow

Slow

Fine to coarse
sediment

Very fine sediment
(clay and silt)

Very fine sediment
(clay and silt)

Medium-density.
medium cover

High-density. high
cover

High-density. high
cover

High sedimentation rates

Low to high sedimentation
rates. depending on the
distance to the channel and
flood frequency

Low to high sedimentation
rates. depending on the
distance to the channel and
flood frequency
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Figure 5.27 A and B are two oblique photographs depicting the arrangement of floodplain features in the

floodplain systems of the Gatberg (A) and Minnehaha (B) Rivers.

Areas close to the main channel (proximal floodplain) mainly store sediment that has been transported
downriver. However, there may be differences between those areas close to the channel but on the outer
bend compared to those areas that are close to the channel on the inner bend (Figure 5.28A). This is
because the inner bend is usually lower in elevation than the outer bend and the flow characteristics that

transport sediment are different along the inner and outer bends.

Oxbows are typically a crescent-shaped geomorphic feature on a floodplain surface formed from a single
meander loop that was cut off from a meandering stream. In the Gatberg River floodplain system, oxbows
were identified across the whole valley and varied in shape, depth, and distance from the channel. In the
Minnehaha River floodplain system, oxbows were identified within a narrow band along the current active
channel (Figure 5.27B). Some of the oxbows were permanently wet within the research period and some
had hardy Typha capensis stands. This suggests that the Gatberg River moved extensively and actively

within the valley margins compared to the Minnehaha River.

Backswamps are the lower, poorly drained areas of a floodplain that retain water, usually extending to
the floodplain margin (Figure 5.28B). Depending on floodplain topography, vegetation, and planform of
the channel and floodplain the backswamp and those features farther away from the main channel may
no longer receive input through overbank flooding but rather from the adjacent hillslopes. However, from
field observations during the two wet seasons both the Gatberg and Minnehaha floodplain backswamp

regions are connected to the active channel and are flooded yearly by the overbank floodwaters.
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Oxbows

Backswamp

Floodplain terrace

Floodplain terrace
Oxbows

Backswamp

B.

Figure 5.27 Oblique photograph showing the arrangement of the different geomorphic features found within the A. Gatberg
River floodplain system and B. Minnehaha River floodplain system. Blue arrow depicts flow direction in active channel
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B.

Figure 5.28 A) A photo showing a typical meander bend within the Minnehaha River floodplain system. Note the cobble
and gravel bar on the lower inner bend and the steep outer bend experiencing some bank collapse. B) Backswamp region
of the Minnehaha River floodplain system in the wet season
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5.3.2.2.2 Sediment and phosphorus characteristics of geomorphic storage units

Figure 5.29 shows two box-and-whisker plots depicting the Dso sediment particle size on the different
geomorphic units identified across the floodplain surface on the A) Gatberg River and B) the Minnehaha

River floodplain systems.

In the box and whisker plot depicting the Gatberg River floodplain system, the geomorphic unit of the
bank and levee exhibited the largest Dsq particle sizes, ranging from 39 to 105 pum (coarse silt to very fine
sand), with a mean of 75 um (very fine sand). The Dso sediment particle size rapidly decreases from the
bank and levee geomorphic unit to approximately 35 m, identified as the proximal floodplain. The Dso
particle size for the proximal floodplain ranged from 10 to 29 pum (fine to medium silt) with a mean of 17
pum (medium silt). Moving further away from the channel (35 to 230 m), the floodplain surface showed a
mean Dsp particle size of 10 um, ranging from 8 to 12 um (fine silt). Oxbows distributed throughout the
floodplain surface (from 13 to 90 m) displayed a mean Dsq particle size of 10 um, varying from 5 to 16 um
(very fine silt to medium silt). In the geomorphic unit of the backswamp, the Dso particle size ranged from

8 to 35 um (fine silt to coarse silt), with a mean of 14 um (fine silt).

The box and whisker plot for the Minnehaha River floodplain system shows that the bank and levee
geomorphic unit was dominated by medium and coarse silt (20 to 34 um) with a mean of 25 um. The
proximal floodplain had the largest Dso particle sizes with the largest range from 14 to 36 um (fine silt to
coarse silt) with a mean of 28 um (medium silt). The rest of the floodplain surface (30 to 200 m from the
channel) had a mean Dsg particle size of 22 um and range from 17 to 32 um (medium silt). Oxbows that
were identified in a narrow band around the active channel from 8 to 110 m, had a mean Ds particle size
of 23 um and ranged from 18 to 28 um (medium silt). The backswamp geomorphic unit had a Ds particle

size range from 9 to 31 um (fine silt to medium silt) with a mean of 19 pum (medium silt).

In the Gatberg River floodplain, silt-sized sediments were most common, and most sample medians were
identified as fine silt, except for the bank and levee geomorphic unit, where the median was very fine
sand. Conversely, in the Minnehaha River floodplain, although silt-sized sediments were dominant, all the

various geomorphic units exhibited a more uniform nature, with medians characterised as medium silt.
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Figure 5.29 Box and whisker diagrams showing Dso sediment particle size for the different floodplain geomorphic units identified (Red- Bank and
levee, Orange- Proximal floodplain, Green- Floodplain surface, Blue- Oxbow, and Purple- Backswamp) in the A) Gatberg River and B) the Minnehaha
River floodplain systems

Figure 5.30 shows two box and whisker plots for each floodplain system depicting the percentage sand
and clay fractions across the different geomorphic units identified across the floodplain surface of the

Gatberg River (A) and the Minnehaha River floodplain systems (B).

The figure for the Gatberg River floodplain system shows that the bank and levee geomorphic unit was
dominated by the sand sediment fraction (mean 52 % and median 59 %) and the clay fraction only
comprised 8 % of the samples. The sand fraction rapidly decreased from the geomorphic unit of the bank
and levee to the proximal floodplain. The median sand fraction for the proximal floodplain was 9 %, with
a mean of 11 %. The clay fraction increased to 21 % (median). The rest of the floodplain surface had a
median sand fraction of 7 % a mean of 8% and a median and mean clay fraction of 28 %. Oxbows had the
highest clay fraction, a median of 31 % and a mean of 29 %. The backswamp geomorphic unit had a slightly
higher sand fraction than the floodplain surface and oxbows with a median of 7 % and a mean of 12 %.

The clay fraction made up slightly more than a quarter of the samples in this geomorphic unit.

The figure for the Minnehaha River floodplain system shows that the bank and levee geomorphic unit was
dominated by silt fraction. The proximal floodplain samples had the highest amount of sand, median and
mean 28 % (max 36 %) with a median clay fraction of 11 %. The rest of the floodplain surface had a mean
sand fraction of 22 % and a median of 20 %; and a mean and median clay fraction of 9 and 8 %. The oxbows
had a median sand and clay fraction of 22 and 10 %, respectively. The backswamp geomorphic unit had

a median sand clay fraction of 19 and 9 %, respectively.
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The floodplain of the Gatberg River was dominated by a greater percentage of the clay particle size
fraction, with most sample medians being characterised with less than 10 % sand and more than 20 %
clay, except for the bank and levee geomorphic unit where the samples were dominated by the sand
fraction (> 50 %). In comparison, the Minnehaha River floodplain samples were dominated by a higher
percentage of the sand particle size fraction, with all the different geomorphic units’ medians at more

than 19 % and the clay fraction medians at 11 % and less.

Figure 5.30 Box and whisker diagrams showing percentage sand fraction (Ai and Bi) and percentage clay fraction (Aii and Bii) for the different
floodplain geomorphic units identified (Red- Bank and levee, Orange- Proximal floodplain, Green- Floodplain surface, Blue- Oxbow, and Purple-
Backswamp) in the A) Gatberg River and B) the Minnehaha River floodplain systems
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Figure 5.31 shows two box and whisker plots depicting the percentage organic matter content for the
different geomorphic units identified across the floodplain surface of A) Gatberg River and B) Minnehaha

River floodplain systems.

The figure for the Gatberg River floodplain system shows that the bank and levee geomorphic unit had
the lowest organic matter content, with a mean of 3.5 % and a median of 3.0 % for all the samples. The
organic matter content more than doubled from the bank and levee geomorphic unit to the proximal
floodplain. The median organic matter content for the proximal floodplain was 8.7 %, with a mean of 10.0
%. The rest of the floodplain surface had a median and mean organic matter content of 13 %. Oxbows had
the greatest organic matter content, with a median of 11.5 % and a mean of 14.8 % (range between 7 and

30 %). The backswamp geomorphic unit had a median of 11.3 % and a mean of 12.0 %.

The figure for the Minnehaha River floodplain system shows that the bank and levee geomorphic unit had
the second lowest organic matter content, with a median and mean of 7.6 %. The proximal floodplain
samples had a median and mean of 9.0 % organic matter content. The rest of the floodplain surface had
a mean organic matter content of 9.0 % and a median of 8.1 %. Oxbows had the highest organic matter
content, median, and mean of 13.2 %. The backswamp geomorphic unit had the lowest organic matter

content, with a median of 6.7 and a mean of 7.2 %.

The Gatberg River floodplain had a greater percentage of organic matter content, with most sample
medians being characterised with above 10 %, except for the bank and levee and the proximal floodplain
geomorphic units where the samples were less than 10 %. In comparison, the Minnehaha River floodplain
samples were dominated by a percentage of organic matter content less than 10 %, except for the oxbow

geomorphic unit which was dominated by values greater than 10 %.
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Figure 5.31 Box and whisker diagrams showing percentage organic matter content for the different floodplain geomorphic units identified (Red-
Bank and levee, Orange- Proximal floodplain, Green- Floodplain surface, Blue- Oxbow, and Purple- Backswamp) in the A) Gatberg River and B) the
Minnehaha River floodplain systems

Figure 5.32 shows two box and whisker plots depicting the total phosphorus concentration for the
different geomorphic units identified across the floodplain surface of the Gatberg River (A) and

Minnehaha River (B) floodplain systems.

The figure for the Gatberg River floodplain system shows that the bank and levee geomorphic unit had
the lowest total phosphorus concentration, with a mean and a median of 0.07 gkg™". The total phosphorus
concentration increased slightly from the bank and levee geomorphic unit to the proximal floodplain. The
median total phosphorus concentration for the proximal floodplain was 0.09 g kg™, with a mean of 0.10
g kg™'. The rest of the floodplain surface had a median and mean total phosphorus concentration of 0.10
and 0.09 g kg™", respectively. Oxbows had the highest total phosphorus concentration, median and mean
0.13 gkg™" (range between 0.04 and 0.21 g kg™"). The backswamp geomorphic unit had the second-highest

total phosphorus concentration, with a median of 0.12 g kg™ and a mean of 0.11 g kg™".

The bank and levee geomorphic unit in the Minnehaha River floodplain system had the second lowest
total phosphorus concentration, with a median and mean of 0.11 g kg™". The proximal floodplain samples
had a median of 0.12 g kg™ and a mean of 0.13 g kg™" total phosphorus concentration. The rest of the
floodplain surface had a mean and median total phosphorus concentration of 0.12 g kg™. Oxbows had the

highest total phosphorus concentration, median and mean of 0.21 and 0.20 g kg™, respectively (range
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between 0.10 and 0.37 g kg™"). The backswamp geomorphic unit had the lowest total phosphorus

concentration, with a median and mean of 0.08 and 0.09 g kg™", respectively.

The Minnehaha River floodplain was dominated by a higher overall total phosphorus concentration,

except for the backswamp geomorphic unit compared to the Gatberg River floodplain samples.

Figure 5.32 Box and whisker diagrams showing total phosphorus concentration for the different floodplain geomorphic units identified (Red-
Bank and levee, Orange- Proximal floodplain, Green- Floodplain surface, Blue- Oxbow, and Purple- Backswamp) in the A) Gatberg River and
B) the Minnehaha River floodplain systems

Figure 5.33 shows six box and whisker plots depicting the total iron, aluminium, and magnesium
concentrations for the different geomorphic units identified across the floodplain surface of the A)

Gatberg River and B) Minnehaha River floodplain systems.

The figure for the Gatberg River floodplain system shows that the median and mean iron concentration
in all the samples taken across all the geomorphic units was between 0.3 and 0.7 g kg™'. The bank and
levee geomorphic unit had the lowest total iron concentration, with a mean and a median of 0.3 g kg™.
Oxbows had the highest total iron concentration, median and mean 0.6 and 0.7 g kg™’, respectively (range
between 0.2 and 1.5 g kg™'). The backswamp geomorphic unit had the second-highest total iron
concentrations, with a median and mean of 0.5 g kg™". Figure 5.33Aii shows that the median and mean
aluminium concentration in all the samples taken across all the geomorphic units was the highest out of
all the geochemical measurements (iron, aluminium, and magnesium). All the median and mean
aluminium concentration values ranged between 2.2 and 3.7 g kg™". The bank and levee geomorphic unit

had the lowest total aluminium concentration, with a mean and a median of 2.2 g kg™. The floodplain
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surface geomorphic unit had the greatest total aluminium concentration, median and mean 3.7 g kg™
(range between 3.5 and 3.9 g kg™"). The oxbow geomorphic unit had the second highest total aluminium
concentrations, with a median and mean of 3.3 and 3.5 g kg™, respectively. However, the oxbow
geomorphic unit had the largest range, between 2.0 and 5.7 g kg™". Figure 5.33Aiii shows that the median
and mean magnesium concentration in the samples taken across all the geomorphic units was the lowest
among all geochemical measurements (iron, aluminium, and magnesium). All median and mean
magnesium concentration values ranged from 0.2 to 0.3 g kg™". The backswamp geomorphic unit had the
lowest total magnesium concentration, with a mean of 0.2 and a median of 0.1 g kg™". The floodplain
surface geomorphic unit had the greatest total magnesium concentration, a mean of 0.3 and a median of

0.2 g kg™" (range between 0.2 and 0.4 g kg™").

The figure for the Minnehaha River floodplain system shows that the median and mean iron concentration
in all the samples taken across all the geomorphic units was the highest out of all the geochemical
measurements (iron, aluminium, and magnesium). All the median and mean iron concentration values
ranged from 4.5 to 7.9 g kg™". The bank and levee geomorphic unit had the highest mean and median
value, 7.9 gkg™. The backswamp geomorphic unit had the lowest total iron concentrations, with a median
and mean of 4.5 and 4.9 g kg™, respectively. However, the backswamp geomorphic unit had the greatest
range of values, from 1.6 to 10.1 g kg™'. Figure 5.33Bii shows that the median and mean aluminium
concentration in all the samples taken across all the geomorphic units ranged between 2.3 and 3.5 g kg™.
The bank and levee, the proximal floodplain and the oxbow geomorphic units all had the highest total
aluminium concentration, with a mean of 3.4 and a median of 3.5 g kg™". However, the oxbow geomorphic
unit had the largest range, between 1.1 and 5.4 g kg™". The backswamp geomorphic unit had the lowest
total aluminium concentrations, with a mean of 2.6 and a median of 2.6 g kg™". Figure 5.33Biii shows that
the median and mean magnesium concentration in all the samples taken across all the geomorphic units
was the lowest of all the geochemical measurements (iron, aluminium, and magnesium). All median and
mean magnesium concentration values ranged between 0.06 and 0.34 gkg™". The backswamp geomorphic
unit had the lowest total magnesium concentration, with a mean and a median of 0.12 and 0.11 g kg™,
correspondingly. The bank and levee and the proximal floodplain geomorphic units had the highest total

magnesium concentration, median and mean 0.17 g kg™".

The Minnehaha River floodplain was dominated by a greater overall total iron concentration compared
to the Gatberg River floodplain samples. In the Minnehaha system, iron concentrations were highest in

the bank and levee geomorphic and lowest in the backswamp geomorphic unit, whereas in the Gatberg
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system, the greatest concentration was in the oxbow geomorphic unit and the lowest in the bank and
levee geomorphic unit. Aluminium concentrations were similar in both floodplain systems. The highest
aluminium concentrations were found in the floodplain surface geomorphic unit in the Gatberg system
and in the bank and levee and proximal floodplain in the Minnehaha River system. For both floodplain
systems, total magnesium concentrations were the lowest of the measured geochemical variables.
Magnesium concentrations were slightly higher in the Gatberg River system across the geomorphic units.
For the Gatberg River floodplain system, the proximal floodplain and the floodplain surface had the
highest magnesium values. For the Minnehaha River floodplain system, the bank and levee and proximal
floodplain had the highest magnesium values. For both systems, the lowest magnesium concentration

occurred in the backswamp geomorphic unit.
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Figure 5.33 Box and whisker diagrams showing iron concentration (Ai and Bi), aluminum concentration (Aii and Bii), and magnesium
concentration (Aiii and Biii) for the different floodplain geomorphic units identified (Red- Bank and levee, Orange- Proximal floodplain,
Green- Floodplain surface, Blue- Oxbow, and Purple- Backswamp) in the A) Gatberg River and B) the Minnehaha River floodplain systems
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5.4 Discussion

5.4.1 INTRODUCTION

This section discusses the river and floodplain surface sediment and phosphorus results presented in

Section 5.3. General river and floodplain characteristics, relationships, and trends are discussed.
5.4.2 CHANNEL AND FLOODPLAIN MORPHOLOGY

Rivers transport water, sediment, and dissolved elements from higher to lower elevations and eventually
to the oceans. Under the action of gravity, this net flow of material travels downward. Both the Gatberg
River and Minnehaha River reaches were characterised as mixed-bed meandering rivers with pools, riffles,
and runs occurring down the system. Pools arise among the many meander bends and have lower
elevations and slopes, whereas riffles and runs occur in the straight sections between the meander bends
and have steeper slopes and higher elevations. Pools, riffles, and runs play an important role in sediment
entrainment, transport, and deposition. According to the velocity-reversal concept (Keller 1971;
Thompson 2011), near-bed velocities are stronger in riffles at low water levels and then increase in pools
at the bank-full stage. At high-flow events, sediments are transported from pools and deposited in riffles,
whereas the opposite is true during low-flow events, where sediments are transported from riffles and
deposited in pools. Sediment at higher flows is deflected from the thalweg to the concave section of the
bend due to helical flow depositing on point bars. The Gatberg River reach has a lower bed and floodplain
surface longitudinal slope (0.04 and 0.06 %, respectively) compared to the Minnehaha River reach (0.15
and 0.14 %, respectively). Research has shown that vertical accretion is the dominant process along
various low-gradient single-thread channels (Beckinsale and Richardson 1964; Schumm 1968; Ritter et al.

1975; Rose et al. 1980; Nanson and Young 1981; Burrin and Scaife 1984; Burrin 1985).

Floodplain morphology and the hydraulic patterns of the overbank flow constitute a major control over
the amounts, calibre, and patterns of sediment deposition on floodplains. In general, variability in
overbank sediment particle size deposition is driven by processes that work at two scales: the river
branch and the individual floodplain section. Much of the variability in floodplain particle size deposition
between river branches is determined by channel morphology, floodplain width, sediment load, and flow
regime (Lecce 1997; Foster et al. 2002; Sweet et al. 2003; Lecce and Pavlowsky 2004). The primary
explanation for the diversity of deposition within and between floodplains was the variation in hydraulic
patterns of overbank flow and local topography (Lambert and Walling 1987; Nicholas and Walling 1997,
Lecce and Pavlowsky 2004).
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The Gatberg River floodplain research site is a relatively small floodplain “bead” (~0.3 km?) within a
relatively large catchment (~135 km?), whereas the Minnehaha River floodplain research site is a
comparatively large (~1.5 km?) floodplain within its catchment (~40 km2). Both floodplains varied in width
downstream, the Gatberg floodplain was widest in the middle of the system (cross-sections 2 and 3),
whereas in the Minnehaha floodplain system, the widest cross-sections were found at cross-sections 3
and 5. The floodplain/ channel width ratios in the Minnehaha system were over 3 times greater than those
of the Gatberg system. The mechanisms of exchanging water and fine sediments between the main
channel and floodplains in a meandering floodplain system govern geomorphological evolution and are
critical for the preservation of floodplain ecosystem services. Juez et al (2019) found that these
hydrodynamic and morphodynamic processes are influenced by variables such as the flow-depth ratio
between the main channel and the floodplain, the width ratio between the main channel and the

floodplain, and the floodplain land cover as defined by the type of roughness.

Both systems were characterised by typical floodplain features such as levees, oxbows, undulating micro-
topography and backswamps. The Gatberg River crossed from one side of its floodplain to the other
multiple times downstream, while the Minnehaha River generally meandered in the middle of its
floodplain. The Gatberg River valley floor, which is primarily covered by the floodplain, has an average
local relief of 0.4 m (minimum 0.07 m and maximum 1 m) over more than 250 m. The Minnehaha
floodplain has an average local relief of 0.5 m (minimum 0.2 m and maximum 0.7 m) over more than 290
m. The ability of floodplains, like the Gatberg and Minnehaha floodplain systems, to provide multiple
ecosystem functions is supported by a mosaic of environmental conditions, such as overbank floods and
groundwater fluxes, which are shaped by floodplain topography, i.e. elevation, distance to the river, or
roughness (Doble et al. 2006; Thonon et al. 2007), as well as the presence of floodplain geomorphic units,
such as oxbows, scroll bars, secondary channels, and other undulating features (Jung et al. 2004; Acreman
and Holden 2013). Elevation's influence on flooding parameters has ramifications for the functioning of
floodplain ecosystems, such as sedimentation (Asselman and Middelkoop 1995; McMillan and Noe 2017).
The hydrological distance reflects a water flow path from the channel to the floodplain and is related to

floodplain connectivity (Heiler et al. 1995; Bracken and Croke 2007).
5.4.3 RIVER SEDIMENT AND PHOSPHORUS DYNAMICS

The Gatberg River floodplain and the Minnehaha River floodplain occur within the same climatic zone

(warm temperate), geological setting (Stormberg Group, Karoo Supergroup) and the land use within both
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floodplains is livestock grazing. Both rivers are mixed-bed meandering rivers. However, they show distinct

differences in spatial variability of sediment characteristics and total phosphorus.

Fine material is conveyed in suspension in river systems, referred to as the suspended sediment load
(Owens et al. 2005). The fine fraction contains organic and mineral particles (for example, sand and silt)
with diameters greater than 0.45 um and less than 2000 pum. Most of the material eroded from the
surrounding landscape and transported by rivers comprises particles in this size range (Meade et al. 1990).
Elevated suspended sediment loads in rivers are currently a global environmental problem that has
intensified in recent decades (Woodward and Foster 1997). Suspended sediment may be temporarily
stored in the channel during low to medium flows (below bankfull) and resuspended and transported
during high discharge events. Meandering channels that typically characterise floodplain systems, like the
Gatberg and Minnehaha River floodplain systems, store sediment in the channel along the inside bend of
meander bends as point bars (Page et al. 2003; Rhoads 2020) and along the channel bed. Moody (2018)
found that point bars were twice as efficient at trapping sediment than floodplains in the Powder River in
the USA. This deposition is balanced by sites of erosion along the outer banks of meander bends (cut-
banks) as the river migrates (Sundborg 1956; Wolman and Leopold 1957; Ritter et al. 1975; Jackson 1976;
Nanson 1980).

5.4.3.1 INCOMING AND OUTGOING SEDIMENT AND PHOSPHORUS

Overbank sedimentation during flood occurrences is a critical component of floodplain
development, maintenance, and structure. Overbank deposition of fine sediment, in addition to its
relevance for floodplain development, frequently results in decreases of the suspended sediment load
conveyed through a river system to the catchment outflow (Frickel et al. 1975; Trimble 1981; Walling
1983). Although deposition rates are typically low, and in some cases, nearly undetectable, significant

volumes of sediment may be deposited due to the huge areas involved.

In the Gatberg and Minnehaha River floodplain reaches, over one wet season (multiple overbank events),
the conveyance loss through the systems was approximately 44 % and 54 %, respectively, suggesting a
decrease in sediment load. This most likely includes channel and floodplain deposition. Similarly,
Middelkoop and Asselman (1995), for example, calculated that overbank deposition reduced the
suspended sediment load transported by the River Waal in the Netherlands during a major (40-year) flood
that occurred between December 1993 and January 1994 by approximately 19 %. However, it must be
noted that a sediment budget approach generalises the site-specific variations which may be important.

Furthermore, this approach assumes that deposition is uniform across the whole of the system.
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It is critical to assess whether the material involved is just a fraction of the load entering the reach or if
selective deposition occurs. The latter circumstance may be significant where sediment-associated
nutrients were related to a certain fraction of the load. Nutrients, such as phosphorus, and many
contaminants, such as heavy metals and pesticides, are well known to be transported in association with
fine sediment (Allan 1986), and these sediment-associated contaminants are also deposited on river

floodplains during overbank flows (Hudson-Edwards et al. 1999; Walling et al. 2000).

A preliminary analysis of sediment particle size characteristics upstream and downstream within the
Gatberg and Minnehaha study reaches revealed intriguing patterns. Although both systems
predominantly transported fine sediment, there was a discernible downstream fining trend, with
suspended sediment at the system's head being coarser (24 um for the Gatberg River and 20 um for the
Minnehaha River) than at its toe (17 um and 15 um, respectively). This suggests possible variations in

sediment supply and transport dynamics along the river reaches.

Several factors may contribute to these variations. Differences in the sources of eroded material from the
different land uses in the upper catchments of the floodplain systems e.g., sediment eroded from
agricultural fields might be finer in composition than soils eroded from recently felled forestry plantation.
Additionally, differences in river slope and tributary contributions between the Gatberg and Minnehaha

systems may further influence sediment transport capacity and particle size distribution.

In conclusion, both the Gatberg and Minnehaha River floodplain systems retained sediment. The coarser
fractions of the suspended sediment were reduced and deposited within the system over the wet season,
suggesting these systems are probably storing sediment both in the river (short-term) and on the
floodplain surface (short to long-term storage). Understanding the complexities of river sedimentation
and its implications for sediment transport dynamics and pollutant deposition is crucial for effective river

management and floodplain conservation efforts.
5.4.3.2 CHARACTERISING IN-CHANNEL SEDIMENT AND TOTAL PHOSPHORUS (BED AND BANKS)

During the study period, the Dso particle size distribution of the bed material along the Gatberg River
ranged from medium silt to coarse sand (25 to 870 um), with an average of 435 um, which was slightly
coarser than those found in the channel bed along the Minnehaha River, although the range was greater
(range = 24 to 1237 um, average = 248 um). The deposits of the channel bed in the Gatberg River were
dominated by the sand fraction (average = 79 %) with only 9 % average clay and silt fraction. Although the
samples taken along the bed of the Minnehaha River were also dominated by the sand fraction (average

= 58 %) they were lower than those found along the Gatberg River, and the clay and silt fraction was
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greater along the channel bed of the Minnehaha River (average = 28 %). This probably reflects the finer
sediment of the surrounding catchment on the Minnehaha River. Additionally, the coarser components
could be trapped by the large wetland upstream and gentle slopes surrounding the Minnehaha floodplain.
The tributaries that join the Gatberg River reach, especially the left bank tributary which is being eroded

introducing some larger sediment into the reach.

Research has shown that the particle size of bed sediment usually decreases with distance downstream,
i.e., from boulders and cobbles to sand, especially in large river systems (Surian 2002; Frings 2008).
However, the Dso particle size in the Gatberg River does not decrease with distance downstream but
rather shows two generalised characteristics: the channel bed shows a nonuniform trend in particle size
with distance downstream, as well as the occurrence of sediment zonation, with riffles and runs sites
having coarser material and pools and bars having finer material. Pools also had a higher percentage of
the clay and silt fraction, whereas riffles had the highest percentage of gravel and sand fractions and the
highest variability in sediment particle size fractions. This can be attributed to river sedimentological
processes such as the dominance of selective transport mechanisms in the channel bed, variability in
flow frequency, flood size, and tributary effect (Surian 2002; Frings 2008; Wang et al. 2009). High flow
velocities in riffles promote turbulent mixing in pools, resulting in energy and velocity dissipation and finer
sediment deposition (Surian 2002; Gordon et al. 2004; Brierley and Fryirs 2005; Wang et al. 2009; Brierley
et al. 2013). High-flow energy turbulences create coarser particle sizes in riffles, which increases

roughness during high flows.
5.4.4 FLOODPLAIN SURFACE SEDIMENT AND PHOSPHORUS DYNAMICS
5.4.4.1 SPATIAL VARIABILITY OF SEDIMENT CHARACTERISTICS

For floodplains such as those represented by the detailed study sites, variability in the particle size
composition and sediment properties (such as organic matter content and total phosphorus
concentration) of the sediment deposits will be controlled by the suspended sediment properties and the
hydraulics of the local floodplain flow, which will in turn be influenced by river discharge as well as the
local floodplain geometry and topography. The Gatberg River floodplain is a small system in a large
catchment with many other floodplain systems, impoundments (e.g. artificial dams), tributaries, and land
uses upstream, which affects the sediment supply and flows to this floodplain. In contrast, the Minnehaha
River floodplain is a relatively large floodplain within a small catchment. There is another floodplain

system upstream of the Minnehaha research site and a steep waterfall.
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In general, deposits in the Gatberg River floodplain (mean = 17 um, fine to medium silt) are finer than
those in the Minnehaha River floodplain (mean = 22 um, medium silt). However, the difference is minor
and within the error margins of the particle size analysis methods. Floodplains and flood basins are
typically composed of suspended loads when overbank deposition is a primary mechanism for the
accretion and storage of sediment in the floodplain (Bridge 2003). There are two potential explanations
for this variation. Firstly, the suspended sediment supplied to the floodplains will be different due to the
slightly different geology and the occurrence of more ‘storage units’ upstream of the Gatberg system. In
addition, the two tributaries entering the Gatberg system may introduce more suspended sediment than
the Minnehaha system. The Minnehaha River has a steeper slope (3 %) compared to the 1 % slope of the
Gatberg River, which increases the flow energy and consequently the capacity of the river to carry larger
particle sizes. There could also be a geological influence; the Clarens Formation in the Minnehaha River

catchment could bring in more coarse-grained material.

The Gatberg River floodplain deposits were dominated by clay and silt and only a small fraction of the
floodplain was composed of sand. Floodplain sediment deposits also fined with increasing distance from
the channel (Dsp was 75 pm <10 m from the channel to <11 um beyond 20 m), as expected based on the
differential settling velocities of particles of the different diameters being transported away from the
channel and the loss of flow energy and consequently the carrying capacity (Allen 1965; Pizzuto 1987;

Asselman and Middelkoop 1995; Battin et al. 2008; Thonon 2006; Dunne and Aalto 2013; Swanson 2013).

Most of the sand fraction (52 %) was deposited in the first 10 m from the channel. The rapid reduction in
the greater particle size (medium to fine sand) content in the sediment with increasing distance from the
channel in the area close to the channel suggests that the fine fractions of the suspended sediment are
transported onto the floodplain from the channel primarily through diffusive processes because the
energy associated with overbank floodplain flow is generally relatively low. This is consistent with the

diffusive model proposed by James (1985).

Fining of overbank sediment deposits has been documented on the Mississippi River, Powder River, and
other rivers (see e.g., Moody et al. 1999; Autin and Aslan 2001). Moody et al. (1999) discovered that the
Powder River's (a gravel-sand bed river) narrow floodplain bench fined with increasing distance from the
channel. Even though sand made up around 18 % of the Powder River's suspended load and clay made up
47 %, sand made up 55 % of the sediment closest to the channel bank on the floodplain and only about
10 % in the floodplain trough. The floodplain crest, on the other hand, was made up of 10 % clay and the

trough of 40 % (Moody et al. 1999). However, some outliers exist in the Gatberg system, and this may be
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due to preferential flow paths, such as livestock tracks, increasing local slopes and flow velocities or/ and

sediment inputs from the surrounding hillslopes.

The distance from the channel exerts an important influence, as the sediment is generally coarser in areas
near the channel and finer in areas near the floodplain's outer margins. The degree of lateral advection
and turbulence in the shear layer between the floodplain and channel most likely limited the distance
sand travelled (Swanson 2013). The Dso particle diameter decreased rapidly (explained mostly by a
logarithmic trend) with increasing distance from the channel; this was similarly observed on floodplains
by Walling and He (1998) and in levee deposits by Adams et al. (2004). Adams et al. (2004) observed that
the Dso of surface sediment decreased exponentially over the width of the Saskatchewan River levees.
Walling and He (1998) noted a decrease in particle size with distance from the channel in surface
sediments on small rivers in the UK, but distinguished two distinct deposition processes: an exponential
decrease in coarse sediment deposition with distance from the channel and a layer of fine sediment
deposited in proportion to the depth of the overlying flood water in the distal floodplain, most likely due

to clay settling from the flood waters trapped in the floodplain.

On the other hand, the floodplain deposits of the Minnehaha River, although also dominated by the clay
and silt fraction, were coarser than the Gatberg system. Although, the sand fraction did decrease (12 %
<10 m from the channel to 9 % >60 m, and the finer sediment fraction did increase (11 % <10 m from the
channel to 15.6 % >100 m) with distance on the Minnehaha floodplain it was much more subtle than the
Gatberg system. The particle size of floodplain sediments was markedly constant as a function of distance
from the channel for the Minnehaha system, suggesting that sediment transport is primarily associated
with convective overbank flow, and this implies that the concentrations of fine sediment particles in the
overlying floodwater will be relatively uniform across the floodplain surface. Therefore, rates of
deposition of the sediment will be mostly governed by floodwater depth and consequently the local

floodplain topography, with higher rates of deposition occurring in depression areas.

There could be topographical and morphological reasons for this difference between the two systems.
Firstly, the Minnehaha floodplain is a much wider system with a less distinct slope towards the floodplain
margin compared to the Gatberg floodplain. This could explain why the trend is weaker for the Minnehaha
system due to the longer distances that sediment-laden flood water must travel. Second, the Minnehaha
River has a lower sinuosity than the strongly meandering Gatberg River (sinuosity index of 2.4 and 3.75
respectively). Bathurst et al. (2002) found that transfer of sandy sediment (in their experiment having a

Dso of 100 um) only takes place in a confined strip along a straight channel, whereas it was deposited
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further away on the floodplain in the case of a meandering channel because of stronger convective flow
over the floodplain. Similarly, Hudson and Heitmuller (2003) found that the distance of sediment transfer
onto the floodplain was greater for more pronounced meanders due to increased flow competence. In
short, because of the more pronounced meandering of the Gatberg River, the stronger the relationship

that particle size has with distance.

In the case of the Gatberg River floodplain, the sediment particle size parameters exhibit appreciable
variation between the floodplain variables (relative distance downstream, relative channel elevation,
channel bankfull width, channel depth, average channel depth etc.). There were statistically significant
relationships with moderate trend analysis values between particle size parameters and distance
downstream, relative floodplain surface elevation, and floodplain surface perpendicular slope (%); see
Section 5.3.2.1. This result shows that there is significant fining from the sediment source (channel) which
indicates perpendicular exhaustion of coarser suspended matter. This has been observed in other
research (Walling and Moorehead 1989; Middelkoop and Asselman 1998; Walling and He 1998; Thonon
et al. 2007; Kaase and Kupfer 2016). Although downstream variation in the particle size composition of
suspended sediment will frequently exist and will influence the particle size composition of the floodplain
deposits (Walling and Moorehead 1989; He and Walling 1997), local flow patterns, vegetation density and
structure, and microtopography on the floodplains will also exert an important influence on the mean
sediment particle size composition for each cross-section. For example, in the Gatberg floodplain, transect
2 is located downstream from a tributary and the Dso particle size is significantly higher than that
associated with the Dsg particle size from the other transects. On the other hand, the relatively high mean
clay content in the sediment from transects 3 and 5 may reflect the relatively flat and broad nature of
these transects. In the Gatberg floodplain system, the mean clay and silt content of the transects increases
downstream, whereas the mean sand content decreases, with transect 1 having the lowest clay content
and highest sand content. To a certain degree, this trend reflects a downstream fining of the suspended
sediment transported and deposited through this reach. This has been observed in other research

(Walling and Moorehead 1989; He and Walling 1997).

In the Minnehaha River floodplain system, within the sediment size parameters only Di¢, Dso and percent
clay fraction show a statistically significant relationship with distance downstream, although there were
no significant trend analysis values associated with the relationship. Both the mean clay and silt and sand
fraction contents exhibit some variation between the transects, where the percentage of clay and silt

fraction increases with the distance downstream and the percentage of the sand fraction decreases with
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the downstream distance. Although the coefficient determination is quite weak for both, see section
5.3.2.1, the Dsg particle size (which falls within the medium silt fraction (15.6 - 31 um) for all the transects)
decreases downstream. To a certain degree, this trend reflects a downstream fining of the suspended
sediment transported and deposited through this reach. In summary, sediment size parameters in the
Minnehaha River floodplain system show little to no relationship with the floodplain or river variables
measured, suggesting that other variables, such as flood water inundation extent, depth and residence
time, or flow paths and velocities on the floodplain surface etc., are responsible for the variation in

sediment particle size parameters.

Floodplains serve a variety of physical and ecological roles, which are intricately linked. The primary
physical purpose of floodplains is to attenuate water flows, as well as dissolved material, sediment, and
organic matter conveyed by floodwaters (Wohl 2021). Floodplain systems also play an important role in
the global carbon cycle, owing to their ability to store soil organic carbon (Cole et al. 2007; Battin et al.
2009). In general, the organic matter content in the floodplain deposits on the Gatberg River system was
slightly higher than that found in the Minnehaha River floodplain. In the Gatberg system, like the sediment
particle size parameters, the percentage of organic matter content exhibits a statistically moderate
relationship with distance from the channel (positive correlation), relative floodplain surface elevation
and floodplain perpendicular slope (both had a negative correlation). However, the only association with
organic matter content that was seen in the trend analysis was with the floodplain surface perpendicular
slope. In comparison, the Minnehaha system’s, percentage of organic matter content had no relationship

with any of the physical floodplain and channel variables measured.

The soil organic matter content is associated with many soil properties, such as sediment particle size,
sediment texture, nutrient content, and pH (Heger et al. 2021). Heger et al. (2021) found that the fine
texture of sediment stored in floodplain forests was one of the strongest predictors of soil carbon stocks
(r? = 0.6). Similar conclusions were drawn by other researchers (Pinay et al. 1992; Wigginton et al. 2000;
Hoffmann et al. 2009; Graf-Rosenfellner et al. 2016; Hennings et al. 2021). In the surface floodplain
samples of the Gatberg River, the percentage of organic matter content has a significant statistical
relationship with the D16, Dso, and Dgs sediment sizes parameters, the percentage of sand, clay and silt,
and clay fractions. However, the only significant trend analysis association was with the Dg4 sediment size.
In comparison, the organic matter content in the Minnehaha floodplain system had no statistical
relationship with the sediment size parameters. This could partly be explained by the longer high

groundwater levels which will slow decomposition of soil carbon.
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Phosphorus is one of two of the most studied solutes, the other being nitrogen. This is partially because
they constitute a paradox. Although these elements are required by most living organisms, human
activities have introduced large quantities of phosphorus and nitrogen into rivers the excess now causes
severe environmental problems such as eutrophication, or a decrease in dissolved oxygen in the water
that causes fish die-offs. Total phosphorus is the sum of all phosphorus compounds found in soils or a
watercourse. Although in soils, phosphorus exists primarily as particulate (i.e., sediment-bound)
phosphorus, with dissolved phosphorus accounting for less than 0.1 % of total phosphorus (Magette and
Carton 1996). Within the Gatberg River floodplain system, the total phosphorus concentration in soils was
found to be less than 0.25 g kg™. Within the Minnehaha River floodplain system, total phosphorus
concentration in soils was found to be less than 0.40 g kg™". These soil total phosphorus content levels are
far lower than those commonly reported in the literature. The United States national average total
phosphorus concentration in soil, for example, is around 0.6 g kg™ (Stevenson 1986; Abrams and Jarrell
1995) and for Africa is estimated to be 0.4 g kg™" (He et al. 2021). However, most of the literature findings
on soil total phosphorus concentrations come from croplands or pastures where fertiliser would enhance

phosphorus inputs.

Within the Gatberg floodplain system, total phosphorus concentration had a moderate negative statistical
relationship with the relative floodplain elevation and the perpendicular slope of the floodplain; however,
only 10 % of the variation within the total phosphorus concentrations could be explained by the floodplain
variables according to the trend analysis. Within the Minnehaha floodplain system, on the other hand,
total phosphorus had a moderate negative significant relationship with distance from the channel and 30

% of the variation in the total phosphorus concentrations could be linked to this floodplain variable.

The Spearman’s statistical analysis found significant relationships between total phosphorus
concentration and the sediment particle size parameters within the Gatberg system. However, only 30 %
of the variation in total phosphorus could be explained by the sediment particle size parameters. Total
phosphorus concentrations in this system had the highest statistically significant positive relationship with
organic matter content and the trend analysis found that the relationship between total phosphorus
concentration and the percentage of organic matter content could be satisfactorily described by a simple
linear regression line. In the surface samples of the Gatberg floodplain, total phosphorus had a moderate
statistical relationship with iron and aluminium, although only 30 % of the variability of the total

phosphorus concentrations could be explained by the variability of the geochemical variables.
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Comparatively, in the Minnehaha system, Spearman’s statistical analysis found significant relationships
between total phosphorus concentration and the D46 particle size (positive relationship) and percentage
of clay (negative relationship). However, only 20 % of the variation in total phosphorus could be explained
by the fine sediment particle size content. Like the Gatberg system, total phosphorus concentrations in
the Minnehaha system had the highest statistically significant relationship with organic matter content
(positive relationship). This indicates that the relationship between the total phosphorus concentration
and the percentage of organic matter content could be satisfactorily described by a simple linear
regression line. In the surface samples of the Minnehaha floodplain, total phosphorus had a moderate
statistical relationship with aluminium and magnesium, although the trend analysis found that only 40 %
of the variability could be explained by these two geochemical variables. There was a strong statistical
relationship between total phosphorus concentration with iron and calcium, and the trend analysis found

that only 50 % of the variability could be explained by these two geochemical variables.

The relationship between fine particle content and total phosphorus concentration in soils is a well-
established aspect of phosphorus geochemistry. Phosphorus sorption mechanisms play a crucial role in

governing the availability and mobility of phosphorus in soil environments, such as floodplains.

Phosphorus sorption occurs primarily through the interaction of negatively charged phosphate ions (for
example, H,PO,~ and HPO,%") with various soil constituents, including iron, aluminium, magnesium,
calcium, and organic carbon. This process, documented by numerous studies (Williams and Saunders
1956; Tiessen et al. 1983; O'Halloran et al. 1985, 1987; Roberts and Strobel 1985; Day et al. 1987; Steegen
et al. 2001; Six et al. 2002; Young et al. 2012), involves strong interactions between phosphate anions and

soil particle surfaces, leading to tight binding of phosphorus.

Large specific surface areas of fine soil particles further enhance phosphorus absorption capacity, as
highlighted in studies by Agbenin and Tiessen (1995) and Newman (1995), among others. This increased
surface area facilitates greater contact between phosphate ions and soil particles, enhancing phosphorus

retention.

The fixation of phosphorus is influenced by soil pH, with different mechanisms operating in acidic and
alkaline soils. In acid soils rich in aluminium and iron oxides, both crystalline and amorphous forms,
phosphorus solubility is reduced through fixation on positively charged surfaces and the formation of
insoluble aluminium and iron precipitates. On the contrary, in alkaline soils, phosphorus readily interacts
with calcium to form sparingly soluble calcium phosphates. Studies, such as that by Johan et al. (2021) in

Malaysia, have illustrated the pH-dependent nature of phosphorus fixation. In acidic soils, phosphorus
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becomes bound by sesquioxide, particularly iron and aluminium, resulting in reduced phosphorus
availability. On the contrary, Johan et al. (2021), showed that under alkaline conditions, phosphorus
precipitation occurs with calcium, limiting its availability. They discovered that phosphorus precipitates to
both iron and aluminium when the soil pH is below 5.5 and calcium when the pH is above 7. Both the
Gatberg and Minnehaha floodplain surface sediment had a pH of 5.5 and 5.6 respectively. Iron oxide
minerals dissolve and release their adsorbed elements into the water column, such as phosphorus, when
conditions become anoxic such as when floodplain surfaces are covered in flood waters (Dellwig et al.,
2018; Hausler et al., 2018). These metals then become more readily bioavailable (Rogan Smuc et al., 2018)

or more easily transported back to the channel when the flood waters retreat.
5.4.4.2 FLOODPLAIN GEOMORPHIC UNITS

Meandering river floodplains are often made up of a variety of geomorphic units due to their nature and
history (Schumm and Winkley 1994; Bridge 2003). A geomorphic unit is a landform constructed and
reshaped by a specific set of earth surface processes. Every geomorphic unit has its own morphology and
sediment characteristics (Minar and Evans 2008). Geomorphic unit assemblages and patterns represent
the available energy at any given location in the landscape (Downs and Gregory 2014). The combination
and balance of erosional and depositional processes in river systems create diverse patterns of
geomorphic units at the reach scale. Given that geomorphic units make up all sections of all valley
bottoms, the geomorphic unit analysis presents an applicable resource for doing systematic geomorphic
research on river and floodplain systems (Brierley et al. 2013; Fryirs and Brierley 2013). Floodplain
topography, a mosaic of geomorphic units, has a large impact on the spatial distribution of sediment that
is eventually deposited along meandering alluvial floodplains during overbank flooding (Asselman and

Middelkoop 1995; Nicholas and Walling 1997; Walling and He 1998).

The hydraulic connectivity of the meandering alluvial floodplains is determined by the interaction of the
floodplain geomorphic units and the surrounding topography with the overbank flow. Given the
topography of different floodplain geomorphic units, their distance from the channel, and their relative
elevation, this interconnectivity is typically complex and dynamic (Cabezas et al. 2010). This implies that,
regardless of type, each of these units may have a unique hydraulic connectivity to the river channel
during overbank inundation. The hydraulic connectivity of a floodplain geomorphic unit can vary with
flood magnitude since floodplain geomorphic units are typically more easily accessed by overbank flow as
overbank height increases. Furthermore, because overbank inundation is a mechanism of conveying

suspended sediment, the geographical patterns of overbank deposition may be comparable. The
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floodplain geomorphic units identified in the Gatberg and Minnehaha River floodplain systems were: 1.)
bank and levee, 2.) proximal floodplain, 3.) floodplain surface, 4.) oxbows, and 5.) backswamp (see Section

5.3.2.2).

At the reach scale, within the Gatberg floodplain system, the banks and levee geomorphic unit had the
highest mean Dsg particle size and percentage sand fraction, the lowest percentage clay fraction, organic
matter content, and total phosphorus concentration. Oxbows had the lowest mean Ds particle size and
percentage sand fraction, the highest percentage clay fraction, organic matter content, and total
phosphorus concentration. Within the Gatberg floodplain system the biggest difference in the Dso particle
size, the fine particle size fractions, and the organic matter content occurred between the oxbow
geomorphic unit and the proximal floodplain. This result can be explained both morphologically and
topographically. Firstly, the bank and levee geomorphic unit is the closest floodplain geomorphic feature
to the channel and has a higher elevation compared to the rest of the floodplain surface; this area is more
likely to receive more of the larger particle sizes as turbulent water carrying sand and finer particles spill
onto the floodplain. The settling velocities of the coarser particles promote rapid deposition, with finer
suspended sediment flowing onto the remainder of the floodplain. Whereas the oxbows are found across
the floodplain at various distances from the channel and are characterised by lower elevations
(depression-like features). Floodwaters are more likely to be stored in these depressions, allowing the
finer particles and the associated adsorbed particles (organic matter content) to settle out of suspension.
Similar results were found by Simm 1993; Swanson 2013; Thomas et al. (2022), and others. Interestingly,
in the Gatberg floodplain system, the backswamp geomorphic unit had a secondary input of coarser

sediment, probably from the surrounding hillslope and the unsealed gravel road.

Like the Gatberg system, within the Minnehaha floodplain system, the area closest to the channel had the
highest Dso particle size and percentage sand fraction, and the lowest percentage clay fraction, organic
matter content, and total phosphorus concentration. The lowest Dso particle size and the highest
percentage clay fraction were found within the backswamp unit. The highest organic matter content and
total phosphorus concentration were found within the oxbow geomorphic unit. Compared to the Gatberg
system, in the Minnehaha River floodplain, the biggest difference between the sediment particle size
fractions and the organic matter content occurred between the backswamp and almost all the other
geomorphic units. This could be explained by the morphology of the floodplain system. The Minnehaha is
a larger system with widths that extend much further away from the channel. In addition, all the old

features occur relatively close to the channel in a narrow band.
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5.5 ConcLusion

The results presented above demonstrate that the particle size composition and properties (organic
matter content and total phosphorus concentration) of the overbank floodplain deposits exhibit
significant spatial variability. Cross-valley, downstream, elevation, and geomorphic feature variations in
the grain size composition and properties of surface sediments representative of contemporary floodplain
deposits have been documented within the study reaches. This spatial variability reflects the interaction
between overbank floodplain flows and suspended sediment transport and deposition at these sites,

which is in turn influenced by the local river planform and floodplain topography.

Within both the Gatberg and Minnehaha River floodplain systems, it was possible to relate differences in
spatial variations of sediment particle sizes and sediment properties to geomorphological and
hydrological variables such as floodplain width, sinuosity, distance from sediment source,
microtopography, and catchment characteristics. Several trends were verified for the floodplain systems
on the Gatberg and Minnehaha Rivers that have been reported in the literature. In general, sediment
particle size decreases with increasing distance to the river. Total phosphorus concentrations increase
with increasing fine particle size fractions (clay and silt) and organic matter content. However, exceptions
to these trends show that they do not suffice to describe the pattern in more complex situations. For
example, there may be secondary sources of sediment besides the river channel itself complex
hydrodynamic patterns at the beginning of the flood inundation or the catchment characteristics that

need to be considered.
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CHAPTER 6 : FLOODPLAIN SEDIMENTATION RATES, SOIL PROPERTIES AND
SEDIMENT-ASSOCIATED PHOSPHORUS ACCUMULATION RATES FOR TWO
FLOODPLAIN SYSTEMS

6.1 INTRODUCTION

Floodplain systems are dynamic and important ecosystems along river corridors. Floodplains are vital
buffers between the river and the surrounding land, attenuating floods, creating ecological ‘hot spots’ and
transporting and storing overbank channel sediment and the associated nutrients and contaminants
attached to that sediment. As floodplain systems are dynamic, sediment deposited on floodplains may be
reworked in the future and may thus also become a source of nutrients and contaminants and become a
problem for future river management (Conner and Day 1982; Brinson et al. 1984; Elder 1985; Leenaers
and Schouten 1989; Stoeckel and Miller-Goodman 2001). Against this background, an improved
understanding of the regulatory ecosystem services that floodplains provide, such as sediment trapping
and phosphate assimilation, as well as the reworking of these systems, is needed. This is especially true

for data-scarce dryland regions, like South Africa.

When considering the role of floodplain systems as sediment and nutrient sinks, attention commonly
focuses either on the coarse channel deposits and the interaction between channel migration and
floodplain construction and destruction (Wolman and Leopold 1957; Howard 1992) or on the fine over
bank deposits which usually make up the large areas of most floodplains resulting in vertical accretion of
the floodplain surface (Ottesen et al. 1989; Alexander and Marriott 1999; Gomez et al. 1999; Moody and
Troutman 2000; Swanson et al. 2008). To better comprehend the role that storage plays in the supply of
ecosystem services in floodplain systems, more information on the magnitude and spatial variability of
overbank sedimentation rates is required both to quantify the processes involved and to provide a basis

for model development (Pizzuto 1987; Nicholas and Walling 1996, 1997).

Methods for estimating overbank sedimentation rates on floodplain systems include the use of
sedimentation traps (e.g., Gretener and Stromquist 1987; Lambert and Walling 1987; Asselmann and
Middelkoop 1995), topographical surveys before and after events (e.g., Brown 1983; Marriot 1992;
Walling et al. 1996), and dating sediment layers (e.g., Costa 1975; Trimble 1983; Lewin and Macklin 1987;
Hupp 1988). However, each of these techniques has in-built assumptions and challenges. For example,
sediment traps have representativeness problems and practical constraints on sampling density and

potentially losing data if they get washed away. Topographical surveys rely on overbank deposits to be
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measurable, previous data, and to be able to recognise the interface between the ‘new’ deposited
sediment and the original floodplain surface. The use of sediment dating techniques will provide longer-

term average values which will amalgamate inter-event variability.

The application of environmental radionuclides, specifically the fallout radionuclide caesium-137 (™7Cs)
and unsupported lead-210 (*'°Pb), has been widely used in documenting rates and patterns of floodplain
sedimentation. Where down-profile variations in the concentrations of these radionuclides can provide a
basis for establishing the recent chronology of overbank sediment deposition, and measurements of total
radionuclide inventories can be used to estimate average sedimentation rates (e.g., Walling and He 1992,
1994, 1996 a, b, 1997; Walling et al. 1996; Terry et al. 2002, 2011; Ritchie et al. 2004; Hughes et al. 2009;
Locas et al. 2010; Golosov and Walling 2014). There are many advantages over other methods for
estimating overbank floodplain sedimentation, for example, the general applicability to a range of
environments and locations, the medium-term timescales involved (i.e., 60 years for *’Cs and 100 years
for unsupported 2'°Pb), the relatively low cost, and the potential for gathering data for many points on a
floodplain and the potential to estimate the spatial variability of deposition rates and the patterns

involved.
6.1.1 SEDIMENTATION RATES: THE USE OF RADIOISOTOPES

Radioisotopes have now been recognised as the most used and reliable method to calculate sediment
deposition and accumulation rates in estuarine, fluvial, and lacustrine environments (Robbins and
Edgington 1975; Delaune et al. 1978; Benoit and Rozan 2001; Kim et al 2003). This is generally achieved

using a combination of '°Pb and *’Cs radioisotope dating procedures.
6.1.1.1 LEAD-210 TECHNIQUE

Lead-210 (?"°Pb) is a naturally occurring radionuclide and a product of the Uranium-238 decay series with
a half-life of 22.2 years. Its presence in the atmosphere is due to the dispersion of Radon-222 (daughter
of Radium-226) from the earth’s crust into the atmosphere. The existence of 2'°Pb in the atmosphere is
short-lived, approximately 5 to 10 days (Krishnaswami et al. 1978). 2'°Pb is then deposited on the earth’s
surface as atmospheric fallout, where it rapidly gets adsorbed to fine-grained sediment, iron-oxides, and
organic matter. Approximately 90 % of all '°Pb fallout is derived through precipitation, and consequently,
210pp fluxes are strongly linked to rainfall patterns (Binford 1993). However, deposition rates are thought
to be constant and spatially uniform within a limited geographic area (DeLaune et al. 1989). 2'°Pb is useful

for determining the age of recent sediment because, provided that the atmospheric flux is constant, the
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decay profile relates directly to the sedimentation rate. Hence, 2'°Pb is useful for dating sediments up to

a century old.

Not all Radon-222 escapes the earth’s surface before it decays, and a portion of the 2'°Pb present in the
soil is formed in situ by the decay of Radium-226. A distinction is made between 2'°Pb derived from the
atmosphere (excess 2'°Pb) and that derived from sediment (supported 2'°Pb). The excess 2"°Pb component
of total 2'°Pb activity is used in sediment dating. The total activity of '°Pb shows an exponential decay
with depth, assuming a uniform sedimentation rate over 100-150 years. However, due to anthropogenic
and environmental effects, this is not often the case (Appleby and Oldfield 1978). Several models for 2'°Pb

analysis have been developed, depending on environmental conditions and sediment processes.

The Constant Rate of Supply (CRS) model is the most widely accepted and used model to determine ?'°Pb-
derived sedimentation rates. The model assumes that no post-depositional mixing or sediment
disturbance has occurred. Assuming a constant fallout of 2'°Pb, the CRS model can be used to determine

the age of a given depth (z) by:
219pphxs(z) = 2'°Pbxs(0)e-At

Where 2'°Pbxs(0) represents the excess activity of 2'°Pb on the sediment surface, A is the radioactive decay constant
for 21%pp (0.0311), and t is the deposition time. When In?"°Pbxs(z) is plotted against depth, the resulting profile is

linear, and the accumulation rate can then be determined from the slope of this line.

The use of '°Pb in sediment geochronology was pioneered by Goldberg (1964), Krishnaswami et al. (1971)
and Ritchie et al. (1973). Nowadays it is applied in many fields of research in wetlands (Wang et al. 2004;
Favaro et al. 2007), estuaries (Weis et al. 2001; Pfister et al. 2004) and floodplains (Saxena et al. 2002;
Aalto and Dietrich 2005) to estimate sediment accumulation rates over the last 100 - 150 years. Generally,
an accumulation rate of 1 mm yr™" or more is considered sufficient for 2'°Pb dating (Oldfield and Appleby
1984). Accumulation rates below 1 mm yr™" may still permit 2'°Pb dating, however, they can introduce
uncertainties and potential biases due to reduced signal strength, greater sediment mixing, and decreased
dating precision. The accuracy of 2'°Pb sediment age dating can be affected by post-depositional
processes, such as compaction, bioturbation, and erosion, that disturb the sediment column. Therefore,
an independent tracer is usually used in combination with 2'°Pb to validate calculations derived from 2'°Pb
activity (Smith 2001). Typically, *”Cesium is used as an independent time-stratigraphic marker to test the

accuracy and validity of 2'°Pb derived geochronology.
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6.1.1.2 CAESIUM-137 TECHNIQUE

Caesium-137 (®’Cs) has a half-life of 30 years and is an artificial radionuclide that was introduced into the
environment by nuclear weapons testing during the late 1950s and 1960s (Ritchie and McHenry 1990).
137Cs was released into the atmosphere and was dispersed globally and subsequently deposited as fallout

on the earth’s surface.

Significant levels of 3’Cs fallout first appeared in 1954, with peak quantities detected in 1963. Since then,
due to a global weapon testing ban, global atmospheric *’Cs deposition has decreased steadily. Cambray
etal. (1985) reported in 1983/1984 that fallout deposition rates of ’Cs were below the limits of detection.
The fallout of '*7Cs resulting from the Chernobyl explosion in 1986 was confined to Europe, with minimal

effect on global fallout rates and patterns (Ritchie and McHenry 1990).

Like 2'°Pb, once deposited, '*’Cs is adsorbed onto fine sediment particles. As such, it is a useful marker in
soils. Although "¥7Cs deposition occurred primarily through rainfall, fine sediment containing 3’Cs can be
transported downstream during flood events and deposited in floodplains, wetlands, lakes, and oceans.
The 1963 peak is used as a marker layer in sediment accumulation studies, thus offering an average
sedimentation rate since then (Ritchie and McHenry 1990). When used in combination with
measurements of 2'°Pb fallout, ™*’Cs is recognised as a useful tool for the calculation of sediment
accumulation rates and the history of sediment-associated nutrients and contaminants in a variety of

environments.
6.1.1.3 LIMITATIONS IN THE SOUTHERN HEMISPHERE

Although studies have successfully used both 2'°Pb and *’Cs for sediment dating, most of this research
was conducted in the northern hemisphere (see, Walling and He 1997; Goodbred and Kuehl 1998; Owens
and Walling 2002; Pavlovic et al. 2005). Very limited radioisotope research has been carried out in the
southern hemisphere due to difficulties in obtaining 2'°Pb concentration data that are above the detection
limit of analysis (Owens and Walling 1996; Bonotto and de Lima 2006; Hughes et al. 2009). The annual
supply of °Pb from the atmosphere can be eight times lower in the southern hemisphere compared to
European and North American countries (Humphries 2008). 2'°Pb fallout also declines with increasing

latitude due to decreasing precipitation rates (Outridge et al. 2002).

The Southern Hemisphere similarly received approximately 10 times less '*’Cs fallout than the northern

hemisphere (Figure 6.1; McCallan et al. 1980; Longmore et al. 1983). However, in the Southern
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Hemisphere an initial rise in "*’Cs activity has been dated at ca. 1958 (Longmore 1982; Foster et al. 2005,

2007), even though the weapons fallout peak in 1965 is difficult to distinguish.

Figure 6.1 Comparison of *’Cs deposition amounts from 1952 to 1990 for the Northern
and Southern Hemisphere (McCallen et al. 1980; Longmore et al. 1983)

6.1.2 NUTRIENT ACCUMULATION RATES

Floodplain systems are generally known to be important material and energy sinks, sources, and
transformations in landscapes (Johnston 1991; Mitsch and Gosselink 1993). Floodplains are
biogeochemical “hotspots” because they are located between both terrestrial and aquatic systems
allowing the transport and transfer of material and energy (McClain et al. 2003). Nutrient dynamics is an
important part of the biogeochemical ecosystem service of floodplains because floodplains are areas of
high productivity and decomposition, elevated nutrient loading rates, and dynamic nutrient processing at
the oxidation-reduction boundary. In addition, floodplain vegetation reduces water velocity, making
floodplains crucial areas for the deposition of suspended sediment and its associated nutrients and

contaminants (Gurnell 1997).

Floodplains provide opportunities for nutrient uptake, transport, and storage during flooding when
nutrient loading is at its most in rivers (Pinay et al. 1992). Floodplains can be sinks for inorganic, organic,
dissolved, and particulate fractions of both nitrogen and phosphorus during overbank flooding (Yarbro et
al. 1983; Hamilton and Lewis 1987; Tockner and Stanford 2002), but they can also be a source or
transformer of some nutrient fractions (Conner and Day 1982; Brinson et al. 1983; Elder 1985; Stoeckel

and Miller-Goodman 2001) during periods of re-suspension or erosion. In contrast, rivers have low
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nutrient retention rates, with most of their nutrient load transported downstream (Alexander et al. 2000).
Consequently, floodplains are important limiting zones within the conveyance of nutrients through a river
catchment, or they may export less-bioavailable nutrient fractions, from rivers to downstream

ecosystems.

Understanding and quantifying floodplain nutrient accumulation rates will help clarify their function in

fluvial systems and identify the potential benefits of floodplain restoration and management.
6.1.3 TRENDS AND PATTERNS OF SEDIMENT AND PHOSPHORUS DEPOSITION AND ACCUMULATION ON FLOODPLAINS

Trends that have come out of research done on sedimentation rates show that sediment deposition
decreases with increasing distance from the river. This trend was observed by He and Walling (1998);
Middelkoop and Asselman (1998); Swanson 2013 and others. Fine particle sedimentation has been
recorded to remain relatively constant with distance from the channel (Middlekoop and Asselman 1998).
Sedimentation is greatest in floodplain features where flood flows (transport energy) rapidly decrease,
such as levees, sloughs, edges of accessory channels, oxbows, and other depression-like floodplain
features (Asselman and Middlekoop 1995; Bridge 2009; Pizzuto 2016). Conversely, areas with lower

deposition rates tend to be farther from the channel and on elevated surfaces within the floodplain.

Vertical phosphorus distribution patterns are strongly related to silt and clay fraction contents within the
sediment profile (Williams and Saunders 1956; Tiessen et al. 1983; O’Halloran et al. 1985, 1987; Roberts
and Strobel 1985; Day et al. 1987; Six et al. 2002; Young et al. 2012). In their research, O’Halloran et al.
(1985, 1987) concluded that soil texture variability resulted in soil total phosphorus variability. They found
that changes in the sand fraction content produced the highest soil total-phosphorus variability, due to
the strong negative correlation that phosphorus has to the sand fraction. In other words, the soil total
phosphorus distributions follow similar trends to the fine sediment particles’ vertical distributions
regardless of the spatial location. Comparable results have also been described by other researchers (see
Schilling et al. 2009; Ishee et al. 2015). In addition to these studies, the main parameters controlling the
rates of phosphorus release and deposition in floodplain sediments are the phosphorus content of the
parent material, the phosphorus supply, the topography, and the depth profile of the floodplain soil
(Walker and Adams 1958, 1959; Walker 1965; Walker and Syers 1976; Roberts and Strobel 1985).

Floodplains are widely recognised for the sediment and nutrient storage and processing services they
provide to society (Opperman et al. 2009). However, the overall magnitude by which floodplains store

and process nutrients such as phosphorus is not well understood, especially in sub-humid, data-scarce
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areas such as the Eastern Cape in South Africa. Understanding the role floodplains play in sediment and
nutrient storage and processing is critical information needed to develop policy and management actions
to address environmental problems such as eutrophication and climate change (Battin et al. 2008; Sutfin

et al. 2016; Fabre et al. 2020).

Investigating sedimentation patterns and phosphorus assimilation within two floodplain systems in the
Eastern Cape will significantly improve our understanding of the sediment and nutrient retention
functions that these vital floodplains offer to a society which currently lacks comprehensive data. The

focus objectives for this research are as follows:

1. Quantify historical sedimentation rates within the selected floodplain systems through sediment
core analysis and ?'°Pb and "¥7Cs dating techniques.

2. Determine historical phosphorus storage rates within floodplain sediments by analysing
phosphorus concentrations and distribution profiles.

3. Assess trapping efficiencies of sediment and phosphorus within the floodplain systems.

4. Investigate the influence of geomorphological factors on sedimentation patterns and phosphorus

assimilation.

These specific objectives aim to address the broader goal of improving our understanding of sediment
and nutrient retention functions in floodplains, with a focus on the Eastern Cape region, and to contribute

valuable insights for informed decision-making and management strategies.
6.2 METHODS

6.2.1 FIELD DATA COLLECTION

Fieldwork was carried out between August 2019 and October 2021. Six sediment cores, between 50 and
120 cm deep, were taken at each study site (Gatberg and Minnehaha River floodplain systems; Figure 6.2).
Samples from each core were sectioned at vertical intervals of between 2 and 5 cm. A small or large
diameter gouge corer was used to core into the floodplain sediment depending on the consistency of the
sediment found at each site, sectioned, and stored in sealed polyethylene bags. Coring sites were chosen
to represent different geomorphic units found within the floodplain systems (e.g., the proximal floodplain
-inner meander bend, outer meander bend, oxbows and backswamp). Each core was described according
to its stratigraphy. Topographic elevation and core location sites were recorded using a differential GPS

with a remote base station (accurate to 1 cm in the x, y, and z fields).
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Figure 6.2 Core locations on the Gatberg River floodplain (top) and the Minnehaha River floodplain (bottom)
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6.2.2 LABORATORY ANALYSIS
6.2.2.1 SEDIMENT ANALYSIS

All subsampled sediment samples (vertical increments) from the collected cores were oven-dried at 50°C,
gently disaggregated, weighed, and passed through a 2 mm mesh sieve. Subsequently, the bulk density
deposition amounts were calculated (g m™3). After homogenising the sediment samples, the samples were
subsampled (~5 g) to determine the organic matter content by the loss on ignition method at 450°C (Ball
1964) and presented as a percentage by mass. Samples were removed after 4 hours and placed in a glass
desiccator for an hour to avoid moisture re-absorption while they cooled (Leonard et al. 2002). Once the
crucibles and samples had cooled, they were reweighed, and the weight was recorded. The loss in mass
following ignition was used as a representation of the organic matter content in each sample, expressed
as a percentage of the original dry mass of the sample. After the organic matter was removed the same
sub-samples were then separated into the absolute grain size distributions by laser diffraction using a
Malvern Mastersizer 2000 (measuring range from 0.01 to 3500 um). The particle size distribution is
reported as median grain size (Dso), percentage by mass for sediment classes, using Wentworth’s (1922)
grain size classification scale, clay (0 - 4 um), very fine silt (4 - 7.8 um), fine silt (7.8 - 15.6 um), medium silt
(15.6 - 31 um), coarse silt (31 - 63 um), very fine sand (63 - 125 um), fine sand (125 - 250 um), medium
sand (250 - 500 um), coarse sand (500 - 1000 um), and very coarse sand (1000 - 2000 um), as well as the
16th, 50th and 84th percentage particle sizes by mass. These measures of sediment particle size and
distribution were chosen to present the composition of the sediment samples as well as to sufficiently

characterise trends in the vertical distribution of particle sizes within the cores on the floodplain.

The original homogenised sample was likewise subsampled (~35 g) and sent to an independent accredited
analytical agricultural laboratory to analyse the soil samples for total phosphorus (TP), bioavailable
phosphorus (OP) by the Bray Il method, aluminium (Al), iron (Fe), magnesium (Mg) and calcium (Ca). These
elements were chosen for their known effect on soil phosphorus adsorption. Total phosphorus in the soil
samples was determined by a method adapted from Sommers and Nelson (1972). Phosphorus was
extracted through acid digestion using a 1:1 mixture of nitric acid and hydrochloric acid at 80°C for 30
minutes. The phosphorus concentration in the extract was then determined with a Varian ICP-OES
(Inductively coupled plasma-optical emission spectrometer). Organic phosphorus concentration in the
samples was determined by the Bray Il method, based on the reaction with 95 % Ammonium fluoride and

32 % Hydrochloric acid. Total extractable cations (Al, Mg and Ca) were extracted using 0.2 M ammonium
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acetate. The micronutrient Fe was extracted with Di-ammonium EDTA (0.02 M) and boron (B) using a 1:2

hot water ratio (The Non-affiliated Soil Analyses Work Committee 1990).

In total, 6 cores for each floodplain wetland were divided into 160 core sections of 5 cm. A total of 69
samples were analysed for the Gatberg floodplain system and 91 samples for the Minnehaha floodplain

system.

The spatial distribution of overbank deposition is variable, but the study of this variability is limited by the

number of samples that can be analysed with the available time and funding.
6.2.2.2 219pg AND "37Cs GEOCHRONOLOGY

Sediment subsamples from each core were potted and then processed at the Environmental Sciences
Laboratory at the University of Northampton, UK. Cores were tested for their inventories of ?'°Pb and
137Cs by gamma spectrometry, to derive estimates of the medium-term sedimentation rates at each of the
sampling points for the two floodplain systems. All sediment samples for radioisotope analysis were air-
dried, gently disaggregated and sieved to 63 um. *’Cs and 2'°Pb measurements were made by gamma-
ray spectrometry performed at the University of Northampton, using a low-energy Ge (Germanium
detector) gamma spectrometer. A total of 160 samples were analysed. All activities were determined
using a program called HYPERMET and all errors were determined from counting statistics and the error
associated with the HYPERMET curve fitting routine (Phillips and Marlow 1976). The total 2'°Pb was
measured by its emission at 46.5 KeV and supported 2'°Pb by the weighted average decays of ??°Ra
daughters at 295, 351, and 609 KeV. Excess 2'°Pb was calculated as the difference between the measured
total 2'°Pb at 46.5 KeV and the estimate of the supported 2'°Pb activity (2"°Pbex = 2'°Pbtot — ?2°Ra derived
supported Pb). ¥’Cs was determined using its gamma emission photopeak at 661 KeV. Samples were
sealed for 21 days before analysis to allow for equilibrium between 226Ra and ?*Rn (*'°Pb is derived from
the decay of gaseous #?2Rn, the daughter of 226Ra (Joshi 1987)). Count times were typically in the range of
165 000 to 620 000 seconds, giving a measurement precision between ca. 5 % and £10 % at the 95 %
confidence level. The distribution of excess 2'°Pb with depth was used to calculate vertical accretion rates
using the Constant Rate of Supply (CRS) model (Appleby and Oldfield 1978). All results were corrected for

salt content and porosity.

The average overbank sedimentation rates of the two floodplain systems were determined for two
different periods. The depth distribution of '¥’Cs was used to estimate the average sedimentation rate
since 1958. The approach is described in detail in Longmore (1982); Walling and He (1997); and Foster et

al. (2005, 2007). It is based on the known temporal pattern of atmospheric fallout of nuclear weapon-
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derived 7Cs, which first peaked in 1958 in the southern hemisphere and the assumption that the peak
87Cs concentration in the floodplain sediment profile can be equated with the 1958 fallout peak. The
second approach is to use the excess 2'°Pb using the CRS model to determine the sedimentation rates
over the last 100 years. Unlike '*’Cs, it can be assumed that the fallout of unsupported 2'°Pb is effectively
constant over time. Due to radioactive decay, accumulating overbank sediments tend to exhibit an
exponential decrease in the content of unsupported 2'°Pb with depth, and the rate of decrease allows the
average sediment accumulation rate to be estimated over the last ~100 years (i.e., five times the 22.2

years half-life of 2'°Pb).
6.2.3 DATA ANALYSIS

Sediment accumulation rates were calculated using #'°Pb and ¥’Cs derived sediment ages and the
averaged dry bulk density (DBD) of each dated sediment profile (Eq. (1)). The rate of phosphorus
accumulation was calculated using sediment accumulation rates and averaged total phosphorus

concentrations in the surface depth increments of the dated sediment profiles (Eq. (2)):
(Eq. (1)) Sediment accumulation rate (g m~2 yr~") = accretion (m yr™") x DBD (g m™3)

(Eq. (2)) Total phosphorus accumulation rate (g m~2yr™') = sediment accumulation rate (g m~2yr™) x total

phosphorus concentration (g g~')

To place the estimates of floodplain storage of sediment for each floodplain storage unit within the
broader context of the sediment budgets for the study catchments, it is useful to compare them with
estimates of the suspended sediment yields. As there were no measured, estimated, or modelled
suspended sediment yields for the two study sites, scaled estimates from a neighbouring catchment (Pot
River Catchment, 47-79 t km~2yr™'), were used (see Bannatyne et al. (2022) for sediment yield estimates).
This was chosen to represent the closest suspended sediment yield values that could occur within the

Gatberg and Minnehaha River catchments, due to its similar geology, climate, and land cover and use.

The potential sediment trapped and exchanged per geomorphic feature was calculated to estimate
sediment and trapping efficiencies. This was done by using the average sedimentation and phosphorus
accumulation for each geomorphic unit and multiplying it by the area of each geomorphic unit. The area

of the units was estimated by mapping each unit as polygons in ArcMap 10.8.2.
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6.3 RESULTS

6.3.1 SEDIMENTATION RATES USING PB-210 AND Cs-137 GEOCHRONOLOGY

The cores were positioned to target the main geomorphic units found in the floodplain systems. For each
system, two inner bends, an outer bend, two oxbows, and a core within the backswamp zone were taken
(Figure 6.3). Field evidence (e.g., debris and fine sand deposits) was observed at the locations of the cores
on the inner and outer bends confirming that these levels were still active and were inundated frequently.
The oxbows were located further away from the channel; however, observations in the field suggest that
these are still connected to the channel and experience inundation as well as deposition. The backswamp
areas were observed to be inundated throughout the wet season (2019-2021). This suggests that all

geomorphic units are still active and are frequently inundated during overbank flood flows.

Figure 6.3 Schematic showing the core locations in each floodplain geomorphic unit

6.3.1.1 TEMPORAL VARIATION IN SEDIMENTATION RATES OF THE GATBERG AND MINNEHAHA RIVER FLOODPLAINS SYSTEMS

Figure 6.4 and Figure 6.5 illustrate the contrasting depth distributions of *’Cs and unsupported 2'°Pb in
floodplain cores collected from sites characterised by different sedimentation rates in the Gatberg and

Minnehaha River floodplain systems, respectively.

In the Gatberg River floodplain system, ¥’Cs activities for the cores ranged between 0 and 9.54 mBq g™
and unsupported #'°Pb values for the cores ranging from 0 to 392.45 Bq g~', with multiple peaks or
detectible activities along each core. All cores showed a clear zero "’Cs section at the bottom of each
core. The first occurrence of ™Cs can thus be used as the 1958 marker (first peak in Cs fallout in the
southern hemisphere) with confidence. Generally, unsupported 2'°Pb increased towards the surface for

the cores, with the biggest increase for the two oxbows cores 5 and 6). This showed that sediment has
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been accumulating steadily at these sites. The dates produced for the cores estimated the initiation of

accumulation as pre-1936; except for core 6, the dates showed an initiation of accumulation pre-1950.

In the case of cores 1 and 3 which were collected on inner bends, the 1958 *’Cs peak is located at ca. 50
and 40 cm depth (4.33 and 0.9 mBq g™"), respectively, while the peak for the core collected from core 2
which was collected on the outside bend, is located at ca. 30 cm depth (2.2 mBq g™'). Core 4’s peak was
at ca. 45 cm (1.77 mBqg g™), located in the backswamp. Cores 5 and 6, both located in oxbows, the *’Cs

peaks occurred at depths of 45 and 40 cm (1.76 and 1.75 mBq g7").

In the Minnehaha River floodplain system, the '*’Cs activities for the cores had a slightly higher range of 0
to 14.31 mBq g™", with multiple peaks or detectable activities along each core, except for core 6 which had
a single peak. All cores except core 5 showed a clear zero '¥Cs section at the bottom of each core.
Although the results from core 5 are comparable to the other sedimentation rates and fall within an
acceptable range for sedimentation rates in oxbows (Wren et al. 2019; Davidson et al. 2004; Lo et al.
2022), there is a low certainty attached to the results. Core 5 might have a higher average sedimentation
rate compared to core 4, the other oxbow tested, because core 5 is upstream and may receive more flood
waters with more sediment. Unsupported ?'°Pb values for the cores ranged from 0.63 to 733.53 Bq g™,
with multiple peaks along each core. Generally, unsupported 2'°Pb increased towards the surface for the
cores, with the biggest increase for the two oxbows (cores 4 and 5). The dates produced for the cores
estimated the initiation of accumulation as pre-1940, except for core 3, the dates showed an initiation of

accumulation before 1921.

In the case of cores 1 and 3 which were collected on inner bends, the 1958 7Cs peak is located at ca. 100
and 70 cm depth (0.68 and 1.56 mBq g™"), respectively, while the 1958 *’Cs peak for the core collected
from the outside bend, core 2, is located at depth of approximately 40 cm (0.45 mBq g™'). Cores 4 and 5,
both located in oxbows, the *’Cs peaks occurred at depths of 32 and 60 cm (0.65 and 0.38 mBq g™'). Core

6’s 1958 37Cs peak was at ca. 15 cm (2.14 mBq g7"), located in the backswamp.
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Figure 6.4 Cs and unsupported %"°Pb data for cores: Core 1. Inner bend, Core 2. Outer bend, Core 3. Inner bend, Core 4. Backswamp, Core 5. Oxbow,
Core 6. Oxbow in the Gatberg River floodplain system. Measurement error given by horizontal lines
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Figure 6.5 37Cs and unsupported %"°Pb data for cores: Core 1. Inner bend, Core 2. Outer bend, Core 3. Inner bend, Core 4. Oxbow, Core 5. Oxbow, Core 6.
Backswamp in the Minnehaha River floodplain system. Measurement error given by horizontal lines
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Table 6.1 presents estimates of the average sedimentation rate over the last ca. 30 and 100 years for each
of the twelve cores on both floodplain systems. The average sediment accumulation rates for the Gatberg
and Minnehaha floodplain systems show considerable variation between the core sites and range from

0.2to2.6gcm™2yr™,

When the average sedimentation rates estimated for the two different periods for each core are
compared, they are in some cases, i.e., cores 4 and 5 in the Gatberg system and cores 3, 5 and 6 in the
Minnehaha system, almost the same. In other cases, i.e., core 6 in the Gatberg system and cores 2 and 4
in the Minnehaha system, there is evidence to suggest that average sedimentation rates over the last ca.
30 years were less than those for the last ca. 100 years, while for cores 1, 2 and 3 in the Gatberg system
and core 1 in the Minnehaha system, sedimentation rates appear to have increased in recent times. For
most of the core sites, the sedimentation rates estimated for the last ca. 30 years are within 30 % of the
average for the last ca. 100 years, and thus rates of overbank deposition can be seen as being quite
variable over the entire period. There are a few major exceptions to this, core 4 in the Gatberg system
and cores 5 and 6 of the Minnehaha system where the average sedimentation rates for the last ca. 30
years are within 10 % of the average for the last ca. 100 years, and thus rates of overbank deposition for

these cores can be seen as being essentially constant over the entire period.
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Table 6.1 The average sedimentation rate over the last ca. 30 and 100 years and the dates at which sedimentation rates peak for each of the cores on both floodplain systems

Floodolain svstem | Core ::'::::f‘: Average sedimentation Ar‘;‘:afier :‘imir:zatc':" 2011- 2001~ 1991~  1981-  1971- 1961- 1951-  1941- 1931
P ¥ Description rate for each core, ca. e 2021 2010 2000 1990 1980 1970 1960 1950 1940
number channel P 30 years (gcm™2yr™")
100 years (g cm™2 yr™)
(m)

1 Inner bend 45 1.1 1.4 2017 = 2007 1991 1973

2 Outer bend 6 0.7 0.9 2021 1995
Gatberg River 3 Inner bend 5 0.9 1.2 2011 2001 1957 *1937
floodplain system | 4 Backswamp 150 1.3 1.4 = 2011 1985

5 Oxbow 25 0.5 0.4 1987 1969 1953 1933

6 Oxbow 122 1.1 0.4 1981 1973 *1953

2007; 1985;
1 Inner bend 5.6 2 2.6 2015 500 1993 o 1975 1969 1957 1945
1979;

2 Outer bend 3 0.7 0.2 1971 1963
Minnehaha River 3 Inner bend 3 0.5 0.6 1967 1953
floodplain system |, Oxbow 34 0.7 0.4 1989 1977

1979;
5 Oxbow 34 1.2 1.2 1995 1989 lo7e 1965
6 Backswamp 166 0.2 0.2 Uniform sedimentation rates

Red highlight- same dates occurring between cores in the Gatberg River floodplain system;
Green highlight- same dates occurring between cores in the Minnehaha River floodplain system;

Orange highlight- same dates occurring between cores in both Gatberg and Minnehaha River floodplain system;

Blue highlight- same dates occurring between cores within the Gatberg River floodplain system and between both systems.
*- depicts the dates where the sedimentation rates indicate another peak, however, the whole peak is not shown
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6.3.1.2 VARIATIONS IN SEDIMENTATION RATES BETWEEN GEOMORPHIC UNITS FOR THE GATBERG AND MINNEHAHA RIVER

FLOODPLAINS SYSTEMS

The average sediment accumulation rates for each core in the Gatberg River floodplain system varied
between 0.3 and 1.4 g cm™2 yr™" with an average of 0.9 g cm™2 yr™" for all the cores (Table 6.1 and Figure
6.6). The highest rate was observed for core 4 (backswamp). There were three peaks in sedimentation
rates through the core in 2011, 1985 and 1937. The lowest sedimentation rate was recorded for core 3
(inner bend). There were three peaks in sedimentation rates through the core, the firstin 2011, the second
in 2001 and the last in 1957. However, core 1 (inner bend, upstream of core 3) had the second highest
sedimentation rate, the highest median particle sizes, and the lowest per cent clay fraction (Table 6.2).
There were several peaks in sedimentation rates through the core in 2017, 2007, 1991 and 1973. Cores 5
and 6, were located on oxbows on the floodplain surface. Core 6 had a slightly higher average
sedimentation rate of 0.9 g cm~2 yr™' compared to core 5 at 0.5 g cm™2 yr™". Core 5 is further away from
the channel and has a slightly lower median particle size and per cent of clay particle size fraction. This
could indicate that distance from the channel has a role to play along this floodplain system. Core 5 had
several peaks of sedimentation rates in 1987, 1969, 1953 and 1933. The peaks have been higher in recent

years.
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Figure 6.6 A) CRS dates and sedimentation rates with depth, B) Sedimentation rates with years for each core within the Gatberg River
floodplain system
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The average sediment accumulation rates for each core in the Minnehaha River floodplain system varied
between 0.2 and 2 g cm™2 yr™" with an average of 1.2 g cm™2 yr™" for all the cores (Table 6.1 and Figure
6.7). The lowest rate was observed for Core 6 (backswamp). The highest sedimentation rate was recorded
for core 1 (inner bend). Core 1 also had the highest median particle sizes and the lowest percentage clay
fraction (Table 6.2). Core 1 had several sedimentation peaks in 2015, 2007, 2001, 1993, 1985, 1981, 1975,
1969, 1957 and 1945. Cores 2 and 3, were located on the same meander bend, on the outer and inner
bend, respectively. Core 2 had a slightly higher average sedimentation rate of 0.7 g cm ™2 yr~' compared to
core 3 at 0.5 g cm™2 yr™". Core 2 has a slightly higher percentage of clay particle size fraction. This could
indicate oblique accretion has a role to play along this floodplain system. Core 2 had three sedimentation

peaks down the core length in 1979, 1971 and 1963. Core 3 had two peaks in 1967 and 1953.

The peaks in sediment accumulation rates for both floodplain systems have some correspondences

between the cores within each system and between the two systems (Table 6.1).

Above-average rainfall years for Maclear (SAWS- South African Weather Services) and peak flow years
recorded for the Tsitsa River at Xonkonxa and the Mooi River at Maclear matched the recorded peak
sedimentation years in the two floodplain systems by almost 40 %. This indicates that although rainfall is
very localised, some large weather patterns could result in large peak flows that can be seen in the

sediment records of the two systems.
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Figure 6.7 A) CRS dates and sedimentation rates with depth, B) Sedimentation rates with years for each core within the Minnehaha River
floodplain system
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Table 6.2 Average sediment properties for each core in the Gatberg and Minnehaha River floodplain systems

Floodplain Core Average PSO Average cla Average sand Average organic
P Description  sedimentation rate sediment ge clay s matter content
system number _ particle size fraction (%) fraction (%) o
(gcm?yr™) (%)
(um)
1 Inner bend 1.1 29.7 13.6 17.7 4.5
2 Outer bend 0.7 26.9 60.1 141 5.3
Gatberg 3 Inner bend 0.9 21.7 14.9 12.7 5.7
floodplain
system 4 Backswamp 13 19.1 15.9 8.3 5.5
5 Oxbow 0.5 17.5 15.9 7.7 8.3
6 Oxbow 1.1 17.5 17.0 10.1 10.9
1 Inner bend 2.0 44.8 8.7 53.8 3.0
2 Outer bend 0.7 22.8 12.3 14.7 7.6
Minnehaha 3 Inner bend 0.5 24.7 13.0 203 6.2
floodplain
system 4 Oxbow 0.7 20.9 14.8 18.4 6.0
5 Oxbow 1.2 14.8 18.8 6.0 7.5
6  Backswamp 0.2 12.3 241 10.9 4.4

6.3.2 SEDIMENT TRAPPING EFFICIENCIES FOR THE FLOODPLAIN GEOMORPHIC UNITS

Table 6.3 shows the estimated suspended sediment yields (SSY) from direct measurements for the Tsitsa,
Inxu, Gqukunga and Pot River catchments from 2015 to 2019 (Nyamela 2018; Bannatyne et al. 2022) and
modelled estimates for the Tsitsa, lower Tsitsa, Inxu and Pot River catchments using a variety of model
software (Figure 6.8; Le Roux et al. 2015; Pretorius et al. 2016; Gwapedza 2020; Theron et al. 2021;
Gwapedza et al. 2021). It is evident from the modelled values for the Tsitsa River catchment summarised
in Table 6.3 that the modelling approaches affect the SSY estimates and show large variability. Direct
measurements, in general, were well below the modelled estimates. Bannatyne et al. (2022) found that
land use and land management, geology, catchment size, and hydrological regime (especially flashiness)
influenced the SSY values to some degree. No suspended sediment yield estimates were conducted for
the study sites in this research (Gatberg and Minnehaha Rivers). As such, direct measurements (not
modelled) for the Pot River catchment (Bannatyne et al. 2022) were chosen to represent the closest values
that could potentially occur within the Gatberg and Minnehaha River catchments, due to their similar

geology, climate, and land cover/ use (Figure 6.8).
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Table 6.3 A comparison of estimated and modelled SSY in the Tsitsa, lower Tsitsa, Inxu, Gqunkunga, and Pot River catchments

Suspended yield (t km™2 yr™)

Approach Tsitsa River .Lowe.r Ir.\xu un_kunqa I?ot Reference
Tsitsa River River River River
Direct measurements 93-222 (a)) 236-1443 58-146 47-79  a.Bannatyne et al. (2022)
’ (a. &b.) (a.) (a.) b.Nyamela (2018)

Modelled using the soil and water 500 Le Roux et al. (2015)
assessment tool (SWAT) with GIS (average) 1002500 100-2500 200-599
Modelled using SWAT and remote Pretorius et al. (2016)
sensing/ object-based image 1050
analysis (OBIA)
Modelled using the Water Quality 153 Gwapedza, 2020
and Sediment Model (WQSED)
Modelled using SWAT (average 1-30 Theron et al. (2021)

2015-2035)
Modelled using the modified USLE

Figure 6.8 Land cover and use of the Tsitsa River Catchment. Modelled sub-catchments shown (1- Tsitsa River,
2 - Lower Tsitsa River, 3 - Inxu River, 4 - Gqukunga River) and direct measurement sub-catchment (3 - Inxu

5000

River, 4 - Gqukunqa River, and 5 - Pot River) in relation to study sites

Gwapedza et al. (2021)
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Table 6.4 shows the potential sediment trapped and exchanged per geomorphic feature (proximal
floodplain and sediment sinks (oxbows and backswamp)) and the potential per cent proportion of the
sediment accumulated of the total suspended sediment yield the Gatberg and Minnehaha River

catchments.

In the Gatberg River floodplain system, the potential sediment exchange flux areas, i.e., the sediment that
is temporarily stored in lateral and overbank accretion deposits within the proximal floodplain (inner and
outer bend) covered an area of 0.04 km? for the mapped valley fill. Using a median sedimentation rate of
0.6 g cm~2 yr7' this equated to a mean total of 247 t yr™' of sediment that is potentially accumulated and
exchanged in these features per year. Using the minimum, mean and maximum observed sediment yield
values (6345, 8235 and 10665 t yr™") for the Pot River catchment adjusted for the Gatberg River floodplain;
4, 3 and 2 % (respectively) proportion of the total suspended sediment yield can be accumulated and has

the potential to be exchanged by the proximal floodplain zone (Table 6.4).

The oxbows covered an area of 0.05 km? for the mapped floodplain system. A depth of 1.38 m (based on
the average depth from the bottom of oxbows to the current thalweg depth) was used as the average
depth of fine sediment in the oxbows and equated to 69 000 m3 of sediment that has been stored. The
dating of oxbows would suggest that these were active sinks over the last 100+ years. The median
sedimentation rate calculated from the cores is 0.4 g cm~2 yr™' which equates to a mean of 247 t yr™' of
the sediment that is potentially trapped, stored, and exchanged in these floodplain geomorphic units per
year. Using the same sediment yield values as above the percent of the sediment that is trapped by

oxbows are 4, 3 and 2 % of the minimum, mean, and maximum annual SSY values.

The backswamp zone covered an area of approximately 0.09 km? for the mapped floodplain system. A
depth of 1.9 m (based on the average depth from the bottom of the backswamp to the current thalweg
depth) was used as the average depth of fine sediment in the backswamp and equated to 171 000 m3 of
sediment that has been stored. The dating of the backswamp would suggest that these were active sinks
over the last 100+ years. The median sedimentation rate calculated from the cores is 0.9 g cm ™2 yr™' which
equates to a mean of 823.5 t yr™' of sediment is potentially accumulated and exchanged in this floodplain
geomorphic unit per year. Using the same sediment yield values as above, the percentage of the sediment
that is potentially trapped by the backswamp zone was 13, 10 and 8 % of the total minimum, mean, and

maximum of the Pot River suspended sediment yield values.

In the Minnehaha River floodplain system, the potential sediment exchange flux areas (proximal

floodplain- inner and outer bends) covered an approximate area of 0.05 km? for the mapped valley fill.
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Using a median sedimentation rate of 0.8 g cm™2 yr™" which equates to a mean of 390.4 t yr™" of sediment
is potentially accumulated and exchanged in these features per year. Using the minimum, mean and
maximum observed sediment yield values (1880, 2440 and 3160 t yr™") for the Pot River catchment
adjusted for the Minnehaha River floodplain; 21, 16 and 13 % (respectively) proportion of the total
suspended sediment yield can be accumulated and has the potential to be exchanged by the proximal

floodplain zone.

Oxbows covered an area of approximately 0.06 km? for the mapped floodplain system. A depth of 1.28 m
(based on the average depth from the bottom of the oxbows to the current thalweg depth) was used as
the average depth of fine sediment in the oxbows and equated to 76 800 m?3 of sediment that has been
stored. The dating of oxbows would suggest that these were active sinks over the last 100+ years. The
median sedimentation rate calculated from the cores is 0.8 g cm™ yr™" which equates to a mean of 488 t
yr~1 of sediment is trapped, stored, and exchanged in these geomorphic units per year. Using the same
sediment yield values as above the percentage of the sediment that is trapped by oxbows are 15, 20 and

26 % of the minimum, mean and maximum of the adjusted annual SSY values.

The backswamp zone covered an area of approximately 0.1 km? for the mapped floodplain system. A
depth of 1.73 m (based on the average depth from the bottom of the backswamp to the current thalweg
depth) was used as the average depth of fine sediment in the backswamp and equated to 173 000 m? of
sediment that has been stored. The dating of the backswamp would suggest that these were active sinks
over the last 100+ years. The median sedimentation rate calculated from the cores is 0.2 g cm ™2 yr~' which
equates to a mean of 195.2 t yr™" of sediment is trapped and exchanged in this geomorphic unit per year.
Using the same sediment yield values as above the percent of the sediment that is potentially
accumulated from the total suspended sediment yield by backswamp geomorphic unit ranged from 6 to

11 %.
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Table 6.4 The potential sediment trapped and exchange per geomorphic feature (proximal floodplain and sediment sinks) and the potential percentage proportion of the sediment
accumulated of the total suspended sediment yield adjusted from the SSY values of the Pot River catchment for the Gatberg and Minnehaha River catchments. The mean proportion
values (%) are highlighted

Gatberg River floodplain system Minnehaha River floodplain system
Minimum  Mean Maximum | Minimum Mean Maximum
Annual sediment yield of the floodplain system catchment (tonnes yr™) 6345 8235 10665 1880 2440 3160
Mean potential sediment exchange flux (i.e., sediment temporarily
stored in lateral accretion deposits within the proximal floodplain 253.8 247.1 213.3 394.8 390.4 410.8
zone, tonnes yr')
Sediment exchange flux Mean proportion of total suspended sediment yields (%) 4 3 2 21 16 13
(i.e., proximal floodplain zone) Minimum potential sediment trapped (tonnes yr™) 190.4 164.7 213.3 244.4 244.0 252.8
Minimum proportion of total suspended sediment yields (%) 3 2 2 13 10 8
Maximum potential sediment trapped (tonnes yr™) 317.3 329.4 320 752.0 756.4 758.4
Maximum proportion of total suspended sediment yields (%) 5 4 3 40 31 24
Mean sediment sinks (i.e., sediment stored in the oxbow and
o _ 1078.7  1070.6 1066.5 676.8 683.2 695.2
backswamp geomorphic units, tonnes yr™)
) i Mean proportion of total suspended sediment yields (%) 17 13 10 36 28 22
Sediment sinks . . . -
) ) Minimum potential sediment trapped (tonnes yr™) 888.3 905.9 959.9 507.6 488.0 505.6
(i.e., oxbows and backswamp units) - K R .
Minimum proportion of total suspended sediment yields (%) 14 11 9 27 20 16
Maximum potential sediment trapped (tonnes yr™") 1205.6 1235.3 1173.2 808.4 805.2 790.0
Maximum proportion of total suspended sediment yields (%) 19 15 11 43 33 25
Mean total annual potential sediment sink (oxbow and backswamp
. . X _ 1269.0 1317.6 1279.8 1071.6 1073.6 1074.4
units) and exchange flux (proximal floodplain zone, tonnes yr ™)
3 . Mean proportion of total suspended sediment yields (%) 20 16 12 57 44 34
Combined sediment exchange flux o . . _
d sedi t sink Minimum potential sediment trapped (tonnes yr™) 1078.7 1070.6 1066.5 752.0 756.4 758.4
and sediment sinks
Minimum proportion of total suspended sediment yields (%) 17 13 10 40 31 24
Maximum potential sediment trapped (tonnes yr™") 1522.8 1564.7 1493.1 1541.6 1561.6 1548.4
Maximum proportion of total suspended sediment yields (%) 24 19 14 82 64 49
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6.3.3 TOTAL PHOSPHORUS ACCUMULATION RATES

6.3.3.1 TEMPORAL VARIATION IN TOTAL PHOSPHORUS ACCUMULATION RATES OF THE GATBERG AND MINNEHAHA RIVER

FLOODPLAINS SYSTEMS

Total phosphorus accumulation rates for the cores in the Gatberg River floodplain system ranged from
0.04to 5.9 g m~2yr™', with multiple peaks along each core (Figure 6.9). Figure 6.10 shows the relationship
between total phosphorus accumulation rates, phosphorus concentrations, organic matter content, clay
fraction, and Dso particle size with years for each core. Regression analysis showed there was no significant
relationship between distance from the channel, total phosphorus concentration and total phosphorus
accumulation rate (r, < 0.4; p-values >0.05; r* <0.5). There was a significant positive relationship between
sedimentation rate, Dso particle size, and depth with total phosphorus accumulation rates, (r. < 0.4; p-
values < 0.05; r? < 0.5). There was a significant negative relationship between the percentage of clay
particle size, the percentage of the organic matter content, and depth with total phosphorus accumulation

rates (r. < 0.4; p-values < 0.05; r* < 0.5).

The average total phosphorus accumulation rates for each core for the past ca. 100 years in the Gatberg
River floodplain system, ranged from 0.5 to 1.1 g m~2 yr™" with an average of 0.8 g m~2 yr™ ' and a median

“2yr7 (Table 6.5). The average accumulation rates for the past ca. 30 years ranged from 0.6 to

of 0.6 gm
1.4 g m™2yr™". The average total phosphorus accumulation rates were consistently higher for the past ca.

30 years, except core 6 (oxbow).

In the case of core 1 which was collected on an inner bend within the proximal floodplain, the peaks in
total phosphorus accumulation occurred at 5 cm (dated 2016, 1 g m™2yr™), 15 cm (dated 2007, 4.7 g m™2
yr1),30cm (1991,1.6 gm™2yr ') and 50 cm (1973, 1.5 g m~2yr™"). Core 3, located on another inner bend,
had only one major peak at 20 cm (dated 2002, 4 g m™2 yr™"). Core 2, located on an outer bend, had 3
peaks, at 0, 5 and 20 cm (dated 2021, 1.7; 2017, 1.5; and 1994 0.7 g m~2yr™’, respectively). Core 5 and 6,
were both collected on oxbows. Core 5 had four peaks, at 10, 15, 25 and 35 cm (2009, 0.7; 2002, 0.7; 1987,
1.1and 1970,2 g m™2yr™"). Core 6, located upstream but further away from the channel compared to core
5 had three peaks, at 15, 20 and 45 cm (dated 1986, 1.1; 1983, 2.2 and 1955, 1.1 g m~2yr™"). Core 4 had
three peaks, at ca. 10, 15 and 35 cm (dated 2012, 3.5; 2010, 1.3 and 1984, 1.2 g m~2 yr™"), located in the

backswamp.
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Figure 6.9 Total phosphorus accumulation rates, sedimentation rates, and phosphorus concentrations with years for each core
within the Gatberg River floodplain system
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Figure 6.10 Total phosphorus accumulation rates, phosphorus concentrations, organic matter content, clay fraction, and Dso
particle size with years for each core within the Gatberg River floodplain system
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Table 6.5 The average total phosphorus accumulation rates over the last ca. 30 and 100 years and the dates at which accumulation rates peak for each of the cores on both

floodplain systems

. Average TP
Floodplain Distance Average total phosphorus accumulation rate 1951-
P Core L from the accumulation rate for 2011-2021 2001-2010 1991-2000 1981-1990 1971-1980 1961-1970
system Description for each core, ca. 30 1960
number channel each core, ca. 100 years years (g m~2 yr-)
(m) (gm™yr™)
1 Inner bend 4.5 1.1 1.4 2016 2007 1991 1973
2017;
2 Outer bend 6 0.7 1 2021 1994
Gatberg .Rlver 3 Inner bend 5 1 1.5 2002
floodplain
system 4 Backswamp 150 0.9 1.2 2012 2010 1984
5 Oxbow 25 0.5 0.6 2002; 2009 1987 1970
6  Oxbow 122 0.8 0.6 1983; 1986 1955
2001; 2004 ) )
1 Innerbend 5.6 14 1.8 cloflop iz 2007; 2008; Hetlp JelE 1978 1958
*2021 1985
2009
2 Outer bend 3 0.6 0.3 1979 1963; 1970
Minnehaha River 2013; 2018;
floodplain 3 Inner bend 3 0.5 0.6 2021 1967 1953
system 4 Oxbow 34 0.8 05 *22%1231’ 1991 1973; 1976 1968
1991; 1994; : 1972; 1975; ]
5 Oxbow 34 1.4 1.5 1995 1983; 1987 1978; 1980 1966; 1969
6  Backswamp 166 0.09 0.1 Uniform total phosphorus accumulation rates

Red highlight- same dates occurring between cores in the Gatberg River floodplain system;

Green highlight- same dates occurring between cores in the Minnehaha River floodplain system;

Orange highlight- same dates occurring between cores in both Gatberg and Minnehaha River floodplain systems;
Blue highlight- same dates occurring between cores within each of the floodplain systems and between both systems.
*- depicts the dates where the sedimentation rates indicate another peak, however, the whole peak is not shown
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Total phosphorus accumulation rates for the cores in the Minnehaha River floodplain system ranged
between 0.05 and 5.3 g m? yr™", with multiple peaks along each core (Figure 6.11). Figure 6.12 shows the
relationship between total phosphorus accumulation rates, phosphorus concentrations, organic matter
content, clay fraction, and Dso particle size with years for each core. A regression analysis showed that
there was no significant relationship between Dso particle size, per cent clay fraction, per cent of organic
matter content, total phosphorus concentration, and distance from the channel with the total phosphorus
accumulation rate (r. < 0.4; p-values >0.05; r* <0.5). There was a significant positive relationship between
sedimentation rate and depth with the total phosphorus accumulation rates (r. > 0.4; p-values < 0.05; r?

>0.5).

For the Minnehaha River floodplain system, the average total phosphorus accumulation rates for each
core for the last ca. 100 years ranged from 0.09 to 1.4 g m~2 yr™' with an average of 1 g m 2 yr™!, median
0.7 g m~2yr ' (Table 6.5). The average accumulation rates for the past ca. 30 years ranged from 0.1 to 1.8
g m~2yr™'. The average accumulation rates were consistently higher for the past ca. 30 years, except for

core 2 (the outer bend on the proximal floodplain) and core 4 (oxbow).

In the case of core 1 which was collected on an inner bend within the proximal floodplain, it had the most
peaks in total phosphorus accumulation rates (13 peaks greater than 1 g m™2 yr™", Figure 6.11). Core 3,
which is located on another inner bend, had five major peaks; however, these were below 1 g m™2 yr™.
Core 2, located on an outer bend, had 3 peaks, at 15, 25 and 35 cm (dated 1979, 0.8; 1970, 2.5; and 1963
1.1 gm™2yr™, respectively). Core 4 and 5, both were collected in oxbows. Core 4 had six peaks, at 0, 4, 12,
20, 24, and 28 cm (2021, 0.6; 2013, 0.5; 1991, 0.7; 1976, 2.3; 1973, 1.2; and 1968, 1 g m™2 yr™). Core 5,
located upstream of core 4, had 11 above 1 g m™2yr™". Core 6, located on the backswamp, had no peaks

in total phosphorus accumulation rates.
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Figure 6.11 Total phosphorus accumulation rates, sedimentation rates, and total phosphorus concentration with years for each
core within the Minnehaha River floodplain system
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Figure 6.12 Total phosphorus accumulation rates, phosphorus concentrations, organic matter content, clay fraction, and Do
particle size with years for each core within the Minnehaha River floodplain system
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6.3.3.2 VARIATIONS IN TOTAL PHOSPHORUS ACCUMULATION RATES BETWEEN GEOMORPHIC UNITS FOR THE GATBERG AND

MINNEHAHA RIVER FLOODPLAIN SYSTEMS

The accumulation rates for the cores were grouped by geomorphic unit (proximal floodplain- inner and

outer bend, oxbows and backswamp) and are shown in Table 6.6.

In the Gatberg River floodplain system, the lowest total phosphorus accumulation rates were observed
for the oxbows with an average of 0.6 g m™2 yr™' (median 0. 4 g m™2 yr™"). This geomorphic unit also had
the lowest average sedimentation rate and median particle size, the highest percentage clay particle size
fraction and organic matter content. The highest phosphorus accumulation rates were recorded for the
inner bends within the proximal floodplain (average 1.1 and median 0. 9 g m~2 yr™"), this zone had the
second highest sedimentation average rate. Outer bends within the proximal floodplain had slightly lower
total phosphorus accumulation rates than the inner bends (average 0.7 and median 0.5 g m™2 yr™"). The
outer bends had the highest median particle size and the lowest percentage clay particle size fraction. The
backswamp geomorphic zone had the second-highest total phosphorus accumulation rate (average 0.9
and median 0.7 g m™2 yr™"), the highest average sedimentation rate and the lowest total phosphorus

concentrations and median particle size.

In the Minnehaha River floodplain system, the backswamp geomorphic zone had the lowest total
phosphorus accumulation rates out of all geomorphic zones for both floodplain systems (average 0.1 and
median 0.01 g m™2 yr™"). The backswamp had the lowest average sedimentation rate, total phosphorus
concentrations, median particle size and the highest percentage clay particle size fraction. The highest
average total phosphorus accumulation rates were recorded for the oxbows (average 1.1 and median 1 g
m~2yr~") and the inner bends within the proximal floodplain (average 1.1 and median 0.8 g m~2yr™"). The
oxbows had the highest total phosphorus concentrations. The inner bends had the highest average

sedimentation rates and the lowest percentage of organic matter content.

Although the average total phosphorus accumulation rates for both systems are similar (0.8 gm™2yr™ for
the Gatberg system and 1 g m™2 yr™" for the Minnehaha system) different geomorphic zones within each

floodplain system are more active as phosphorus stores (Table 6.6).
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Table 6.6 Sedimentation rate, total phosphorus accumulation rate, total phosphorus concentration and sediment properties for the Gatberg and Minnehaha River floodplain
geomorphic units

TP accumulation

TP concentration

D5 particle size

Organic matter

Floodplai SAR -2yt Clay fraction (%
::stz:lm Geomorphic units (g cm™yr) rate (gm~2yr™) (gkg™) (um) ay fraction (%) content (%)
average median average median average median average median average median average median
Proximal —Inner 1.0 0.8 1.1 0.9 0.10 0.10 26.1 243 14.2 135 5.1 5.2
floodplain bend
Gatberg Outer
River e 0.7 05 0.7 05 0.10 0.09 26.9 26.9 113 112 5.3 5.2
ﬂ‘s’°:t':'r:" Both 0.9 0.7 1.0 0.7 0.10 0.10 263 263 13.4 123 5.2 5.2
¥ Oxbows 0.7 05 0.6 0.4 0.09 0.10 175 17.2 163 16.4 9.3 8.7
Backswamp 13 1.0 0.9 0.7 0.07 0.06 19.1 18.8 15.9 15.9 5.5 5.3
Proximal |
roximat nner 16 1.1 1.1 0.8 0.07 0.07 37.7 356 10.2 10.0 41 3.4
. floodplain bend
Minnehaha Outer
River e 0.7 03 0.6 03 0.10 0.08 228 229 123 120 7.6 7.0
ﬂcs’°i‘::1'" Both 14 08 1.0 0.7 0.08 0.08 343 27.6 10.7 105 49 5.2
¥ Oxbows 1.0 08 11 1.0 0.13 0.12 17.3 16.2 17.0 172 6.8 5.2
Backswamp 0.2 0.2 0.1 0.1 0.05 0.05 123 123 24.1 24.6 4.4 43
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6.3.4 TOTAL PHOSPHORUS TRAPPING EFFICIENCIES FOR THE FLOODPLAIN GEOMORPHIC UNITS

Using the same direct measurements of the suspended sediment yield values for the Pot River
catchment as in the previous section (Table 6.3) adjusted using the total phosphorus yield for each of
the floodplain system’s catchments, the potential total phosphorus accumulation for each floodplain

geomorphic zone is calculated (Table 6.7).

In the Gatberg River floodplain system the potential sediment exchange flux areas, i.e., the proportion
of total phosphorus that is temporarily stored in the lateral and overbank accretion deposits within
the proximal floodplain (inner and outer bend) covered an approximate area of 0.04 km? for the
mapped valley fill. Using the average total phosphorus concentration of 100.8 mg kg™ which equated
to a total of 0.023 t yr™" of total phosphorus that is potentially accumulated and exchanged in these
features per year. Using the minimum, mean and maximum observed total phosphorus yield values
(0.89, 1.16 and 1.50 t yr™") for the Pot River catchment adjusted for the Gatberg River floodplain; 3, 2
and 2 % (respectively) proportion of the total phosphorus yield that is potentially accumulated and

has the potential to be exchanged by the proximal floodplain zone.

Oxbows covered an area of approximately 0.05 km? for the mapped floodplain system. The average
total phosphorus concentration calculated from the cores is 87.4 mg kg™ which means that 0.023 t
yr~1 of total phosphorus is potentially trapped and exchanged in these floodplain geomorphic units.
Using the same total phosphorus yield values as above the percentage of the total phosphorus that is
trapped by oxbows are 2, 2 and 1 % of the minimum, mean and maximum total phosphorus yield

values.

The backswamp zone covered an area of approximately 0.09 km? for the mapped floodplain system.
The average total phosphorus concentration calculated from the cores is 62.5 mg kg™ which means
that 0.046 t yr™' of total phosphorus is potentially accumulated and exchanged in this floodplain
geomorphic unit. Using the same total phosphorus yield values as above the percent of the total
phosphorus that is potentially trapped by the backswamp zone was 6, 4 and 3 % of the minimum,

mean, and maximum total phosphorus yield values.

In the Minnehaha River floodplain system, the potential total phosphorus exchange flux (proximal
floodplain- inner and outer bends) areas, covered an approximate area of 0.05 km? for the mapped
valley fill. Using the average total phosphorus concentration of 76.6 mg kg™ which equates to 0.032 t
yr~1 of total phosphorus that is potentially accumulated and exchanged in these features per year.
Using the minimum, mean and maximum adjusted total phosphorus yield values (0.15, 0.20 and 0.25

t yr") for the Minnehaha River floodplain; 21, 16 and 12 % (respectively) proportion of the total
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phosphorus yield is potentially accumulated and has the potential to be exchanged by the proximal

floodplain zone.

Oxbows covered an area of approximately 0.06 km? for the mapped floodplain system. The average
total phosphorus accumulation calculated from the cores is 116.1 mg kg™ which means that
potentially 0.058 t yr™" total phosphorus is potentially trapped and exchanged in these geomorphic
units per year. Using the same total phosphorus yield values as above the percentage of the total
phosphorus that is trapped by oxbows are 37, 29 and 22 % of the minimum, mean and maximum of

the adjusted total phosphorus yield values.

The backswamp zone covered an area of approximately 0.1 km? for the mapped floodplain system.
The average total phosphorus concentration calculated from the cores is 45.1 mg kg™ which means
that 0.008 t yr™' of total phosphorus could be accumulated and exchanged in this geomorphic
floodplain unit. Using the same total phosphorus yield values as above the percentage of the total
phosphorus that is potentially accumulated of the total phosphorus yield by backswamp geomorphic

unit ranged from 4 to 6 %.
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Table 6.7 The potential total phosphorus trapped and exchanged per geomorphic feature (proximal floodplain and sediment sinks) and the potential percentage proportion of the total phosphorus
accumulated of the total phosphorus yield adjusted from the SSY values of the Pot River catchment for the Gatberg and Minnehaha River catchments. The mean proportion values (%) are

highlighted
Gatberg River floodplain system Minnehaha River floodplain system
Minimum Mean Maximum Minimum Mean Maximum
Annual adjusted total phosphorus yield (tonnes yr™) 0.89 1.16 1.50 0.15 0.20 0.25
Mean potential total phosphorus exchange flux (i.e., total phosphorus temporarily stored
) ) o ) ) - 0.027 0.023 0.030 0.030 0.032 0.030
in lateral accretion deposits within the proximal floodplain zone, tonnes yr™)
Mean proportion of total phosphorus yields (%) 3 2 2 20 16 12
Total phosphorus exchange flux o k _
. ) ] Minimum potential total phosphorus trapped (tonnes yr™) 0.018 0.023 0.015 0.021 0.022 0.020
(i.e., proximal floodplain zone) . . .
Minimum proportion of total phosphorus yields (%) 2 2 1 14 11 8
Maximum potential total phosphorus trapped (tonnes yr™) 0.027 0.035 0.030 0.048 0.050 0.048
Maximum proportion of total phosphorus yields (%) 3 3 2 32 25 19
Mean total phosphorus sinks (i.e., total phosphorus stored in the oxbows and backswamp
i . _ 0.071 0.070 0.075 0.065 0.066 0.065
geomorphic units, tonnes yr™)
. . Mean proportion of total phosphorus yields (%) 8 6 5 43 33 26
Total phosphorus sinks (i.e., o 5 _
i Minimum potential total phosphorus trapped (tonnes yr™) 0.062 0.058 0.060 0.038 0.038 0.038
oxbows and backswamp units) . . .
Minimum proportion of total phosphorus yields (%) 7 5 4 25 19 15
Maximum potential total phosphorus trapped (tonnes yr™) 0.071 0.070 0.075 0.081 0.082 0.080
Maximum proportion of total phosphorus yields (%) 8 6 5 54 41 32
Mean total annual potential phosphorus sinks (oxbows and backswamp units) and
] ] _ 0.098 0.093 0.090 0.095 0.098 0.095
exchange flux (proximal floodplain zone, tonnes yr ™)
. Mean proportion of total phosphorus yields (%) 11 8 6 63 49 38
Combined Total phosphorus . X _
. ) Minimum potential total phosphorus trapped (tonnes yr™) 0.080 0.081 0.075 0.059 0.060 0.058
exchange flux and sediment sinks o . .
Minimum proportion of total phosphorus yields (%) 9 7 5 39 30 23
Maximum potential total phosphorus trapped (tonnes yr™) 0.107 0.104 0.105 0.129 0.132 0.128
Maximum proportion of total phosphorus yields (%) 12 9 7 86 66 51

223



6.4 DiscussioNn

6.4.1 INTRODUCTION

This section discusses the results for sedimentation rates, total phosphorus accumulation rates, and

trapping efficiencies presented in Section 6.3: Results.
6.4.2 SEDIMENTATION RATES
6.4.2.1 SUITABILITY OF THE CRS MODEL FOR DATING THE FLOODPLAIN STORAGE UNITS

The composite CRS model produced dates and sediment accumulation rates that showed variability
as would be expected for floodplain geomorphic storage units with varying degrees of connectivity
over time. A combination of '*’Cs and 2'°Pb was used to calculate the age of the floodplain geomorphic
storage units. As expected, in the Southern Hemisphere, *’Cs activity was relatively low and a date of
1958 was used for the first detection of ’Cs (Foster et al. 2007). All cores except core 5 on the
Minnehaha River floodplain system ran out of detectable *’Cs before the end of the core. The
sedimentation rates given by the CRS model for core 5 align with the other core results and are
comparable to other sedimentation rates in oxbows, although there is a low certainty attached to the

results (see Davidson et al. 2004; Wren et al. 2019; Thomas et al. 2021).

Unsupported 2'°Pb concentrations for the cores in both the Gatberg and Minnehaha River floodplain
systems generally increased toward the top of the sequence as was expected for undisturbed
sediment chronologies that accrued steadily during the accumulation phase. The higher fluctuation in
unsupported 2'°Pb values for the cores closest to the active channels shows the rapid accumulation of
sediment as was expected due to more frequent connectivity between the active channel and these
areas and the coarser nature of the sediment. Most of the cores could be extrapolated to 1921 with

moderate certainty.

The low inventory of *’Cs is consistent with other measured inventories for southern Africa reported
by Collins et al. (2001), Owens and Walling (1996), and Foster et al. (2005). Low ®’Cs levels are due to
historical fallout being significantly lower in the Southern Hemisphere than in the Northern
Hemisphere (Walling and He 1999; Alvarez-Iglesias et al. 2007). The unsupported 2'°Pb profiles for the
six cores exhibit a reduction in concentration with depth, which is mainly a function of the radioactive
decay of unsupported 2'°Pb in the deposited sediment, with differences in the shape of the profiles
from the six sites mainly reflecting differences in sedimentation rates. The relatively uniform trend of
the decrease in unsupported 2'°Pb with depth in the six cores indicates that the overbank
sedimentation was generally continuous. Fluctuations of unsupported ?2'°Pb concentrations

throughout the core could suggest variations in the unsupported ?'°Pb content of deposited sediment
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(which may be due to different sediment sources or the particle size composition of the deposited
sediment), variations in the depth of sedimentation associated with individual overbank floods and in
the frequency and magnitude of those floods, or uncertainties and errors linked with analytical
methods. The differences in the *’Cs and unsupported 2'°Pb concentrations evident between the
study sites reflect several factors including differences in the radionuclide fallout flux and
consequently precipitation, in the radionuclide content of the deposited sediment, and the

sedimentation rate, between the sites.

6.4.2.2 TEMPORAL AND SPATIAL VARIATION IN SEDIMENTATION RATES OF THE GATBERG AND MINNEHAHA RIVER

FLOODPLAINS SYSTEMS

Information on sedimentation rates and patterns of contemporary sedimentation along the Gatberg
River and Minnehaha River floodplain systems has emphasised their importance as sediment sinks
and sediment storage units along the river systems, as well as their importance as a component of the

sediment budget of the two catchments.

The average sedimentation rate for both floodplain systems was very similar, an average of 0.9 gcm™

yr~1 for the Gatberg River floodplain and 1.2 g cm™ yr™ for the Minnehaha floodplain system. The
accumulation rates for the Gatberg River floodplain system for the proximal floodplain (inner and
outer bends) showed the second highest accumulation rates that reflected the coarser nature of the
sediment and the frequent connectivity to the channel. This suggests that rapid accumulation is linked
to a larger particle size and inundation frequency, which was deposited more readily along the inner
bend of meander bends close to the channel. A slight increase in sedimentation rates was observed in
this floodplain geomorphic zone for the last ca. 30 years compared to the average for the last ca. 100
years. Similarly, the proximal floodplain zone, except the outer bend, in the Minnehaha River
floodplain system showed the highest accumulation rates, reflecting the coarse nature of the
sediment and its connectivity to the active channel. There was also an increase in sedimentation rates
for the last ca. 30 years. This increase in sedimentation rates could be the result of increased
stormflow over the last ca. 30 years, higher sediment concentrations during overbank floods or the
model being sensitive to coarser sediment layers, which may have skewed the results. The outer bend
within the proximal floodplain zone of the Minnehaha River system showed a decrease in
sedimentation rates in the last ca. 30 years, this could reflect a decrease in connectivity (less frequent
flooding) of this geomorphic zone. This could be due to the outer bend being built up vertically

decreasing the frequency of connectivity with the active channel.

Sedimentation trends for the oxbows for both floodplain systems showed a slight decrease or were

stable for the last 30 years compared to the last 100 years. This could reflect the historical
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configuration of the active channel relative to the locations of the oxbows. The decrease in
sedimentation rates could be a result of the movement of the current channel from the historical

location where it would have been closer to the oxbows.

Interestingly, the backswamp zone within the Gatberg River floodplain system had the same
sedimentation rate as the proximal floodplain zone (highest sedimentation rate). The sedimentation
rate has also increased very slightly in the last 30 years. This reflects that the backswamp areas in this
system potentially: 1) were connected to the main river and inundated frequently, 2) accumulated
sediment during times when sediment deposition was more, or 3) were connected when fine
sediment concentrations were quite high in the flood waters during overbank flooding, or 4) receive
additional sediment from the surrounding hill slope or localised bioturbation. On the other hand, the
backswamp zone within the Minnehaha River floodplain system had the lowest sedimentation rates,
which is what is expected for the zone furthest away from the channel. This may be due to the lower
sediment concentrations and the fine nature of the sediment fraction in the floodwaters. This agrees
with the results of other empirical studies (e.g. Kesel et al. 1974; Walling and He 1997, 1998; Ross et
al. 2004; Piégay et al. 2008; Swanson 2013) and is consistent with the diffusion effect documented by

other researchers (James 1985; Pizzuto 1987).

The sediment accumulation rates amongst the individual cores did not match up well temporally. This
mismatch could be due to dating inaccuracies and the variance in connectivity and conditions that
were optimal for sediment deposition. However, there were some years where peaks in
sedimentation rates matched between the two floodplain systems. This could be due to either wetter
years where large tropical systems bring above-average rainfall events (see Stone and Walling 1997;
Aalto et al. 2003; Turner et al. 2006; Nanayama et al. 2007; Grenfell et al. 2009; Boldt et al. 2010;
Schuerch et al. 2012; Tweel and Turner 2012) or dry periods where erosion increases due a decrease
in vegetation cover, exposing soils to erosive rainfall events (Lépez-Bermudez et al. 1998; van der Waal

et al. 2015).

The variability of the sedimentation rates for the cores within each of the floodplain systems, as well
as the variability between the two systems, reflects the local variations in the nature and geometry of
the channel and floodplain surface (which affect the degree, frequency, and distance of overbank
flooding), vegetation cover, microtopography, and roughness of the floodplain surface (which affect
rates of sedimentation), as well as local suspended sediment inputs (which will influence the

suspended sediment concentrations associated with the floodwaters).

The years of peaks in sediment accumulation rates for both floodplain systems have some

correspondences between the cores within each system and between the two systems. The
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differences recorded between cores within an individual system as well as the differences that occur
between these two systems could be due to three main reasons: 1) sediment accumulated at different
times at the different core sites suggesting topography plays an important role in the transport and
deposition of sediment, or 2) it was difficult to produce accurate sediment accumulation rates using
the composite CRS model, or 3) localised rainfall plays an important role in the hydrological and

sediment regimes of these two systems.

6.4.3.3 COMPARISON OF THE SEDIMENTATION RATES OF THE GATBERG AND MINNEHAHA RIVER FLOODPLAINS WITH

OTHER FLOODPLAINS

The Gatberg and Minnehaha River floodplains have similar sedimentation rates ranging from 0.2 to
2.6 gcm™2yr7, for ca. 100 years. Both the Gatberg and Minnehaha Rivers are typical of rivers on the
eastern seaboard of South Africa. Similar values were reported for the Vuvu River (0.2 to 3.3 gcm™2
yr™1) for higher flood benches along a relatively steep river along the nearby Escarpment foothills (van
der Waal 2015) and for the Mkuze River floodplain (0.2 to 0.4 g cm ™2 yr™'; Humphries et al. 2010). The
values for the Gatberg and Minnehaha Rivers span the upper end of the range that occurs in dryland
regions and the lower end of the range that occurs in more humid regions. Dryland (Aridity index <
0.65) sedimentation rates range from 0.01 g cm~2 yr™" (for the Nyl River, South Africa; McCarthy et al.
2011) to 1.2 g cm™2 yr™" (for the lower Tana River, Kenya; Omengo et al. 2016). Humid (Aridity Index >

-2

0.65) sedimentation ranges from 0.2 to 2 g cm™ yr™" (in the upper Mississippi River; Knox 2006), to 2.5
to 5.9 g cm™2 yr™' (in the Yamuna River in India; Saxena et al. 2002) and 0.1 to 1 g cm™2 yr™" (for Rivers
in the UK; He and Walling 1996; Walling et al. 1996; Owens et al. 1999).

The overall mean values for the Gatberg and Minnehaha River floodplain systems (1.1 and 1.2 gcm™2

yr1) were lower than the documented rates for floodplains in catchments disturbed by increased
human activity (e.g., Trimble 1983; Knox 1987; Marron 1992). This is expected for these relatively

undisturbed catchments (no large urban centres, etc.).
6.4.3 SEDIMENT TRAPPING EFFICIENCIES FOR THE FLOODPLAIN GEOMORPHIC UNITS

Floodplain systems have been demonstrated to be important sediment sinks along the sediment
conveyance system trapping a significant proportion of the suspended sediment flux transported
through a river system during overbank flood events and thus represent an important component of
the catchment sediment budget (e.g., Walling and Quine 1993; Middelkoop and Asselman 1995;
Walling et al. 1998).

The results presented in the previous section highlight the significance that the data for the Gatberg
and Minnehaha River floodplain systems contribute to our knowledge of trapping efficiencies of

floodplain systems in drylands. The results indicated that the deposition on the Gatberg River
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floodplain accounts for between 12 and 20 % of the suspended sediment yield values, and between
34 and 57 % for the Minnehaha River floodplain. These results are similar to the lower end of the
sediment trapping efficiencies estimated around the world, e.g., sediment trapping efficiencies ranged
between 10 and 95 % within floodplain systems in central and eastern USA (Kleiss 1996; Gellis et al.
2015, 2017; Hopkins et al. 2018; Pizzuto et al. 2018) and in the UK and eastern USA, values ranged
from 30 to 50 % (Walling et al. 1998, 1999).

Sediment storage elements in the floodplain landscape are the medium through which sediment
transport and deposition processes act, and therefore their quantification is of great importance in

understanding the sediment trapping efficiency of floodplain systems.

Within the Gatberg River floodplain system, the three floodplain storage zones’ mean proportion of
the total sediment yield was 3 % for the proximal floodplain zone, 3 % for the oxbows and 10 % for
the backswamp storage zone. This amounted to a total mean annual potential proportion of the
sediment yield that is stored of 16 % or 1317.5 tonnes yr~'. Within the Minnehaha River floodplain
system, the three floodplain storage zones were 16 % for the proximal floodplain zone, 20 % for the
oxbows and 8 % for the backswamp storage zone. This amounted to a total mean annual potential
proportion of the sediment yield that is stored of 44 % or 1073.6 tonnes yr™". The greater relative
proportion of sediment stored on the Minnehaha River floodplain system (44 %) compared to the
Gatberg River floodplain system (16 %) partly reflects the much lower estimated annual sediment yield
of the Minnehaha River (approximately 2440 tonnes yr™') compared to the Gatberg River
(approximately 8235 tonnes yr~'), most importantly the relative size of the floodplain system
compared to its catchment (Minnehaha floodplain is 4 % of its catchment compared to the Gatberg
floodplain which is 0.2 % of its catchment) as well as the estimated sedimentation rates for each of
the features and extrapolated areas for those features. There were two assumptions made to
calculate the storage efficiencies for each of the features that should be considered when assessing
the accuracy of these results. First, there were only six floodplain sampling sites for each system, and
extrapolation of the sedimentation rate results to the entire estimated area for each floodplain
storage unit could result in an overestimation of floodplain storage. Second, there are some reaches
where the floodplain is protected from overbank flooding by vegetation, microtopography, and
distance from the channel, although these areas are most likely reached during larger flood events.
As such the extrapolated estimates of floodplain storage produced for the floodplain storage units
may be overestimated. Although the trapping efficiencies of the different floodplain storage units may
be overestimated, the values presented for the study rivers compare well with the values documented
for other floodplain systems and show that these two systems are important sediment buffers along

the river sediment conveyance system. This research findings have important implications for
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floodplain restoration management e.g. restoring overbank flows that reach all areas of the floodplain
surface, especially oxbows and the backswamp area to trap and store the most sediment or removing
blockades or drains on the floodplain surface that may inhibit or channel sediment-laden flows from

these two zones.
6.4.4 TOTAL PHOSPHORUS ACCUMULATION RATES

When the importance of floodplain systems as sediment sinks and storage zones is coupled with the
recognition of the fine fraction of sediment in the transport of nutrients and contaminants through
river systems (Allan 1986), then floodplains may also represent important sinks and storage zones for
sediment-associated nutrients and contaminants (Marron 1992; Walling and Quine 1993; Macklin et
al. 1997; Hudson-Edwards et al. 1999; Walling et al. 2000). As with sediment deposition, nutrient
deposition has two important implications. First, it can result in the accumulation of nutrients in
floodplain systems. This may create a problem by increasing levels of contamination in the floodplain
system, as well as the potential for future remobilisation back into the river system (Leece and
Pavlowsky 1997). Secondly, it can decrease the amount of nutrients that reach downstream. This has
benefits for downstream uses as the water quality would have improved. However, this also could
result in an underestimation of the total mass of the nutrients transported through the catchment
measured at the catchment outlet. There have been few attempts, in drylands, such as in South Africa,
to extend studies to include the role of floodplain overbank sedimentation in catchment sediment

budgets and to include corresponding investigations related to sediment-associated nutrient budgets.

6.4.4.1 TEMPORAL AND SPATIAL VARIATION IN TOTAL PHOSPHORUS ACCUMULATION RATES OF THE GATBERG AND

MINNEHAHA RIVER FLOODPLAINS SYSTEMS

Information on the total phosphorus accumulation rates and patterns of contemporary total
phosphorus accumulation along the Gatberg River and Minnehaha River floodplain systems have
emphasised their importance as total phosphorus sinks and storage units along the river systems, as

well as their importance as a component of the phosphorus budget of the two catchments.

The average total phosphorus accumulation rate for both floodplain systems was very similar, an
average of 0.8 g m™2 yr™" for the Gatberg River floodplain and 1 g m™2 yr™" for the Minnehaha floodplain
system. The accumulation rates for the Gatberg River floodplain system for the proximal floodplain
(inner and outer bends) showed the highest total phosphorus accumulation rates that reflected the
addition of total phosphorus from overbank floodwaters and the frequent connectivity to the channel.
A slight increase in sedimentation rates was observed in this floodplain geomorphic zone for the last
ca. 30 years compared to the average for the last ca. 100 years. For the Minnehaha River floodplain

system, the proximal floodplain zone had the second-highest accumulation rates. There was also an
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increase in total phosphorus accumulation rates for the last ca. 30 years. This increase in
sedimentation rates could be the result of increased stormflow over the last ca. 30 years, higher
sediment-associated phosphorus concentrations during overbank floods, a change in total
phosphorus input from the upstream catchment, or the model being sensitive to coarser sediment
layers, which may have skewed the results. The outer bend within the proximal floodplain zone of the
Minnehaha River system showed a decrease in total phosphorus accumulation rates in the last ca. 30
years. This could reflect a decrease in connectivity (less frequent flooding) or the nature of the
sediment being deposited. This could be due to the outer bend being built up vertically decreasing the

frequency of connectivity with the active channel.

The sedimentation trends for the oxbows for both floodplain systems showed a slight increase or were
stable for the last 30 years compared to the last 100 years. This could reflect the historical

configuration of the active channel relative to the locations of the oxbows.

The variability of the total phosphorus accumulation rates for the cores within each of the floodplain
systems as well as the variability between the two systems reflects the local variations in the nature
and geometry of the channel and floodplain surface (which affect the degree, frequency and distance
of overbank flooding (Wissmar and Bisson 2003; Drouin et al. 2011), vegetation cover,
microtopography and roughness of the floodplain surface (which affect rates of sedimentation;
Swanson et al. 1988; Mitasova et al. 1997; Kneller et al. 1999; Van Oost et al. 2000; Jeffries et al. 2003;
Zheng 2006), as well as local suspended sediment-associated phosphorus inputs, such as land use,
which will influence the suspended sediment-associated phosphorus concentrations associated with

the floodwaters (Hupp et al. 1993; Langland and Cronin 2003; Ross et al. 2004).
6.4.5 TOTAL PHOSPHORUS TRAPPING EFFICIENCIES FOR THE FLOODPLAIN GEOMORPHIC UNITS

The results presented in the previous section indicated that the Gatberg River floodplain's total
phosphorus deposition accounts for between 6 and 11 % of the suspended sediment-associated total
phosphorus yield values, and between 38 and 63 % for the Minnehaha River floodplain. These results
fall within the global sediment-associated total phosphorus trapping efficiencies that ranged from 5
to 80 % (Brunet and Astin 1997, 2000; Walling and Owens 2003; van der Lee et al. 2004; Kronvang et
al. 2007; Noe and Hupp 2009; Gillespie et al. 2018) for all types of wetlands in humid climates. In the
Gatberg and Minnehaha River floodplain systems, the estimated mean sediment-associated total
phosphorus trapped amounts to 0.093 and 0.098 t yr™", respectively. The results presented in the
previous section highlight the significance of the Gatberg and Minnehaha River floodplain systems in
contributing to our knowledge of total phosphorus trapping efficiencies of floodplain systems in

drylands.
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Sediment storage elements, also known as geomorphic units, within the floodplain landscape, serve
as the conduit for sediment and phosphorus transport and deposition processes. Quantifying these
elements is crucial to understanding the overall efficiency of phosphorus trapping within floodplain

systems.

Within the Gatberg River floodplain system, the three floodplain storage zones’ mean proportion of
the total sediment-associated phosphorus yield was 2 % for the proximal floodplain zone, 2 % for the
oxbows and 4 % for the backswamp storage zone. This amounted to a total mean annual potential
proportion of the phosphorus yield that is stored of 8 % or 0.093 t yr™". Within the Minnehaha River
floodplain system, the three floodplain storage zones were 16 % for the proximal floodplain zone, 29
% for the oxbows, and 4 % for the backswamp storage zone. This amounted to a total mean annual

potential proportion of the sediment yield that is stored of 49 % or 0.098 tyr™".

Due to the relationship between phosphorus dynamics and suspended sediment dynamics, the same
two assumptions made for the sediment trapping efficiencies of each floodplain storage unit on each
floodplain need to be considered when assessing the accuracy of these results. As such, the
extrapolated estimates of floodplain total phosphorus storage produced for the floodplain storage
units may be overestimated. Although the total phosphorus trapping efficiencies of the different
floodplain storage units may be overestimated, the values presented for the study rivers compare well
with values documented for other floodplain systems and show that these two systems are important

total phosphorus buffers along the river sediment conveyance system.

Total phosphorus accumulated faster in the floodplain storage units that were capturing more
sediment. Sediment total phosphorus concentrations did not correlate with sediment accumulation
rates in the Gatberg system; rather, the total phosphorus accumulation rates correlated to the
increased amount of sediment that was deposited. Within the Minnehaha floodplain system, there
was a better correlation between total phosphorus accumulation rates, total phosphorus
concentrations, and sedimentation rates. Other researchers have found similar correlations in
floodplain systems (Cooper and Gilliam 1987; Johnston et al. 2001; Stoeckel and Miller-Goodman
2001; Noe and Hupp 2005). Connectivity between the channel and floodplain is a limiting factor in
determining how much of an effect a floodplain system has on the nutrient budget of a river system.
Depending on how well the floodplain is connected to the river system will determine the potential
nutrient (total phosphorus) accumulation rates and trapping efficiencies. This is also true for the
different storage units into which the floodplain systems were divided. Such that those areas that are
well connected have the highest sedimentation and total phosphorus accumulation rates. In the
Gatberg River floodplain system, these were the proximal floodplain, followed by the backswamp

zone. In the Minnehaha River floodplain system, these were the oxbows followed by the proximal
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floodplain. Within the Gatberg River system, total phosphorus trapping efficiencies showed a slight
discrepancy with these results due to the estimated area that made up the different floodplain storage
units. For example, even though the proximal floodplain had the highest total phosphorus
accumulation rate, it had a low trapping efficiency due to the small area that the proximal floodplain

made up out of the total floodplain extent.

Both the Gatberg and Minnehaha River floodplain systems contribute to a reduction in the total
phosphorus loading of the rivers. However, these systems are likely to release phosphorus back into
the system due to re-suspension, movement in solution by throughflow, and erosional process (see
Chapter 7). According to the trapping efficiencies of the two systems, Minnehaha has the potential to
trap the largest proportion of its total phosphorus yield. However, the Gatberg River floodplain system
traps the most sediment as tonnes per year. These findings indicate that floodplains function as an

important nutrient sink in these fluvial landscapes.
6.5 CONCLUSION

A comprehensive analysis of sedimentation rates and patterns, as well as total phosphorus
accumulation rates and trapping efficiencies, within the Gatberg and Minnehaha River floodplain
systems and their different geomorphic units, provides valuable insight into the dynamics of these

systems within their respective catchments.

Results from this work suggest that during floods, the Gatberg River floodplain experienced average
sediment deposition rates for the last 100 years between 0.5 and 1.3 gcm™2 yr™". The Minnehaha River
floodplain had sedimentation rates of between 0.2 and 2 g cm™ yr™'. Both floodplain systems'
sedimentation rates increased slightly in the last 30 years. Flood-derived sediment captured in the
cores during this study in the Gatberg and Minnehaha River floodplain systems had an average total
phosphorus concentration of 99 mg kg™ and 94.5 mg kg™, respectively. As a result, the Gatberg River
floodplain may capture as much as 1.1 g TP m™2 yr™’, or as little as 0.5 g TP m~2 yr™" (average for the
last 100 years for all the cores). The Minnehaha River floodplain may capture between 0.09and 1.4 g
TP m~2yr™" (average for the last 100 years for all the cores). The variability in sediment and sediment-
associated phosphorus floodplain deposition may be governed, in part, by a floodplain’s topography,
flood magnitude and duration, suspended sediment concentrations, the grain size distribution of the
suspended sediment, the relative importance of various transporting mechanisms and, over a longer

timescale, inundation frequency.

Sedimentation rates exhibited variability in the different geomorphic zones of the floodplains,
reflecting local geomorphic characteristics and hydrological processes. While some areas showed

rapid sediment accumulation due to frequent connectivity to the active channel and coarser sediment,
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others exhibited lower rates, indicating reduced connectivity or finer sediment deposition further
from the channel. The highest sediment and sediment-associated phosphorus deposition rates in the
Gatberg floodplain were associated with the backswamp and the proximal floodplain geomorphic
units. Within the Minnehaha floodplain, the highest sedimentation rates were found in the proximal
floodplain and oxbow geomorphic units. The highest total phosphorus accumulation rate occurred in
the oxbow geomorphic unit. These findings underscore the complex interplay of factors influencing

sediment dynamics within floodplain environments.

Moreover, the assessment of total phosphorus accumulation rates and trapping efficiencies highlights
the role of floodplains as significant sinks for sediment-associated nutrients. The results indicate that
both floodplain systems effectively trap sediment-associated total phosphorus, thus contributing to a

reduction in total phosphorus loading in the rivers.

The comparison of sedimentation rates and total phosphorus trapping efficiencies between the
Gatberg and Minnehaha River floodplains, as well as with other floodplain systems globally,
emphasises the contextual variability in floodplain functioning. Despite similarities in sedimentation
rates, differences in trapping efficiencies suggest that variations in floodplain size to catchment extent,
suspended sediment quantity, floodplain morphology, hydrology, connectivity, and sediment

dynamics play a crucial role in trapping efficiencies between the two systems.

Overall, this study underscores the importance of floodplains as integral components of riverine
landscapes, playing critical roles in sediment storage, nutrient cycling, and overall ecosystem function.
The findings contribute valuable information to understanding fluvial geomorphology and have
implications for land and water management strategies aimed at preserving and enhancing the

ecological integrity of rivers and their floodplains.
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CHAPTER 7 : EROSION AND RECYCLING

7.1 INTRODUCTION

Floodplains are formed due to alluvium accumulation and once developed these fluvial landforms can
be altered by erosional processes. The most common erosional processes (Rhoads 2020) are 1.)
stripping of floodplain surfaces, 2.) lateral movement of cut banks and related shaving of floodplains;
3.) carving of minor channels into floodplain surfaces; and 4.) avulsive incision of a new main river
channel. The effectiveness of erosional processes, like depositional processes, varies spatially and with
theriver type. For example, floodplains of rivers with high stream power that carry coarse bed material
are more prone to erosional change than floodplains of rivers with moderate stream power that
transport primarily suspended sediment loads that form cohesive deposits. This chapter focuses on

channel change and erosion in the Minnehaha and Gatberg study areas.

Channel bank erosion processes contribute to sediment in river catchments and have been found to
account for a large portion of a catchment’s sediment budget (Collins et al. 1997; Walling et al. 1999,
2008; Owens et al. 2001; De Rose et al. 2005; Walling and Collins 2005; Walling 2005; Wilkinson et al.
2005; Collins et al. 2012; Kronvang et al. 2013; Lu et al. 2015; Neal and Andera 2015). Bank erosion
can release and transport fine-grained sediments laden with contaminants (e.g., phosphorus and
heavy metals). Furthermore, increased sediment mobilisation and delivery can have negative
biological and ecological impacts on river systems. Numerous factors influence channel-bank erosion
rates, including bank material composition (Hooke 1980; Bull 1997; Couper 2003; Julian and Torres
2006), bank geometry (Micheli and Kirchner 2002; Laubel et al. 2003; Walling 2005; Walling et al.
2006), discharge magnitude (Knighton 1973; Gautier et al. 2007; Hooke 2008), and riparian vegetation
(Micheli and Kirchner 2002; Simon and Collison 2002; Laubel et al. 2003; Mattia et al. 2005).

Several studies (see Hickin and Nanson 1975; Thorne 1991; Hudson and Kesel 2000; Hooke 2003)
noted the influence of variations in channel radius of curvature on bank erosion rates due to changes
in flow geometry within the channel. High-velocity flow is directed towards the outer channel bank
when the radius of curvature decreases, increasing bank erosion rates. Below this influence, bank
erosion rates decrease as the radius of curvature is further reduced because of the creation of
secondary cells, protecting the channel bank (Hey and Thorne 1975; Bathurst et al. 1977). Knighton
(1998) also observed a change in shear stress distribution within the low radius of curvature channels,
which resulted in increased downstream migration. In very sinuous channels, the location of the
maximum flow velocity (and thus the maximum shear stress) is downstream of the bend apex. The
channel curvature ratio (the radius of curvature divided by the channel width) is inversely related to

the channel sinuosity up to sinuosity of ~1.5 (Janes et al. 2017). Above this value, the channel
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curvature ratio decreases with increasing sinuosity (Julien 2002). Bank erosion and channel sinuosity
have also been linked (Abam 1993; Janes et al. 2017; Schilling et al. 2023). Valley boundaries may also
limit channel-bank erosion (and thus lateral migration). Lewin and Brindle (1977) described three
degrees of confinement based on the decreasing valley width relative to the channel width: (1) wide-
floored valleys with infrequent contact with valley walls, (2) floodplains narrower than the amplitude
of meander bends, and (3) well-developed meandering restricting further meander development.
Channel sinuosity and confinement have been linked for example, low sinuosity is associated with

confined reaches (Milne 1983; Tooth et al. 2002; Nicoll and Hickin 2010).

Previous empirical studies have used a variety of field techniques (Collins and Walling 2004) to observe
bank erosion rates over timescales ranging from months to years, such as erosion pin monitoring
(Lawler 1993; Ashbridge 1995), repeated cross-channel surveys (Hickin and Nanson 1975), and aerial
imagery (Hooke 1980; Micheli and Kirchner 2002). Total channel-bank erosion and deposition can be
measured using consecutive cross-channel surveys (Lawler 1993; Julian and Torres 2006). Although
labour-intensive, these approaches can assess bank erosion at relatively modest spatial scales (ranging
from a few kilometres to single channels). Planimetric alterations have also been observed using aerial
photogrammetry (Kondolf et al. 2002; Michalkova et al. 2011) in conjunction with LIDAR data (De Rose
and Basher 2011). However, these approaches are constrained by the availability and temporal

coverage of the photogrammetric and LIDAR data.

The Gatberg and Minnehaha Rivers are categorised as mixed-bed single-thread meandering rivers
with banks predominantly consisting of very fine to fine sand. Field observations showed that bank
erosion, collapse, and slumping occurred in both river systems during the wet seasons. The overall
purpose of this chapter is to estimate and describe the contemporary channel erosion and deposition,
explore the historical channel change, estimate lateral migration rates, and investigate the channel’s
potential for future change and how this affects sediment and phosphorus patterns and dynamics in

the two floodplains. The objectives of this study are as follows:

1. To determine the contemporary erosion and deposition cross-sectional areal extent using
repeat cross-sectional surveys over two wet seasons for 10 meander bends within both
floodplain systems.

2. To estimate the volumes of erosion, as well as the sand, clay and silt, organic matter, and the
total phosphorus volumes of the eroded material.

3. Examine the local scale planform channel change events, namely meander bend cutoffs, using
historical images from 1958, 1993 and 2020 for the Gatberg River reach and 1958, 1966 and
2015 for the Minnehaha River reach.
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4. Estimate lateral migration rates from "“Carbon dates of two oxbows in a nested sequence on
the Gatberg River floodplain system (de Villiers 2022).

5. Investigate channel geometry change using the geometry measurements of the oxbows
(historical channel), 1958 channel dimensions, and either the 2020 (Gatberg River) or 2015
(Minnehaha River) images for the contemporary channel dimensions.

6. Examine the future potential channel changes using the chute and neck meander bend

stability ratios.
7.2 METHODS

7.2.1 FIELD DATA COLLECTION AND LABORATORY ANALYSIS

A total of 38 and 34 topographical cross-sections were measured down the Gatberg and Minnehaha
River reaches respectively. The first survey was in December 2019 and the re-survey was in May 2021.
The channel banks were surveyed using a Differential Global Positioning System (DGPS) with a remote
base station (accuracy of £ 1 cm in the x, y, and z fields). Clear breaks in slope, channel features and
erosional features were noted. A fence dropper was used to mark the start and end of the transects

as benchmarks for the repeat surveys to eliminate positional errors.

The estimated ages of the oxbows were calculated by de Villiers (2022). The following is a summary
of de Villiers (2022) methods. In November of the same year, four oxbows located on the Gatberg
River floodplain were carefully chosen for coring. These selections aimed to establish a lateral
sequence, varying in distance from the main channel to gauge lateral erosion and accretion rates.
Using a gouge corer and bucket auger, four cores were extracted from the middle of each selected
oxbow, ranging in depth from 1.85 m to 2.5 m. The precise location and elevation of each core were
recorded using a DGPS. Subsequently, four samples, one from each core, were dispatched to Direct
Accelerator Mass Spectrometry in the USA for age determination using Accelerator Mass
Spectrometry (AMS) radiocarbon methods. AMS is a dating technique that is most often used to
determine the concentration of *Carbon (**C) for radiocarbon dating. Compared to other radiocarbon
dating methods AMS requires smaller sample sizes while yielding highly precise chronologies. AMS
enables the measurement of the number of *C atoms present in the sample. To ensure accurate
results, especially in samples with low organic material content, the lowermost sample, typically rich
in clay, was selected from each core. Thus, the burial age (the time when this clay-rich layer was
deposited and then buried by subsequent sediment deposits) of the basal (lowermost) sediments in
the oxbows of the nested sequence was measured. Unfortunately, this meant that the layer above
refusal could not be measured. However, for the analysis in this chapter, only two of the cores were

found to be in chronological sequence. Thus, only these two cores were used. For a detailed
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methodology, refer to de Villiers (2022). Particle size analysis, organic matter content and total

phosphorus analysis were also conducted by de Villiers (2022).
7.2.2 DESKTOP AND DATA ANALYSIS

Volumetric estimates of sediment loss from meander migration were made for each of the rivers. To
calculate the eroded volumes, a subset of the meander bend cross-sectional data was created. The
cross-sections that showed erosional channel area changes from the 2019 surveys to the 2021 surveys
were extracted. From this subset, the median and maximum values of eroded channel change were
calculated. To estimate the approximate volumes these median and maximum values were multiplied
by the average length of the meander bends. The volume contributed was converted to mass using a
bulk density of 1.55 g cm~3 (Flemming and Hay 1984; Brady and Weil 2008; van der Waal 2015). These
values were divided by two years to get a value of tonnes per year. The total volumes of eroded
material per year were then scaled for the number of meander bends that experienced erosion in
each river reach (in the Gatberg the volume was multiplied by 0.47 (29 out of 62 meander bends
experienced erosion) and in the Minnehaha, the volume was multiplied by 0.42 (81 out of the 192
meander bends experienced erosion)). This allowed for extrapolation of individual measurements to
the system scale. To calculate volumetric estimates of the sediment eroded, which was sand, clay and
silt, organic matter, and total phosphorus data from Chapter 5 (cut banks) were used (summarised in
Table 7.1).

Table 7.1 A table summarising the percentage constituents of the cut bank sediment samples

Organic matter

0,
content (%) Total phosphorus (%)

Sand fraction (%) Clay and silt fraction (%)

Median Max Median Max Median Max Median Max
Gatberg River 32 98 18 27 3 8 0.05 0.09
(cut banks)
Minnehaha River 76 82 21 40 4 8 0.06 0.09

(cut banks

To assess the evolution of the floodplain reaches of the Gatberg and Minnehaha Rivers, three aerial
images (at a scale of 1:30 000), from 1958, 1993, and 2020 (for the Gatberg); and 1958, 1966 and 2015
(for the Minnehaha) were used. The aerial images were obtained from the CDNGI Geospatial Portal,
a database containing a wide range of geospatial information for South Africa (CDNGI Geospatial
Portal, accessed 2023.03.15). The 1958 aerial images were used as they were of reasonable definition
and were the oldest date available for the study sites. The 1958 photos had to be georeferenced as

described below.

Historical aerial photos were georeferenced using the adjusted transformation in Arcinfo. Large

boulders, rocky outcrops, houses, and gravel roads were used as georeferencing control points, as

237



they were easily identifiable. Care was taken to use as many control points as possible. Approximately

50 control points were used per image, minimising the root mean square error to below 0.01.

A morphometric investigation of the floodplain features of active channels, oxbows, and meanders
was carried out for both the floodplain systems of the Gatberg and Minnehaha Rivers. Using aerial
images, shapefiles of the oxbows, meander bends, and active channels were produced in ArcGlIS. Each
oxbow's area, length, diversion angle, and radius of curvature were computed. For meander bends,
the wavelength (m), the bend length (m), the bend amplitude (m), the radius of curvature (m), the
mean channel bankfull width (m), and the tightness of the bend (m) were captured. Following the
methods of Dieras et al. (2013), the length was measured by digitising a line through the centre of the
feature. The bankfull width was measured, using the measuring tool in ArcMap 10.8.2, for 5 to 10
cross-sections across the identified oxbows and averaging the calculated widths. The diversion angle,
defined as the angle between the main channel and the point where the former meander merged,
was calculated by digitising centrelines in both the active and abandoned channels (Figure 7.1)
(Dieras et al. 2013). A best-fit circle was digitised on each of the identified oxbows and meander
bends to determine the radius of curvature. The best-fit circle has the closest circumference to the
meander bend or oxbow centreline (Billi et al. 2017). Sinuosity was measured using the ArcMap 10.8.2
measurement tool and calculated by dividing the length of the channel centreline by the length of the

valley.

Potential neck cutoff events were examined using the neck cutoff stability by applying the rule of one
channel width (Lewis and Lewin 1983). The basis for this rule is that neck cutoff occurs when the
separation between two sections of a meander bend is less than one channel width (Lewis and Lewin
1983). Meander bends with neck lengths equal to one channel width in the floodplain systems of the
Minnehaha and Gatberg Rivers were identified. To evaluate the potential for meander chute cutoff
events the chute cutoff stability ratio was used (Joglekar 1971). To calculate the chute cutoff ratio, the

length of the channel bend is divided by the length of the potential cutoff channel.
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Figure 7.1 Schematic of the calculation of the diversion angle
(adapted from Constantine et al. 2010; Dieras et al. 2013)

238



7.3 RESULTS

7.3.1 CHANNEL CHANGE FROM REPEAT SURVEYS

Figure 7.2 shows the locations of the channel cross-sections in the Gatberg (A) and Minnehaha (B)
River floodplain reaches used in the repeat survey calculations. Ten meander bends were chosen in
each system and cross-sections are numbered from upstream to downstream. Figure 7.3 shows an
example of a meander bend (A) showing erosion of the cut bank and deposition on the point bar and
(B) an example of bank slump and collapse along the outer bend (cut bank) of a meander bend. Figure
7.4 shows two examples of the cross-sections from 2019 and 2020 superimposed on each other. The

change in channel shape can be seen.

Results are presented for all the cross-section survey locations for both the Gatberg and Minnehaha
Rivers collected during the two survey seasons (2019 and 2021). The results are summarised by main-
channel bankfull cross-sectional areas (Table 7.2), changes in bankfull channel widths, changes in

maximum bankfull depth, and changes in average bankfull depth (Figure 7.5 and Figure 7.6).

In the Gatberg River floodplain system, Table 7.2 indicates there was a reduction in cross-sectional
area between survey years for select cross-sections; however, this is largely a combination of
deposition along channel banks (which increases channel capacity and was still accompanied by an
increase in channel depth caused by channel bed scouring- Figure 7.5). Table 7.2 indicates that 18 of
the 38 cross-sections experienced an increase in cross-sectional area. Of these, eight changes in the
cross-sectional area were accompanied by an increase in bankfull width and depth (both bank erosion
and channel bed scour); six changes in the area were accompanied by an increase in depth only; 1
with an increase in width only and 3 that were accompanied by changes in neither width nor depth. A
total of 76 % of the cross-sections experienced varying magnitudes of scouring along the channel beds,
indicating a general absence of sediment aggradation within the main channel bed. Only 9 % of the
cross-sections indicated varying amounts of bank erosion (not accompanied by scouring of the channel
bed). Approximately 8 m? of the cumulative cross-sectional area was eroded and 12 m? was deposited.
The maximum change in the cross-sectional area was 1.14 m? and occurred in cross-section 6. There
was no change calculated for cross-section 29. The largest change of the channel bed occurred at
cross-section 37 with 0.83 m of deposition. The largest erosional change in the channel bed occurred
at cross-section 34, with 0.62 m of sediment being scoured from the bed between the two survey
seasons. The largest channel bank change occurred at cross-section 19, with 3.56 m of sediment being

eroded.

In the Minnehaha River floodplain system, Table 7.2 indicates a reduction in cross-sectional area

between survey years for select cross-sections; however, this is largely a combination of erosion along
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channel banks accompanied by an increase in channel depth caused by channel bed scouring (Figure
7.6). The table indicates that 14 of the 33 cross-sections experienced an increase in cross-sectional
area. Of these, 9 changes in the cross-sectional area were accompanied by an increase in bankfull
width and depth (both bank erosion and channel bed scour); 1 area change was accompanied by an
increase in depth only; 2 with an increase in width only and 2 that were accompanied by changes in
neither width nor depth. 73 % of the cross-sections experienced varying magnitudes of scouring along
the channel beds indicating a general absence of sediment aggradation within the main channel bed.
A total of 11 % of all the cross-sections indicated varying amounts of bank erosion (not accompanied
by scouring of the channel bed). Approximately 4 m? of the cumulative cross-sectional area was
eroded and 17 m? was deposited. The maximum cross-sectional area change was 1.23 m? and occurred
at cross-section 12. The largest channel bed erosional change occurred in cross-section 14 with 0.77
m? of sediment being scoured from the bed between the two survey seasons. The largest channel

bank change occurred at cross-section 14 with 2.94 m? of sediment being eroded.
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Figure 7.2 Channel cross-section locations in A) Gatberg and B) Minnehaha River floodplain reaches. Transects are numbered from upstream
to downstream across 10 meander bends
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Cut bank- bank slumping
and collapse evident

Point bar

Cut bank- bank slumping
and collapse evident

B.

Figure 7.3 An example of a meander bend showing the cut bank erosion and deposition on the point bar(A). An example of
bank slumping and collapse along the outer bend (cut bank) of a meander bend (B)
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Figure 7.4 Two examples of the cross-sectional data from the re-surveys (2019 and 2021) showing areas of deposition and erosion
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Table 7.2 Changes in cross-sectional area between 2019 and 2021 surveys within the Gatberg and Minnehaha River floodplain
reaches (cross-sections that were dominated by erosion are highlighted in grey)

Gatberg River floodplain reach

Minnehaha River floodplain reach

Cross-section C:E;I:zi:e af::;r(‘)ilg Channel area Channel C:ri';tl;:zi:e Channel area  Channel area Channel
number (m) (m?) 2021 (m?) change (%) (m) 2019 (m?) 2021 (m?) change (%)
1 963 9.4 9.9 5.3 855 0.6 0.9 32.2
2 980 17.3 17.7 2.4 871 5.5 5.6 1.2
3 992 11.1 11.1 0.4 886 5.5 6.0 9.2
4 1000 6.7 6.2 -7.6 1158 8.1 6.1 -33.4
5 1009 20.5 21.0 23 1172 4.5 4.8 7.6
6 1018 23.0 24.1 4.7 1180 7.0 6.1 -14.7
7 1036 20.1 19.9 -0.9 1190 4.1 3.8 -9.0
8 1048 10.8 10.1 -7.1 3398 5.6 5.2 -6.7
9 1384 13.7 12.8 -6.7 3411 10.6 8.6 -23.5
10 1392 13.7 13.2 -35 3429 6.5 6.9 6.4
11 1417 9.8 9.9 1.5 3715 4.1 4.8 14.0
12 1447 12.0 121 0.8 3741 5.0 6.3 19.6
13 1460 20.7 20.7 -0.1 3766 4.9 3.9 -25.5
14 1466 19.1 18.5 -3.1 3779 6.3 6.6 4.8
15 1482 11.6 12.0 3.2 3791 5.0 4.2 -19.1
16 1590 10.0 10.6 5.0 3802 4.4 4.6 3.7
17 1607 12.2 12.6 33 3937 9.3 9.1 -1.9
18 1622 15.4 15.5 0.4 3947 7.4 6.6 -11.1
19 1636 12.2 11.9 -2.7 3958 4.6 4.7 1.7
20 2708 8.6 9.1 5.7 4111 3.7 3.9 5.1
21 2731 17.9 18.2 2.1 4121 6.8 6.5 -5.6
22 2751 10.2 10.3 0.6 4128 3.0 3.6 15.6
23 2764 9.5 8.9 -7.1 4667 5.5 54 -2.8
24 2780 12.1 10.8 -11.9 4681 7.3 5.9 -23.4
25 2797 19.0 19.6 2.9 4690 4.8 3.7 -27.3
26 2897 12.5 12.7 2.0 4705 5.3 3.9 -36.0
27 2910 9.3 9.9 5.6 4710 4.4 5.3 16.9
28 2923 10.5 10.3 -1.6 4734 5.5 5.8 5.2
29 2935 5.8 5.8 0.0 4754 5.6 5.6 -1.1
30 2946 18.6 17.5 -5.9 4766 4.6 4.5 -0.2
31 2957 15.8 15.0 -5.5 5390 2.8 2.6 -5.7
32 3019 17.0 15.7 -8.2 5403 10.3 5.9 -73.6
33 3036 11.0 10.9 -0.6 5431 6.6 6.3 -4.6
34 3052 13.2 12.6 -5.2 5441 8.3 7.2 -15.0
35 3126 9.6 9.2 -4.9
36 3168 15.1 133 -13.2
37 3200 135 14.6 7.7
38 3246 9.8 9.6 -2.0
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Figure 7.5 Changes in channel width, maximum channel depth, and average depth between 2019 and 2021 surveys within the Gatberg
River floodplain reaches
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Figure 7.6 Changes in channel width, maximum channel depth, and average depth between 2019 and 2021 surveys within the Minnehaha
River floodplain reaches
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7.3.1.1 CHANNEL EROSION VOLUMES AND CHARACTERISTICS

The volumetric estimates of the eroded material for the Gatberg and Minnehaha River reaches are
shown in Table 7.3. Table 7.3 also shows the estimated volumes of the sediment variables (sand

fraction, clay and silt, organic matter, and total phosphorus) that were eroded from the two channels.

In the Gatberg River, the median meander bend length was 34 m, and the median and maximum cross-
sectional area change over one wet season was 0.1 and 0.3 m? respectively. The estimated median
volume of eroded material from the measured meander bends was 3.4 m?® (maximum 9.1 m3). For the
whole floodplain river reach the median volume was estimated to be 520.1 t yr™' (maximum 1411.8 t
yr1). The median volume of sand that is eroded from the channel was approximately 427 t yr™" and
the clay and silt fraction was 93.1 t yr™". The estimated median amount of eroded and transported

organic matter was 15.6 t yr™" and the total phosphorus was 0.3 tyr™.

In the Minnehaha River, the median meander bend length was slightly less than the Gatberg at 32 m.
The Minnehaha River experienced the same change in cross-sectional area of 0.1 and 0.3 m? during
one wet season. The estimated volumes extrapolated for the whole research site were less than the
Gatberg (median 359.4 and maximum 1281.2 t yr™"). The median volume of sand that is eroded from
the channel was approximately 273.1 t yr™" and the clay and silt fraction was 14.4 t yr™". The estimated

median organic matter eroded and transported was 14.4 t yr™" and total phosphorus was 0.2 t yr™.

Table 7.3 Volumetric estimates for the eroded material from the Gatberg and Minnehaha channels. Sediment characteristics
(sand fraction, clay and silt fraction, organic matter content and total phosphorus) volumetric contributions were estimated

Gatberg River Minnehaha River
Median Maximum Median Maximum

Meander bend length (m) 34 32

Channel cross-sectional area change (m?) 0.1 0.3 0.1 0.3
Volume of eroded material (m3) 3.4 9.1 2.3 8.3
Volume (t yr™) 520.1 1411.8 359.4 1281.2
Sand fraction (t yr™) 427.0 1376.5 273.1 1050.6
Clay and silt fraction (t yr™") 93.1 381.2 75.5 512.5
Organic matter (t yr™") 15.6 112.9 14.4 102.5
Total phosphorus (t yr™) 0.3 1.3 0.2 1.1

7.3.2 CHANNEL REACH CHANGES USING HISTORICAL IMAGES

The historical aerial image analysis showing the river channel changes for the Gatberg River floodplain
system is shown in Figure 7.7 and for the Minnehaha River floodplain system is shown in Figure 7.10.
A time sequence of the aerial images of the identified changes is shown in Figure 7.8 and Figure 7.9,
for the Gatberg River and Figure 7.11, Figure 7.12, and Figure 7.13 for the Minnehaha River floodplain

system.
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Results for the time sequence analysis for the Gatberg River floodplain system show that there have
been three meander bend cutoff events between the years 1958 and 1993. Unfortunately, the
intervening years could not be analysed either because there were no aerial images or because the
images were not clear enough to trace the river path. Figure 7.8 (1) shows the cutoff event of the most
upstream meander bend. In the year 1958, the meander bend was elongated, asymmetrically
upstream skewed, and had a narrow neck; by 1993, the meander bend had been cut off at the narrow
neck and followed the path that the river channel currently has. Figure 7.8 (2) shows the next cutoff
event from the meander bend found in a zone where the river abruptly changes direction. Similarly,
this meander bend has a narrow neck, elongated, but this meander bend is asymmetrical downstream
skewed. Figure 7.8 (3) shows the last historical river change. In the year 1958 there was an elongated,
narrow neck, asymmetrical upstream skewed meander bend just downstream of another abrupt
channel direction change. Likewise, the bend has been completely cut off by 1993. Figure 7.9 shows a
meander bend that is in the process of being cut off. Observations in the field noted that a tortuous,

elongated meander bend was close to being cut off through a thin meander bend neck.

The results of the time sequence analysis for the Minnehaha River floodplain system show that there
have been four changes along the river course between the years 1958, 1966 and 2015 (Figure 7.10).
Unfortunately, the intervening years could not be analysed either because there were no aerial images
or because the images were not clear enough to trace the river path. Figure 7.11 (1) shows the most
upstream channel course change zone. In the 2015 aerial image, a few meander bends have ‘grown’
in amplitude, elongated, created a compound bend shape, or skewed downstream from the aerial
image of 1958. In the 1966 aerial image, the same changes in the river course can be seen. From field
observations in this section of the river, the channel bed and banks are comprised of coarse (sand,
gravel, and pebbles) materials, and the banks are lower compared to downstream. This section is
approximately 1 km downstream of the waterfall. In the 1958 aerial image in Figure 7.11 (2), there
was a large complex compound (mushroom-shaped) meander bend comprising a few meander bend
loops within, by the 1966 aerial image this complex bend has been cut off at the neck of the
‘mushroom’. In the 2015 aerial image, the meander bend that was created when the first complex
bend was cut off is beginning to elongate and has its own narrow meander bend neck that may be cut
off in the future. In Figure 7.12 the meander bend in the 1958 aerial image has already started the
process of being cut off. Although, in 1958 river flow was still being diverted into the meander bend
complex. The next few meander bends downstream of the meander bend complex, have extended,
rotated, or changed into compound loops. In Figure 7.13 the river reach went through two separate
changes. In the 1958 aerial image, the meander bend is being cut off by a chute cutoff. In 1966 another

chute cutoff occurred in the next upstream meander bend and flowed in both the previous channel
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course and down the older meander bend that was being cut off in 1958. In the 2015 aerial image

channel reach is once again following the course created just after the 1958 event.
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1958 1993 2020

Figure 7.7 Aerial images of 1958, 1993, and 2020 show 3 changes in the Gatberg channel marked by white boxes. The blue arrow indicates flow direction
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Figure 7.8 Identified meander bend changes. Numbered changes correspond to Figure 7.7

2020

2020
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Figure 7.9 Meander bend cut off event occurring over the study period
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Figure 7.10 Aerial images of 1958 (Pink channel line) and 2015 (Blue channel line) showing 4 changes in the Minnehaha channel marked by black
boxes. Blue dashed arrow indicates flow direction
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2015

2015

Figure 7.11 Identified first two meander bend changes. Numbered changes correspond to Figure 7.10
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2015

Figure 7.12 Identified third meander bend changes. Numbered changes correspond to Figure 7.10
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2015

Figure 7.13 Identified fourth meander bend changes. Numbered changes correspond to Figure 7.10
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Figure 7.14 and Figure 7.15 show the floodplain systems of the Gatberg and Minnehaha Rivers divided
into four zones. Table 7.4 shows the calculated river lengths, valley lengths, and sinuosity indexes for

the different zones of the two floodplain systems.

In the Gatberg River floodplain system, the floodplain was divided into four zones. Zone 1 represents
the upper zone where the river flows along the hillslope in a north-easterly direction. This zone is
relatively straight. In the 1958 aerial image, the river had a length of just over 560 m with a valley
length of just under 430 m giving this zone a sinuosity index of 1.31. For the same zone in 2020, the
river length is ~600 m giving this zone a calculated sinuosity index of 1.40. Zone 2 represents the next
section of the river. This zone is a good example of a meandering river reach along the Gatberg River.
This river reach flows along the left-hand margin of the valley in a southerly direction. In 1958 the
length of the river for this zone was ~1111 m with a valley length of ~404 m and a sinuosity index of
2.75. In 2020 the same zone had a river length of 1100 m and a sinuosity index of 2.72. This zone
includes the meander bend cutoff event 1 from the previous section and the meander bend that was
about to be cutoff. In zone 3 the river abruptly changes direction (westerly) and flows across the valley
to the right-hand valley margin. This zone includes the meander bend cutoff event 2 from the previous
section. In 1958, the length of the river was 396 m, the valley length ~123 m and a sinuosity index of
3.23.In 2020, the length of the river was ~343 m and had a sinuosity index of 2.80. In the last zone,
zone 4, the river flows along the right-hand floodplain margin until a tributary joins from the right
bank. After the tributary, the river crosses the valley several times. This zone includes the meander
bend cutoff 3 from the previous section. In 1958, the river had a length of ~1902 m, the valley length
was ~576 m and the river reach had a sinuosity index of 3.30. In 2020, the length of the river length
was ~1857 m, and the sinuosity index was 3.23 for the reach. The average sinuosity index for the

Gatberg River floodplain system for 1958 was 2.65 and for 2020 was 2.54.

In the Minnehaha River floodplain system, the floodplain was divided into four zones. Zone 1
represents the upper zone where the river flows in a north-easterly direction. This zone is relatively
straight. In the aerial image of 1958, the river had a length of ~1860 m with a valley length of ~1486
m, giving this zone a sinuosity index of 1.25. For the same zone in 2015, the river length was slightly
longer ~1879 m giving this zone a calculated sinuosity index of 1.26. This zone includes the meander
bend cutoff event 1 from the previous section. Zone 2 represents the next section of the river. In 1958
the river length for this zone was ~4087 m with a valley length of ~1750 m and a sinuosity index of
2.34. In 2015 the same zone had a river length of ~¥3994 m and a sinuosity index of 2.28. This zone
includes the meander bend cutoff event 2 from the previous section. In zone 3 in the 1958 aerial
image, the river length was ~5050 m, the valley length ~2021 m and a sinuosity index of 2.50. In 2015,

the length of the river was ~4828 m and had a sinuosity index of 2.39. This zone included the meander

257



bend cutoff events 3 and 4 from the previous section. In the last zone, zone 4, the river length in 1958
was ~1631 m, valley length of ¥850 m and had a sinuosity index of 1.92. In 2015 the river length was
~1744 m, and the sinuosity index was 2.05. The average sinuosity index for the Minnehaha River

floodplain system for 1958 and 2015 remained at 2.00.
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Figure 7.14 The different zones used to calculate the change in sinuosity from 1958 to 2020 in the Gatberg River floodplain system

259



|
I I
: | Zone 4
I
|
| I
' I
' I
Zone 2 : I
fmmmmm == o Lmmm oo -
: I Zone 3
I s
|
Zonel : r=—=—=—====-- : :
=== ==--- | : : Lo-_-_!
| } | : | Zone4
| l I I |
I L ________ 4 I |
I I ' I
I | : I
Zone 2 I :
e .
I : Zone 3
I
| l
Zonel ! I
- === i I
| | I
I | I
| i I
1 L ________ J
| |
| |

Figure 7.15 The different zones used to calculate the change in sinuosity from 1958 to 2015 in the Minnehaha River floodplain system

260



Table 7.4 Change in river length, valley length and sinuosity index for the different zones from the aerial images in the Gatberg
and Minnehaha River floodplain systems

Floodplain Section Year River length Valley length Sinuosity Index
system
1 1958 563.8 13
2020 600.3 4289 14
2 1958 1111.2 2.8
404.
Gatberg River 2020 1100.0 04.0 2.7
floodplain system 3 1958 396.0 1227 3.2
2020 343.1 ) 2.8
4 1958 1901.8 33
2020 1856.8 3753 3.2
1 1958 1859.2 1.3
2015 1878.5 1485.8 1.2
2 1958 4087.0 2.3
Minnehaha River 2015 3993.7 17494 2.3
floodplain system 3 1958 5054.6 2.5
2015 4827.8 2021.3 2.4
4 1958 1630.7 1.9
2015 1743.5 849.6 2.1

7.3.3 LATERAL MIGRATION RATES ESTIMATED BY OXBOW ' CARBON DATES

The sample from the oxbow 1 (OX 4, de Villiers 2022) has an age of 2830 * 25 years (before
measurement date, i.e., 2021; see Figure 7.16 and Table 7.5). As expected, this sample is slightly
younger than the cutoff event itself because the sample that was used for the *C dating was at a depth
between 0.6 and 0.75 m whereas the depth to refusal (bed load associated with initial cutoff filling)
was at 1.9 m. The sample of oxbow 2 (OX 3, de Villiers 2022) has an estimated age of 3627 + 23 years.
This sample would also be younger than the cutoff event itself, because the sample used for *C dating
was between 1.5 and 1.75 m, while the depth of refusal was at 2.4 m. These two oxbow samples were
chosen because the central values of the ages fall in the correct chronological order for the
depositional sequence (Figure 7.16). Oxbow 1 had a sediment fill depth of 1.7 m with a Dso sediment
particle size range of 111 to 1130 um, as expected, the lowest section of the core has the highest Dso
sediment size. Oxbow 1 had a mean organic matter content of 1 % and decreased with depth. The
average rate of sediment accumulation was 0.03 cm yr™'. Oxbow 2 had a sediment fill depth of 2 m
with a Dsp sediment particle size range of 133 to 672 um, as expected, the lowest section of the core
has the highest Dso sediment size. Oxbow 2 had a mean organic matter content of 1.4 % which

decreased with depth. The average rate of sediment accumulation was 0.05 cm yr™". Using the distance
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between the two oxbows, the results indicate that the meander bend migrated ~24 m over ~800 years,

giving an average lateral migration rate of 0.03 m yr’.

2830 + 25 years BP

/

3627 * 23 years BP

Figure 7.16 Map illustrating the location of two of the oxbows that were used investigated by de Villiers

(2022). The inset map shows the dates calculated using “Carbon

Table 7.5 Description and age (BP) of the two oxbows investigated

Oxbow 1 Oxbow 2

Sample s -
(OX 4, de Villiers 2022) (OX 3, de Villiers 2022)
Depth of sediment infill (m) 1.7 2.0
Depth to refusal (m) 19 2.4
Depth of dated sample (m) 0.6-0.75 1.5-1.75
Dsg sediment size range (um) 111-1130 133-672
Mean organic matter (%) 1.0 14
Mean total phosphorus (g kg™) 0.05 0.08
Age (years before present 2021) 2830+ 25 3627 £23
Age (years BP, + 10) 834 -784 1629 - 1583
Mean accretion rate (cm yr™) 0.03 0.05
Mean migration rate (m yr™") 0.03
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7.3.4 EVIDENCE OF CHANNEL CHANGE (NUMBER OF OXBOWS, MEANDER BEND EVOLUTION, THE RADIUS OF

CURVATURE, DIVERSION ANGLE, THE RATIO OF CURVATURE AND WIDTH)

There were 42 oxbows identified in the Gatberg River floodplain system (Figure 7.17). Oxbows were
observed across the whole floodplain surface on both sides of the river. A morphometric study
revealed that the distance between the identified oxbows and the present channel course ranged
from 13 to 145 m (Table 7.6). Morphometric research found that the oxbows were between 20 and
189 m long, with a mean length of 74 m. The oxbows ranged in size from 128 to 3291 m?, with a mean
of 788 m2. The oxbow diversion angles ranged from 60° to 105°, with a mean diversion angle of 85°.
The radius of curvature ranged from 6 to 32 m, with an average of 15 m. The ratio of the radius of
curvature to width, which evaluates the tightness of the bend, varied between 1 and 5 for the oxbows,

with a mean of 2.

There were 62 meander bends identified along the current (year 2020) Gatberg River reach (Figure
7.18). Of the meander bends identified, 19 % were compound bends and the rest were simple bends
(Table 7.7). Within the simple bends 22 % were downstream skewed and 31 % were upstream skewed.
1 of the 62-meander bends was identified as a multiple-loop bend. A morphometric analysis found
that for 2020 the meander bend lengths ranged between 18 and 100 m with an average of 46 m. Bend
lengths calculated for 1958 were similar and meander bend lengths ranged from 20 to 95 m (average
46 m). In 2020 the bend amplitudes ranged from 8 to 84 m (average 25 m). The bend amplitude was
slightly less in 1958, and amplitudes ranged from 8 to 80 m (average 23 m). In 2020 the meander bend
radius of curvature ranged from 5 to 19 m, with an average of 12 m. In 1958 the meander bend radius
of curvature was less than 2020, ranging from 3 to 19 m (average 11 m). In 2020 the ratio of the radius
of curvature to width varied between 1 and 4 for the meander bends, with a mean of 2. In 1958 the
ratio of the radius of curvature to bankfull width varied between 1 and 5 with an average of 2; Table
7.8). In the Gatberg River extension and rotation was the most common mode of meander bend

change, identified from the 2020 aerial image, which accounted for 37 % of the bends (Table 7.9).

A total of 72 oxbows were identified in the Minnehaha River floodplain system (Figure 7.17). Oxbows
were discovered on both sides of the existing river. A morphometric analysis revealed that the
distance between the identified oxbows and the present channel course ranged from 5 to 199 m
(Table 7.6). The oxbows were between 24 and 443 m long, with a mean length of 124 m. The oxbows
ranged in size from 107 to 10279 m?2, with a mean of 1704 m2. The oxbow diversion angles ranged
from 45° to 120°, with a mean diversion angle of 88°. The radius of curvature ranged from 6 to 57 m,
with an average of 21 meters. The ratio of the radius of curvature to width, varied between 1 and 7 for

the oxbows, with a mean of 3.
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In the 2015 aerial imagery, 192 meander bends were identified along the current Minnehaha River
reach (Figure 7.18). Of the meander bends identified, 25 % were compound bends and the rest were
simple bends (Table 7.7). Within the simple bends 22 % were downstream skewed and 18 % were
upstream skewed. Fifteen of the 192 meander bends were part of multiple loop bends. A
morphometric analysis found that the meander bend lengths in 2015 ranged between 11 and 153 m
with an average of 39 m; in 1958 the range was 15 to 335 m (average 47 m). The bend amplitudes
ranged from 4 to 98 m (average 22 m) on the 2015 imagery; on the 1958 imagery, the range was 4 to
125 m (average 26 m). In the 2015 images, the meander bend radius of curvature ranged from 4 to 53
m, with an average of 10 m; in 1958 the range was 5 to 50 m (average 11 m). The ratio of the radius
of curvature to width varied between 1 and 13 for the meander bends, with an average of 3; and on
the 1958 imagery it varied between 1 and 7, with an average of 2 (Table 7.8). In the Minnehaha River
extension and rotation were the most common modes of meander bend change, identified from the

2015 aerial image, which accounted for 34 % of the bends (Table 7.9).

Table 7.6 Descriptive statistics for the different morphological variables of the oxbows found in the Gatberg and Minnehaha
River floodplain systems

Average Radius of Tightness of
. Descriptive  Distance from Area Length Diversion curvature

Floodplain system statistics channel (m) (m?) (m) bankfull angle (°) (r=v(A /) meander bend
width (m) (m) (Rc/Width) (m)
Average 52 788 74 8 85 15 2
Gatberg River Minimum 13 128 20 5 60 6 1
floodplain system Maximum 145 3291 189 13 105 32 5
oxbows (42) Median 47 550 62 8 85 13 2
STDEV 26 696 45 2 9 6 1
Average 30 1704 124 7 88 21 3
Minnehaha River Minimum 5 107 24 4 45 6 1
floodplain system Maximum 199 10279 443 13 120 57 7
oxbows (72) Median 22 1052 100 7 90 18 3
STDEV 29 1796 87 2 14 10 1
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Figure 7.17 Maps showing the location of the identified and numbered oxbows in the Gatberg (top) and Minnehaha (bottom)
River floodplain systems
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Figure 7.18 Maps showing the meander bend locations and best-fit circles (shown in purple) used to calculate the radius
of curvature in the Gatberg and Minnehaha River floodplain systems

Table 7.7 Type of meander bends found in the Gatberg and Minnehaha River floodplain systems (after Hooke 1977)

Types of meander bends

Gatberg River reach
Number of bends

Minnehaha River reach

Number of bends

Total

Multiple loops

Compound

Simple Symmetrical
Downstream skewed
Upstream skewed

62

12
24
11
16

192
15
48
87
31
26
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Table 7.8 Descriptive statistics for the different morphological variables of the meander bends identified in the Gatberg and
Minnehaha River floodplain systems

Floodplain Descr:ip?ive Wavelength Bend length (m)  Amplitude (m) Radius of Mea_n bankfull  Tightness of bend

system statistics (m) curvature (m) width (m) (m)
2020 1958 2020 1958 2020 1958 2020 1958 2020 1958 2020 1958
) Average 103 109 46 46 25 23 12 11 7 5 2 2
floizt;:ﬁ :‘I‘;f;m Minimum 45 44 18 20 8 8 5 3 2 2 1 1
Maximum 215 236 100 95 84 80 19 19 10 7 4 5

meander bends .

(62) Median 96 102 41 40 21 19 11 11 5 2 2
STDEV 39 43 19 19 17 16 3 3 1 1 1
. . Average 100 105 39 47 22 26 10 11 4 5 3 2
Minnehaha River | i oy 27 45 11 15 4 4 4 5 2 3 1 1
ﬂ;‘:’:"j:: sbf::? Maximum 450 453 153 335 98 125 53 50 17 20 13 7
(192) Median 85 88 34 38 20 22 9 9 2 2
STDEV 55 63 20 41 12 18 6 7 2 2 1 1

Table 7.9 Type of meander bend change in the Gatberg and Minnehaha floodplain systems (after Hooke 1977)

Type of bend change Gatberg River reach | Minnehaha River reach
Number of bends Number of bends

Total 62 192
Extension 6 42
Expansion - 3
Rotation 8 -
Extension and expansion 4 22
Extension and rotation 23 66
Extension, expansion, and rotation 3 8
No evidence of change 18 51

7.3.4 POTENTIAL FOR FUTURE CHANNEL CHANGE
7.3.4.1 NECK CUTOFF STABILITY

Visual evaluation of the meander bends of the Gatberg River identified two meander bends to analyse
the neck cutoff stability. The results show that, based on the one channel width rule, there is only one
meander bend with a high neck cutoff potential (< 1, Figure 7.19A). This was followed by another bend
with a neck length/ channel width ratio of 1.6 (Figure 7.19B). The others have stability values > 2

indicating that these bends are less likely to experience neck cutoffs in the near future.
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Figure 7.19 The two-meander bends identified in the Gatberg River floodplain system that may experience a meander
bend neck cutoff event in the future based on the one channel width rule

Visual evaluation of the Minnehaha River meander bends identified three meander bends to analyse
the neck cutoff stability. The results show that, based on one channel width rule, there were no
meander bends with a high neck cutoff potential (< 1). There were 3 meander bends identified with a
neck length/ channel width ratio of < 2 (Figure 7.20). The others have stability values of > 2 indicating

that these bends are less likely to experience neck cutoffs in the future.

o \ /"

Figure 7.20 The three-meander bends identified in the Minnehaha River floodplain system that may experience a meander bend
neck cutoff event in the future based on the one channel width rule
7.3.4.2 CHUTE CUTOFF STABILITY

Similarly, the visual evaluation identified 5 meander bends that satisfy the chute cutoff stability criteria
in the Gatberg River reach (Table 7.10). Among these, 2 meander bends had a stability ratio of 4 and

three had a stability ratio of 3. The rest of the meander bends had a stability ratio of < 3.

Visual evaluation of meander bends in the Minnehaha River resulted in a higher amount of bends for

the chute cutoff potential than for the neck cutoff potential (Table 7.10). A total of 20 meander bends
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with a chute stability ratio of < 3. One meander bend had a stability ratio of 10, 4 meander bends had

a ratio of 4, and 15 meander bends had a stability ratio of 3.

Table 7.10 Chute cut off stability meander bends identified in the Gatberg and Minnehaha River floodplain systems

Floodplain system Me::::;:rend Bend length (m) Neck length (m) neiir::r:;:trg{io
13 74 21 4

Gatberg River >7 126 35 4
floodplain system 9 99 33 3
26 82 28 3

61 102 31 3

184 69 7 10

47 47 12 4

134 110 30 4

150 54 15 4

174 64 16 4

49 54 18 3

72 60 19 3

76 32 10 3

83 55 21 3

Minnehaha River 91 40 14 3
floodplain system 92 54 19 3
103 34 12 3

124 66 19 3

136 104 31 3

137 43 16 3

152 57 20 3

163 80 30 3

165 38 13 3

169 38 14 3

176 31 12 3

7.4 DiscussION

7.4.1 INTRODUCTION

This section discusses the historical and potential river change, as presented in the results in Section

7.3, in the Gatberg and Minnehaha River floodplain systems.
7.4.2 CHANNEL CHANGE AND CHANNEL EROSION VOLUMES

Although floodplains are primarily depositional features and form through the build-up of alluvium,
they are frequently shaped and modified by erosional processes (Rhoads 2020). Channel erosion is a
natural dynamic process and forms one of the principal processes of meandering river migration.
Channel erosion can occur when the water's erosive strength exceeds the resistance of the bed and
bank materials due to an increase in slope or depth of flow. It also has an important impact on
sediment and sediment-associated nutrients and contaminates budgets due to the movement,
sorting, and dispersion of sediment and organic materials. There may be several changes made to the

channel when bed (scour and incision) or bank (undercutting and slumping) erosion commences.
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Both the Gatberg and Minnehaha River floodplain reaches experienced deposition and erosion down
the study area. From the measured cross-sections, the Gatberg River reach experienced slightly higher
cross-sectional area erosion (47 %) compared to 42 % in the Minnehaha River reach. For both systems,
channel bed scouring occurred in > 70 % of the cross-sections, indicating a general absence of
sediment aggradation within the main channel bed. From the re-surveys over two wet- seasons both
the Gatberg and Minnehaha River floodplain reaches experienced minor erosion (median of 0.4 m?
for both), while the median amount of deposited material was estimated to be 0.5 and 0.7 m?,
correspondingly. Whether channel banks erode is mostly determined by how resistant the channel
boundary materials are to the shear stress and stream power applied. Boundary resistance is a result
of the type and density of riparian vegetation and the size and cohesiveness of inorganic bank
materials (e.g., clay, sand, gravel, and cobbles). According to the Hjulstrom curve, lower critical erosion
velocities are needed to entrain and transport sand particles compared to the clay and silt fraction or
larger gravels (Hjulstrom 1935). This is due to the nature of fine particles to form tight particle bonds
and clump together, resulting in higher resistance to entrainment and transport. Numerous
researchers have established the significance of clay concentration with streambank failure (Vanoni
1977; Thorne 1982; Julian and Torres 2006). Hanson and Simon (2001) discovered that in addition to
soil texture, soil structure, organic content, and clay mineralogy were important factors for
streambank stability. These results support the finding in Chapter 5 where the Dsy channel bed
material sampled for the Gatberg was 435 pum (medium sand) and 248 um (fine sand) for the
Minnehaha system. The channel bed had a 9 % (Gatberg River) and 18 % (Minnehaha River) clay and
silt sediment particle size fraction. The riverbanks of the Gatberg reach had a Ds particle size of fine
sand with > 30 % clay and silt sediment particle size fraction and < 5 % organic matter content. The
riverbanks of the Minnehaha reach had a Ds particle size of very fine sand with ~40 % clay and silt

sediment particle size fraction and < 5 % organic matter content.

In the Gatberg River, the estimated median volume of eroded material is 3.4 m3, with a maximum of
9.1 m3. Extrapolating these values to the entire study site, the median volume of eroded material is
estimated to be 520.1 t yr™, with a maximum of 1411.8 t yr™". In comparison, the Minnehaha River
shows a slightly lower median volume of eroded material of 2.3 m® and a maximum of 8.3 m3.
Extrapolating to the entire study site, the median volume is estimated to be 359 t yr™', with a maximum
of 1281 t yr™'. The comparison between the Gatberg and Minnehaha Rivers reveals differences in the
magnitude of sediment erosion and transport between the two systems. While both rivers exhibit
similar patterns in terms of the composition of eroded material, with sand being the dominant fraction
followed by clay and silt, there are notable variations in the median volume of eroded material. Both

these estimates are within an order of magnitude for the floodplain deposition estimates (see Chapter
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6). These differences suggest variations in sediment transport dynamics between the two river
systems, which could be attributed to factors such as differences in catchment characteristics, land
use patterns, and hydraulic properties of the rivers. Although the representativeness of this database
is debatable, it provides a limited, nevertheless valuable, perspective considering the data scarcity in

South Africa.

The results obtained from the analysis of sediment erosion and deposition in the Gatberg and
Minnehaha Rivers show that both systems are active. The deposition values obscured the erosion
values, as a result the erosion volumes are likely an underestimation. However, the values provide
valuable insights into the dynamics of sediment transport in these river systems. The estimated
median volume of eroded material and associated components highlight the significant role of these

rivers in sediment mobilisation and downstream transport processes.
7.4.3 HISTORICAL CHANNEL CHANGES

One of the most dynamic earth-surface systems is a meandering river. They are crucial to the dynamics
of riverine ecosystems, the evolution of landscapes, and terrestrial-sediment fluxes. Because of the
fascinating intricacy of meander morphodynamics, researchers from a wide variety of disciplines have
been interested in meandering rivers. Additional interest comes from socioeconomic concerns due
to river dangers caused by bank erosion, channel shifts and flooding, as well as the responses of
meandering rivers to changes in the environment brought on by humans and climate change. To
explore how meandering river—floodplain systems respond to environmental changes, a thorough,

process-based knowledge of these systems' dynamics is essential.

In the Gatberg River floodplain system, between 1958 and 1993, there were three meander bend
cutoff events. The inferred channel change is ~1 event in 9 years. Field observations in 2022 showed
one meander bend in the process of being cut off. In the Minnehaha River floodplain system, 4
meander bend cutoff events were identified between 1958 and 2015, approximately 1 event in 7
years. In the Gatberg River floodplain, the 3 meander bend cutoff events and the meander bend in
the process of being cut off all occurred between the two tributaries entering the system. The 4 events
identified in the Minnehaha River floodplain occurred along the length of the system. However,
numerous meander bend cutoffs have occurred in the pre-1958 period, which is seen in the form of
traces of oxbows on both floodplain systems. The result of meander bend cutoff events is a decreased
channel length, increased channel slope and a corresponding increase in sediment conveyance,
especially of the bedload. The resultant abandoned section of the channel increases floodplain

sediment storage capacity by increasing the floodplain volume (if the floodplain elevation stays the
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same). These processes are important to consider in the sediment and nutrient continuity through a

sediment cascade.

The Gatberg River floodplain system was compartmentalised into four zones to calculate changes in
river section lengths and sinuosity between 1958 and 2022 aerial images. In zone 2, 3, and 4 the river
length was shortened and there was a subsequent decrease in sinuosity due to the meander bend
cutoff events that occurred. In zone 1 (uppermost zone) the river length and sinuosity increased due
to meander bend ‘growth’. The Minnehaha River floodplain system was also divided into four zones.
Zones 1 and 4 experienced an increase in channel length from 1958 to 2015. Sinuosity in zone 1
decreased, whereas sinuosity increased in zone 4. Zone 1 experienced a meander bend cutoff event;
however, the increase in length may be due to meander bend ‘growth’. Zone 4 did not experience a
cutoff event. Zones 2 and 3 both experienced meander bend cutoff events during the intervening
years, which resulted in decreasing river lengths and sinuosity indices. Ferguson (1987) linked channel
straightening and steepening to an increase in either the discharge responsible for shaping the
channel or the quantity and/or size of the sediment load. Meander bend cutoff events in both the
Gatberg and Minnehaha River floodplain systems are relatively compared to systems with highly
mobile channel beds and banks, however, the changes precipitated by cutoff events to the sediment
budget, transport and storage are significant. Zinger et al (2011) found that two cutoff events on the

Wabash River in Midwestern USA mobilised approximately 5.5 million m® of floodplain sediment.

Meander cutoffs decrease river sinuosity, increase local channel slope, increase sediment conveyance
downstream (increasing bedload transport capacity), and decrease overbank floodwater access to the
floodplain, all of which are important aspects of river morphodynamics. Cutoffs are episodic,
eliminating small to large sections of a river over brief periods, in contrast to channel modifications of
width, depth, and length, which are often spatially and temporally continuous. Cutoffs may affect
meander migration rates over extended periods by forming oxbows, which increase floodplain
resistance heterogeneity (Schwenk and Foufoula-Georgiou 2016). Through the consolidation of silt,
clay, and organic matter, oxbows create "plugs" that hinder or constrain meander flow and boost local
resistance to erosion (Fisk et al. 1949; Hudson and Kesel 2000). Cutoffs function as "shot"
perturbations (Camporeale et al. 2008) to river morphodynamics over shorter time scales by injecting
downstream pulses of sediment and sediment-associated nutrients and contaminants excavated from
the floodplain during chute channel formation (Fuller et al. 2003; Zinger et al. 2011). This increases
the bed slope and stream power both upstream and downstream (Biedenharn et al. 2000; Hooke
2004; Jugaru Tiron et al. 2009), and significantly changes the local channel planform and

hydrodynamics (Hooke 2004; Zinger et al. 2013).
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The instability of river channels can be derived from two sets of factors: those related to the catchment
and those related to the channel itself (Baker 1977). These factors jointly shape the form and dynamics
of the channel over space and time. The stability of a river's morphology is influenced by the volume
of water flow and sediment it carries, which are outcomes of catchment processes, as indicated by
studies like those by Schumm (1969) and Lewin et al. (1988). For instance, Schumm's model illustrates
how changes in discharge and sediment yield can affect the sinuosity, gradient, and form ratio of a
channel. Any modifications to the hydrology of the catchment or the sediment supply are likely to lead

to instability in the channel.

A change in rainfall patterns (climatic oscillations) has also been linked to alterations in river channels,
potentially causing instability (see Warner 1987; Eybergen and Imeson 1989; Harvey 1991). Warner
(1987) observed changes in the MacDonald River in Australia, attributing them to shifts in sediment
and hydraulic patterns influenced by climate alongside changes in land use. Research in Australia by
Erskine and Warner (1988) also highlighted the occurrence of periodic shifts between drought- and
flood-dominated conditions, leading to fluctuations in channel processes between erosion and
deposition. The eastern seaboard of South Africa is affected by tropical cyclones which can bring large
amounts of rain and flooding such as Tropical Storm Domoina in 1984, which caused large areas to

experience 100-year floods and caused many rivers to alter their courses.

Additionally, changes in land use have been identified as influential factors affecting both hydrological
processes and sediment yield, potentially leading to channel instability (Smith 1982; Higgs 1987; Lewin
et al. 1988; Prosser 1991; Thorne 1991; Dollar and Rowntree 1995). Knighton (1989) exemplifies how
increased sedimentation from tin mining can drastically alter the morphology of the river in Tasmania.
In addition, channel instability may arise from increased sediment loads due to accelerated erosion in
the catchment, often linked to inadequate land management practices. Debano and Schmidt (1989)
highlight the intricate connection between the hydrology of the catchment, soil erosion, and the
general condition of the catchment, influenced by factors such as grazing management, land use, and
climate. The Tsitsa River Catchment is characterised by veld degradation and in many areas increased

erosion (Huchzermeyer et al. 2019)
7.4.4 LATERAL MIGRATION RATES

The depositional age of sediments from a pair of nested oxbows with a distinct relative age sequence
(see de Villiers 2022) was determined to estimate the historical lateral migration rate of the Gatberg
River. The two oxbows are in the upper section of the floodplain system. The innermost (youngest)
oxbow is situated nearer the modern channel, whereas the outermost (oldest) oxbow is situated

farther away from the active channel. The radiocarbon ages from the oxbows fall in the expected
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chronological order, given their spatial arrangement. The oldest oxbow was abandoned following a
meander bend cutoff at ~3627 BP and later a meander bend occurred at ~2830 BP. The sequence of
meander bend cutoffs has resulted in episodic channel migration with an average lateral channel
migration rate of ~0.03 m yr~". While the accuracy of this data may be subject to debate, it offers a

restricted yet significant value, particularly given the scarcity of data in South Africa.

The floodplain reworking rates of the Gatberg River floodplain are very low when compared to other
systems in humid regions around the world (Black et al. 2010; Giardino and Lee 2011; Jarriel et al.
2021). The Gatberg system does compare well with migration rates of rivers in dryland regions (Owens
1998; Ellery et al. 2003; Grenfell 2007; Keen-Zebert et al. 2011; Tooth et al. 2014; Larkin et al. 2017).
A comparison of migration rates with other meandering rivers in South Africa showed that the Gatberg
River (~0.03 m yr™") falls within the migration rates calculated for other dryland rivers. Examples of
lateral migration rates in drylands include; the lower Tshwane River which experiences lateral
migration rates of approximately > 0.2 m y™'; the upper Klip River at a relatively slow rate of <0.2 m
y~"; the Blood River experiences lateral migration downstream of the flood-out at rates between 0.0
and 0.2 m y™" over the past 100 years (Tooth 2018); and the lateral migration rates in the Okavango
Delta Panhandle in Botswana of < 0.5 m y~ (Tooth and McCarthy 2004). According to Lauer and Parker
(2008), channel migration can gradually remove over-bank deposits over the floodplain's entire width.
The eastern region of South Africa has had remarkable stability in fluvial processes and morphologies
despite late Quaternary climate shifts (Keen-Zebert et al. 2011). This contrasts with many rivers
around the world where the balance between sediment supply and discharge has been altered to such
an extent by climate change that rivers have seen major changes in channel dimensions or have
transitioned from braided to meandering. The stability of the Gatberg River floodplain system could
be due to a combination of very low slope, low stream power, low sediment supply, and cohesive
channel banks. These results provided new insights into the development of theories for explaining

and predicting bend migration and meander evolution.
7.4.5 EVIDENCE OF CHANNEL CHANGE

In alluvial streams, the channel is created by the flow of water across boundary materials that the
stream has deposited and can erode and transport. In alluvial streams, bank migration due to erosion
and accretion is the norm rather than the exception, and over time, floodplains, islands, and side
channels will change (Lagasse et al. 2004). This is especially true of actively meandering streams, which
are constantly changing their positions and forms due to hydraulic pressures and fluvial processes
acting on their beds and banks (Nanson and Croke 1992). These modifications might be system-wide

or local; incremental or episodic, gradual, or abrupt (Lawler 1993; Bierman and Montgomery 2014).
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Although meanders naturally develop and migrate, human activity may hasten this process or bring
about brand-new modifications brought on by morphological responses and feedback in the

fluvial system.

The primary cause of channel migration in meandering streams is the propensity of meander bends
to amplify and migrate downstream over time. On the other hand, meander growth means that a
bend could grow so extended and tightly curled that a chute or neck cutoff event occurs. Therefore,
channel migration is a progressive process that occasionally experiences dramatic shifts in channel
alignment and location due to cutoffs. Given that channel migration has important impacts on
downstream users in terms of sediment and sediment-associated nutrients and contaminants, a
practical methodology is required to assess the potential for bend movement. This aids in defining the
rates and direction of historic channel shifts, helps to estimate future channel migration and can be
used to evaluate the risk posed by channel migration. It is necessary to consider both system-wide
and local parameters when predicting channel migration. The water and sediment flow from upstream
have a significant influence on the morphology and behaviour of a particular downstream river reach.
The rate of lateral movement in dynamically regulated systems increases as the supply of water and
sedimentincreases. Variations in sediment and runoff yield due to human activity or natural processes

will cause variations in channel migration rates and patterns.

Locally, channel behaviour will be governed by the distribution of shear stress and velocity as well as
the properties of the bed and bank materials (Fisk 1944, 1947). Consequently, the local morphology
of the channel will reflect the upstream controls and provide information on the direction and rate of
channel migration. These characteristics include width, depth, meander wavelength (Leopold and
Wolman 1957, 1960; Schumm 1968), and amplitude; pattern, which includes sinuosity and bend
radius of curvature (Hickin and Nanson 1975, 1984); shape, which includes width/depth ratio
(Markham and Thorne 1992); and bend geometry, which includes radius of curvature/ width ratio

(Bagnold 1960; Hickin and Nanson 1975, 1984; Thorne 1992, 1997).

In the Gatberg, results indicate that the radii of curvature for the oxbows had a higher average (15 m)
than both the river meander bend radii of curvature for 1958 (11 m) and for the current channel (12
m). In the Minnehaha system, the radii of curvature for the oxbows were double (21 m) the average
of both the radii of curvature for the river meanders in 1958 (11 m) and 2015 (10 m). This suggests
that for both floodplain systems at the time of the cutoff event, the historical meander bends (current
oxbows) had wider bends compared to the current river. Additionally, from 1958 to 2020 the bends
are gradually getting wider in the Gatberg system, although this is a slow process. The opposite is

occurring within the Minnehaha system.
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Bagnold (1960) demonstrated that energy losses resulting from the flow's curvature at the bend were
reduced for radius-of-curvature and channel width ratio values between 2 and 3. The most efficient
bends for eroding their bed and banks are those with a channel width ratio of 2 to 3. As the channels
migrate over the floodplain, many bends in nature develop and maintain a channel width ratio of 2 to
3. This might be explained by the bends' adherence to the most effective hydraulic shape, which also
maximises their geomorphic efficacy (Thorne 1997). Furthermore, Crosato (2009) states that the
values of the channel width ratio influence channel migration, with a maximum amount of channel
migration occurring at specific channel width ratio values. Channel migration rates are highest in
systems with channel width ratio values between 2 and 3, and migration decreased both below and
above these values, according to Hickin and Nanson (1975, 1984) and Nanson and Hickin (1986);
further substantiated by Hooke (1987), Biedenharn et al (1989) and Hudson and Kesel (2000). This is
because of the energy loss that occurs while water flows through a meander bend. In extremely tight
bends (channel width ratio < 2), deposition may even occur along the outer bank of the meander bend.
In the Gatberg system, the mean channel width ratio values for the oxbows were 2, while for the
channel in 1958, the mean channel width ratio value was 2.1, and the current channel (2020) had a
mean channel width ratio value of 1.8. Accordingly, it can be demonstrated that channel migration on
the Gatberg River floodplain happens slowly since the channel width ratio ratios of the oxbows, the
old channel in 1958, and the present channel in 2020 are below or near the values reported by Hudson
and Kesel (2000). The cohesive channel banks that enhance resistance or the comparatively low
stream power, or maybe a mix of both, are potentially the reasons for the Gatberg River's slow channel
migration rate. Meanwhile, in the Minnehaha system, the mean channel width ratio value for the
oxbows was 3, for the meander bends in 1958 the mean channel width ratio value was 2.2 and 2.6 for
the meander bends in 2015. These values fall within the values mentioned by Hudson and Kesel
(2000). This suggests that the Minnehaha River floodplain system migrates more often than the

Gatberg floodplain system.
7.4.6 POTENTIAL FOR FUTURE CHANNEL CHANGE

A meander bend cutoff is a natural form of river adjustment and can be seen as a form of local avulsion
that creates a new river course. Meander bend cutoffs are a direct result of gradual bend migration.
They occur as natural and regular responses to lengthening of the channel and decreasing channel
slope resulting from river migration (Allen 1965; Hickin and Nanson 1975; Bridge et al. 1986; Erskine
et al. 1992; Hooke 1995). Meander bend cutoffs are spatially and temporally common in actively
migrating meandering rivers. Brierley (1996) distinguishes two types of avulsions: neck cutoffs and
chute cutoffs. Meander bend cutoffs can occur when an extended bend gradually migrates upon itself

to generate a neck cutoff or when a new channel erodes over the bend's neck to form a chute cutoff
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and are a result of more mobile meander bends (Lewis and Lewin 1983). Chute cutoffs typically occur
in relatively stable channels, where a new channel develops across the floodplain, bypassing the old
channel. The meander bends gradually grow and extend due to erosion of the channel bank on the
outside of the bend, simultaneously lateral deposition of sediment occurs on the inside of the
meander bend. Therefore, channel migration is controlled by stream flow and the erodibility of soils
on the outside meander cutbanks (Nanson and Croke 1992). As such, bank erosion rates typically
increase with increasing discharge, velocity, and the duration of flows exceeding a threshold condition
(Konrad 2012). Because meander cutoffs are rare and there is a wide variety of hydro-geomorphic
variables influencing the patterns and processes of meandering-river floodplains, there is a lack of
understanding regarding the physical mechanisms leading to their development (Hooke 1995; 2004).
However, research has shown that meander bends lengthen, increases their amplitude, and become

more sinuous as they migrate.

To measure the potential for future channel change in the Gatberg and Minnehaha River floodplain
systems, two processes were evaluated by measuring the channel dimensions of the current channel
courses. The first was to evaluate the potential of meander neck cutoff events. The meander bend
neck was measured with the channel width. Cutoff events may potentially occur when the meander
neck is shorter than one channel width. In the Gatberg floodplain system, there is only one meander
bend with a high neck cutoff potential (< 1) and in the Minnehaha floodplain there were no meander
bends with a high neck cutoff potential. The second was to evaluate the potential for meander chute
cutoff events. As the ratio value rises and other environmental factors like vegetation, flood discharge,
bed slope, and bed material are favourable, a cutoff will become more likely (Joglekar 1971). Rivers
differ in the typical chute cutoff ratios at which cutoffs occur; bigger rivers, like the Mississippi River,
where neck cutoffs predominate, have values between 8 and 10, whereas chute cutoff ratios for
smaller rivers where chute cutoffs are occasional have a range of ratios between 1 and 3. A visual
evaluation identified 5 meander bends that meet the chute cutoff stability criteria in the Gatberg River
reach and 20 meander bends in the Minnehaha River floodplain system. Given that the visual
evaluation of the meander bends in both the Gatberg and Minnehaha systems had chute cutoff

stability ratios of < 3, a chute cutoff stability ratio of < 3 was chosen as the potential chute cutoff value.

Both the current channels in the Gatberg and Minnehaha River floodplain systems have a low potential
for neck cutoff events, this is likely due to the high clay content within the channel banks, relatively
low sediment supply, and bank protection from vegetation which means that the bank erosion rates

are low, which decreases the potential for neck cutoff events.

The Minnehaha River floodplain system had the greatest potential for chute cutoff events using the

chute cutoff ratio compared to the neck cutoff potential and compared to the Gatberg floodplain
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system. This could be attributed to the steeper slope of the Minnehaha River which would increase
the stream power and shear stress. This is supported by observations from Tower (1904), Lewis and
Lewin (1983), and Kleinhaus and van den Berg (2011). An increase in the valley and river slope is likely
to increase the sinuosity index, and entrance angle, and lower the values of curvature; thereby
initiating chute cutoff events (Lewis and Lewin 1983; Howard 1996; Micheli and Larsen 2010).
According to Micheli and Larsen (2010), bend geometry dictates whether a bend is set up for a cutoff
event, but the timing of chute cutoff events is mostly determined by the type and frequency of

large floods (following Hooke 2008).
7.5 ConcLusion

The continual and intricate interactions between river channels and their surrounding floodplains,
particularly during periods of high overbank flows, foster the development of meandering and
hydraulically intricate rivers (Zinger et al. 2013; Gualtieri et al. 2020). The diverse landscapes
associated with meandering rivers, including the features of the floodplain surfaces such as oxbows,
scroll bars and levees (Sabo et al. 2005), signify that these rivers and their floodplains serve as
biodiversity hotspots and play a crucial role in sustaining a growing human population by providing
essential ecosystem services and resources (Hamilton et al. 2007; Heckenberger et al. 2007; de Moel
etal. 2011; Junk et al. 2012; Leauthaud et al. 2013; Pastor et al. 2022). However, because meandering
rivers migrate laterally, erosion may threaten nearby riverine settlements and jeopardise
infrastructure, as well as reintroduce sediment and associated nutrients and contaminants that were
previously stored on the floodplain surface (Donovan et al. 2015; Basnayaka et al. 2022; Lelpi and
Lapotre 2022; Nagel et al. 2022). Therefore, studies on meandering rivers and floodplains are essential
to gain a better understanding of how to maximise biodiversity and ecosystem services supplied by
floodplain systems while safeguarding nearby populations and the infrastructure they depend on. This
is especially true for developing areas such as South Africa and key water source areas such as the

Gatberg and Minnehaha River systems.

In this chapter, an attempt was made to measure contemporary channel erosion and deposition,
historical channel changes, lateral migration rates, changes in channel geometry, and the potential for
future channel changes. The objectives required the collection, analysis, and interpretation of
multiple datasets. The techniques used provide a useful dataset for river channel changes in the sub-
humid rivers of the southeastern Drakensberg. The information about the dynamics, historical, and
present status of fluvial erosion and accretion of these two meandering rivers may be used to compare
with other meandering rivers of the same size and contribute to knowledge on dryland floodplain

systems.
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The results revealed that during the two wet seasons, both the Gatberg and Minnehaha River
floodplain reaches experienced both deposition and erosion in the study reaches. The Gatberg River
reach experienced slightly higher cross-sectional area erosion compared to the Minnehaha River
reach. For both systems channel bed scouring occurred in most of the cross-sections, indicating a
general absence of sediment aggradation within the main channel bed. From the re-surveys over two
wet seasons both the Gatberg and Minnehaha River floodplain reaches experienced more deposition
than erosion. Estimated eroded sediment volumes were 520 t yr ™" for the Gatberg reach and 360 t yr™
for the Minnehaha reach. Although both rivers display comparable trends regarding the makeup of
eroded material, where sand is the primary constituent followed by clay and silt, significant
differences arise in the median volume of eroded material. Both estimates fall within a similar range
as for the floodplain deposition estimates outlined in Chapter 6. These distinctions indicate diverse
sediment transport dynamics between the two river systems, likely influenced by factors such as

variations in watershed characteristics, land usage, and hydraulic properties of the rivers.

The outcome of the time sequence analysis for the Gatberg River floodplain system shows that there
have been three meander bend cutoff events between the years 1958 and 1993. The analysis of the
Minnehaha River floodplain system indicated that there have been four changes along the river course
between 1958, 1966 and 2015. Both floodplain systems were divided into four zones to map and
calculate changes in river length and sinuosity indices from the historical river course (1958) and the
current river course (2020 for the Gatberg River and 2015 for the Minnehaha River). For both
floodplain systems, most of the zones decreased in sinuosity from the historical river course to the
current course. This reflects the few meander bend cutoff events that occurred within each of the
zones. Meander cutoffs play a vital role in river morphodynamics by increasing the local channel slope,
decreasing river sinuosity, and reducing floodplain access. They also have a substantial effect on
sediment and phosphorus flux for that period by injecting a significant amount of sediment back into
the river system. The likely drivers of channel change in the Gatberg floodplain system would have
been changes in land use. The channel straightened to accommodate an increase in sediment loads,
bed loads and an increase in hillslope-channel connectivity likely to have occurred because of an
increase in road density (unsealed gravel roads in commercial forestry), erosion, changes in natural
vegetation cover etc. The likely drivers of channel changes in the Minnehaha floodplain system would
have been an increase in sediment loads from adjacent land due to agricultural practices and an

increase in the hillslope-channel connectivity due to livestock tracks.

The results from the geochronology of two nested oxbows in sequences were used to estimate the
lateral migration rates for the Gatberg River reach. Ages indicate stepwise lateral channel migration

through the meander cutoff. The floodplain reworking rates of the Gatberg River floodplain are very
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low compared to other systems in humid regions around the world, although the Gatberg system

compares well with migration rates of rivers in dryland regions.

In conclusion, the comprehensive analysis of channel change and historical channel dynamics in the
Gatberg and Minnehaha River floodplain systems provides valuable insights into the intricate
processes shaping these riverine environments. Examining channel erosion volumes highlights the
significant role of these rivers in sediment mobilisation and downstream transport processes,

emphasising variations in sediment dynamics between the two systems.

Historical channel change analysis reveals the dynamic nature of meandering rivers, characterised by
frequent meander bend cutoff events and subsequent changes in channel morphology and sinuosity.
The examination of lateral migration rates indicates migration rates for the Gatberg floodplain as
comparable to other systems in drylands, with implications for sediment transport and floodplain

dynamics.

Furthermore, the evaluation of potential future channel change highlights the importance of
considering both system-wide and local parameters in predicting river behaviour. While both systems
exhibit low potential for neck cutoff events due to factors such as high clay content and slow bank
erosion rates, the Minnehaha River floodplain system demonstrates a higher potential for chute cutoff

events, influenced by factors such as slope and stream power.

Overall, this research enhances our understanding of the complex interactions driving channel change
in meandering river systems, providing insights for informed management and conservation strategies
in these dynamic environments. Information on the historical and current trends of channel change is
crucial to creating baselines of river behaviour and ecosystem service provision of these systems.
These baselines provide insights into long-term shifts and provide early warning systems of ecosystem
decline or tipping points. More studies are warranted that integrate hydrological, geomorphological,
and ecological perspectives are warranted to comprehensively address the challenges posed by future

channel dynamics and environmental change in dryland floodplain systems.
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CHAPTER 8 : SYNTHESIS AND WIDER IMPLICATIONS OF THIS RESEARCH

8.1 INTRODUCTION

This chapter synthesises the findings of the research aim and objectives. This research provides a
greater understanding and quantification of sediment and associated phosphorus trapping efficiency
in two meandering floodplain wetlands in the Eastern Cape of South Africa, namely the Gatberg and
Minnehaha River floodplains. This synthesis touches on the wider implications of this research in
supporting ecosystem service assessment methods (e.g. the South African WET-Ecosystem Services
and WET-Health rapid assessment tools) and wetland management and rehabilitation prioritisation.
This is achieved through the investigation of the fundamental biophysical factors controlling sediment
and phosphorus dynamics in these two floodplain wetlands. The most relevant results of each chapter
of this research are integrated into this synthesis to form a broader perspective of the temporal and
spatial variability of sediment and phosphorus dynamics of meandering river floodplain systems in

South Africa, followed by some suggestions of potential areas for future research.

Up to 40 % of all ecosystem services worldwide are provided by wetlands, which offer a wide range of
benefits to downstream ecosystems and society (MEA 2005). The three main categories of ecosystem
services that wetlands provide are provisioning (such as water, fibre, and food), regulating (such as
flood mitigation, water quality improvements, sediment, and nutrient retention), and cultural services
(such as tourism and recreational activities; MEA 2005). De Groot et al. (2012) estimate that the yearly
value of ecosystem services provided by a single hectare of palustrine wetland exceeds USS$ 25 600.
Even though laws on the management and protection of wetlands, such as the Ramsar Convention,
have been developed with the help of the economic valuation of wetlands, a clear deficiency remains
in the empirical knowledge of important wetland processes and the connection of these processes
with ecosystem service provision. This is particularly evident in South Africa due to its relatively young
history of research into ecosystem service provision, unmonitored systems, and data scarcity. This has
probably contributed to the exploitation and rapid degradation of South Africa's wetlands (Ellery et
al. 2009; Maltby and Acreman 2011; Maila et al. 2017). Due to projected water constraints, population
expansion, and increased reliance on dryland water supplies, this trajectory is probably going to
become worse. The range of data collection methodologies applied during this research helped to
address this gap in empirical knowledge. The findings of this research can aid in supporting the
methods of assessing floodplain wetland ecosystem service provision and management decisions by
providing a deeper level of detail and quantification of ecosystem processes in floodplain systems in

South Africa.
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Using field observations, field measurements, desktop analysis, satellite imagery and geochronology,
this study investigated and described the nature and controls of sediment and associated phosphorus
patterns and dynamics for two case study floodplain wetlands in the Eastern Cape of South Africa.
The study also quantified, both temporally and spatially, the sediment and phosphorus trapping

efficiencies of the meandering floodplain systems.

The research was focused on floodplain wetlands because i) floodplains in drylands are hotspots of
ecosystem service delivery in these climatically variable environments (Scoones 1991; Silvius et al.
2000; Tooth et al. 2015); ii) there is a lack of empirical data and quantification of sediment and
phosphorus trapping efficiencies of floodplain systems in South Africa; iii) they are vulnerable to
climatic and anthropogenic changes; iv) effective management and prioritisation cannot happen due
to the lack of empirical data; v) there is a lack of data for validation and calibration of sediment

processes in numerical models and sediment budgets.
8.2 THE IMPORTANCE OF LAND USE ON SEDIMENT CONNECTIVITY AT THE CATCHMENT SCALE

A river's physical attributes and functionality are primarily influenced by the flow of water and
sediment through its catchment (Rosgen 1994). The amount of material accessible and the pathways
or linkages needed to carry the material to the river define the amount of sediment input from the
catchment (Owens 2005). The basis for this sediment routing is connectivity. "Connectivity" can be
used to describe the flow of water, sediment, and other materials (or species) through a landscape
(Wohl et al. 2018). At the catchment scale, the main active geomorphic connectivity zones are
hillslopes and channels, and the main fluxes are inside and between these two components (Bracken
et al. 2015; Heckmann et al 2018). Connectivity is offset by storage units, such as buffers, barriers, and
blankets, within the catchment that allows sediment and water to be retained or stored within the
system (Fryirs et al. 2007a). The role of sediment and associated phosphorus sources and connectivity
both within the broader catchment and a floodplain system is vital when trying to understand the
sediment and nutrient dynamics within a floodplain system, to identify the potential risks associated

with land use changes, and to prioritise management or rehabilitation programs.

The Gatberg and Minnehaha River catchments both have a well-developed drainage network given
their regional setting in high relief headwaters draining the Drakensberg Escarpment. It would be
expected in this setting that the sediment connectivity is high due to the steep topography with high
drainage densities and hillslope-channel connectivity. From field observations, it was noted that the
Gatberg and Minnehaha River catchments were characterised by high sediment concentrations during
rainfall events (chocolate-brown river water). Through the combination of field research and the

mapping, analysis and classification of high-resolution aerial images, potential sediment and
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phosphorus sources were identified. Drainage pathways (connectivity) were assessed and allowed for
the differentiation between features that are directly linked to the drainage network from those

where sediment transfer is hindered by buffers or barriers.

In the Gatberg River catchment, commercial forestry emerges as the primary potential source of
sediment, constituting 23 % of the land use. Ninety-five per cent of the commercial forestry
plantations are connected to the drainage system, primarily situated on gentle and moderate slopes,
with only a small proportion identified on steep slopes. This has likely increased sediment-laden
runoff, especially in the initial clearing and ploughing stages and again in the harvesting stage of the
plantations. Contrastingly, in the Minnehaha River catchment, commercial forestry plays a relatively
minor role, accounting for less than 1 % of the total catchment area. Current agricultural activities, in
the Gatberg River catchment and previously cultivated fields are primarily concentrated on the edges
of plantations and wetland systems, accounting for 12 % of the total area. A significant proportion (>
60 %) of these are connected to the drainage network, leading to the potential unrestricted export of
sediment and phosphorus into the river system especially during harvesting and preparation of the
fields for planting (burning, ploughing, tilling and the addition of fertilisers). Within the Minnehaha
River catchment, agricultural fields, and previously cultivated fields occurred in the lower catchment
along the alluvial terrace, comprising < 15 % of the total catchment area. Less than 50 % of these are
connected to the drainage network. Although roads, livestock tracks, and gully erosional features
accounted for a small percentage of the catchment areas (< 1 % in both catchments) all these features
were well connected to the river network and increased the drainage density significantly. These
results allude to the importance of understating the spatial configuration of land-use units and their
connection to the drainage network. In conclusion, both catchments have been modified by changes
in land use. These changes are usually well connected to the drainage network suggesting that any
sediment or phosphorus may be easily transported to the drainage network and reach the floodplain

systems.

Sediment conveyance through a river catchment may be buffered by different features, both natural
or anthropogenic (e.g., wetland systems, vegetation cover, artificial impoundments (dams), and anti-
erosional structures). The configuration of these features and the nature of connectivity within and
between catchment features affect the transport, deposition, and storage of sediment through the
catchment. In both river catchments, natural vegetation was identified as the primary buffer and
accounted for 31 % of the land cover in the Gatberg catchment and 81 % of the Minnehaha catchment.
Wetlands (including the research sites) accounted for 5 % and 10 % of the total area in the Gatberg
and Minnehaha catchment respectively. Less than 1 % of each of the catchment areas was covered by

artificial impoundments.
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The Eastern Cape presently has the third most extensive commercial forestry plantations in South
Africa with approximately 1200 km? currently established. Additionally, the province has been
identified as the most suitable location for expanding plantations, with the government actively
promoting the establishment of another 1000 km? (Department of Forestry, Fisheries, and the
Environment 2007). The Tsitsa River catchment, in which the Gatberg and Minnehaha River floodplain
wetlands are situated, is one of the poorest and least developed regions of South Africa and is

earmarked for future development projects and programs (Calmeyer and Muruven 2015).

As shown by the literature and key findings of this research as discussed in Chapter 4, catchment
configuration and connectivity within and between landscape compartments affect the transport,
delivery and buffering of sediment and associated phosphorus. To show the wider implications of this
research for management and ecosystem services assessments, the effects of land use units and
buffer configuration are explored in a few scenarios (Figure 8.1). The effects of climate change, specific
land uses, and land use changes on river flows and sediment regimes have been widely studied in the
literature. Here an attempt is made to link potential changes in catchment configuration scenarios to
the potential sediment and phosphorus trapping efficiencies based on the findings of the research

described in the chapters of this thesis.

Figure 8.1A shows a scenario in which the catchment is undisturbed. The grey-shaded area depicts a
meandering floodplain system. The blue arrows show the relative quantity of flow through the
catchment. Flow increases in the trunk stream as tributaries join. Overbank floods will spill across the
floodplain, sediment would be deposited on the surface of the floodplain and as point bars within the
channel. This process would be balanced by erosion of the banks and some remobilisation of material

on the surface of the floodplain during very large events.

Figure 8.1B shows an increase in commercial forestry plantations with a forestry gravel road joining
the plantations along one of the tributaries. The plantations are situated close to the tributary on
gentle and moderate slopes (as shown by the current plantation locations in the Gatberg River
catchment, see Chapter 4) which would increase the effective connectivity between the land use and
the river. The intensification of the road networks between the different plantation blocks would
increase the routing of runoff flows predominantly in an across-slope direction (as shown by the
research results in Chapter 4) until the water meets a drain which will channelise and increase flow
velocities towards the drainage network. The red arrows coming off the plantations and the roads
indicate the increase in sediment-laden runoff. An increase in the tributaries (due to the plantations)
contributions to sediment-laden flow is depicted by a wider arrow. This increases the flow and
sediment concentration in the trunk stream. An increase in flow and sediment concentration increases

overbank flood frequencies (see Chapter 3 for inundation frequencies of the two floodplain systems)
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and thus the potential of the floodplain to trap and store sediment as well as phosphorus (used as a
fertiliser in the plantations) would also increase. This potential is also influenced by the size of the
floodplain system compared to its catchment, inundation frequency and magnitude, floodplain
microtopography and the different geomorphic units (see Chapter 5). Because both the Gatberg and
Minnehaha River floodplain systems are grassland-dominated systems it was found in this research
that vegetation did not play a crucial role in sediment and phosphorus floodplain deposition (see
Chapter 4 and Appendix 2). Channel bank erosion on the outer meander bend would also increase due
to higher velocity flows, shown by a thicker yellow arrow. Mobilisation of floodplain surface sediments
might occur where flood flows are channelised along livestock tracks, abandoned channels or artificial
drains and furrows, depicted by the thicker red arrows, and be reintroduced to the channel
downstream. The effects of this scenario on floodplain dynamics would probably return to Figure 8.1A
due to the disturbance being relatively small in a large catchment. The effects of the disturbance are
likely to be further diluted given that the position of the disturbance is on a tributary upstream of the

floodplain system.

Figure 8.1C shows an exponential increase in commercial forestry plantation along the tributaries, the
trunk stream and along the edge of the floodplain system, as well as an increase in the road network.
This will result in an exponential increase in sediment-laden flood flows and initially, this would
increase the potential effectiveness of the floodplain to trap and store sediment and phosphorus.
However, larger, higher-velocity flows also increase the chance of erosion and remobilisation of this
stored sediment by increasing stream power and the river’s ability to do geomorphic work on the beds
and banks. This leads to scouring of the bed material, exposing the channel bed to erosion and thus
faster rates of channel incision. Channel incision will lead to a decrease in overbank floods and some
extreme cases a complete disconnect between river and floodplain. The effects of this scenario would
likely be much larger than Figure 8.1B due to the extent of the disturbance across the catchment and

the proximity of the disturbance to the floodplain system.

Figure 8.1D shows the potential effect of a buffer. In this scenario, the buffer is a large impoundment
(artificial dam) upstream of the floodplain system and a tributary. Sediment-laden flows from the
commercial forestry plantation will be trapped behind the dam wall, decreasing flows and sediment
concentration downstream, except for large flood events. Flow and sediment starvation below the
impoundment may change the river’s planform, initiate incision, and cause riverbed armouring. In this
scenario the effectiveness of the floodplain to trap and store sediment and phosphorus will be
decreased as medium floods, flood seasonality and fine sediment will be trapped by the
impoundment. In this scenario, the effects of the impoundment are mitigated by the tributary

downstream of the impoundment which would still supply the floodplain with flow and sediment.
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Figure 8.1E shows the potential negative effects of a buffer. In this scenario, the buffer is a large dam
upstream of the floodplain system. There is no tributary joining the trunk stream below the
impoundment. Like the previous example, sediment-laden flows from the commercial forestry
plantation will be trapped behind the dam wall, decreasing flows and sediment concentration
downstream, except for large flood events. Flow and sediment starvation below the impoundment
may change the river’s planform, initiate incision, and cause riverbed armouring. In this scenario the
effectiveness of the floodplain to trap and store sediment and phosphorus will be decreased as
medium floods, flood seasonality and fine sediment will be trapped by the impoundment. Sediment
concentration in the trunk stream would be less compared to the same scenario without the
impoundment. The potential for this floodplain system to trap sediment and phosphorus would be

significantly less.

In conclusion, these scenarios demonstrate the significance of landscape unit configuration and crucial
connectivity factors in the floodplain system's capacity to offer sediment and phosphorus-trapping
ecosystem services. Mapping changes in the landscape structure (i.e., the arrangement of land cover
and land use in a catchment), as well as the configuration of land use units and connectivity, are
essential elements that can inform effective integrated management and help predict changes in the
floodplain systems' ability to provide ecosystem services. In South Africa, there is a need for better
catchment-integrated planning and management. An increase in developments, such as commercial
forestry plantations and impoundments (artificial dams), need to be done in a way that allows the
natural systems to cope, mitigate and still be able to continue to function and provide ecosystem

services, i.e. developments should not overload or starve the system.
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A. B. C.

Balanced conditions Modified conditions Highly modified conditions
Input (Low) +/- A Storage (Balanced) Input (Medium) +/- A Storage (Depositional) Input (High) +/- A Storage (Depositional/ erosional)
Overland transport (Low) Bank erosion (Low) Overland transport (Medium) Bank erosion (Medium) Overland transport (High) Bank erosion (High)
Upstream transport (Low) Floodplain deposition (Low) Upstream transport (Medium) Floodplain deposition (Medium) Upstream transport (High) Floodplain deposition (High/ low)
= Output (Low) = Output (Medium) = Output (High)
Downstream transport (Low) Downstream transport (Medium) Downstream transport (High)
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Figure 8.1 Showing the inferred relative rates of water, sediment and phosphorus inputs, storage, and export in different catchment conditions. A) Natural catchment;
B) Slightly modified catchment with forestry plantations and roads; C) Highly modified catchment with forestry plantations and roads; D) Modified catchment with
forestry plantations, roads, and an artificial dam; E) Modified catchment with forestry plantations, roads, and an artificial dam
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8.3 THE SPATIAL SELECTIVITY OF SEDIMENT PROPERTIES WITHIN THE CHANNEL AND OVERBANK ON THE

FLOODPLAIN SURFACE

As set out in Objective 2, the study investigated the spatial variability of the sediment particle size,
organic matter content and total phosphorus composition of contemporary overbank floodplain
deposits through the analysis of surface sediment samples collected from floodplain sites on the two
meandering floodplain systems. Using a combination of field data, laboratory, desktop and statistical
analysis, the results obtained from the study demonstrate that significant spatial variability in the
particle size, organic matter content and total phosphorus composition of the sediment deposits exists
at these sites. An attempt has been made to interpret this spatial variability in terms of local channel
and floodplain geometry and topography (Chapter 5). The relationships between organic matter, total

phosphorus, and sediment particle composition were also explored.

The particle size of the channel bed sediments in both river channels was larger, with a greater
percentage of sand, compared to the channel banks (see Chapter 5 for more details). The Gatberg
River had a slightly coarser particle size distribution than the Minnehaha River, which is likely due to
the differences in the underlying geology of the catchments and where sediment is being delivered
from (land use type, slope etc., see Chapter 4). In terms of the channel banks, the cut banks had a
slightly higher percentage of clay, silt, and organic matter content compared to the point bar deposits
for both channels. According to the statistical analysis, the distribution, and dynamics of phosphorus
concentrations in the channel and channel banks were linked to and driven by the dynamics of the

organic matter content.

The sediment particles found in both floodplain systems were significantly smaller in size compared
to the samples taken from the channel bed and banks (see Chapter 5 for more details). The patterns
in sediment and total phosphorus accumulation were used to analyse the relative importance of
different processes, floodplain characteristics and sediment characteristics in controlling
sedimentation and total phosphorus rates. In both systems, the Dso and highest sand fraction were
found deposited within the proximal floodplain. The flow velocities are too low to transport the sand
fraction further across the floodplain surface. In the Gatberg system, the rapid reduction in the greater
particle size (medium to fine sand) content in the deposited sediment with increasing distance from
the channel suggests that the fine fractions of the suspended sediment are transported onto the
floodplain from the channel primarily through diffusive processes (see Chapter 5; James (1985)).
However, some outliers exist in the Gatberg system, and this may be due to preferential flow paths,
such as livestock tracks, increasing local slopes and flow velocities and/or sediment inputs from the

surrounding hillslopes. In the Minnehaha system, the effects of distance on particle size composition
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were more subtle than in the Gatberg system. The particle size of floodplain sediments was markedly
constant as a function of distance from the channel for the Minnehaha system, suggesting that
sediment transport is primarily associated with convective overbank flow. There could also be
topographical and morphological reasons for this difference between the two systems. Firstly, the
Minnehaha floodplain is a much wider system with a less distinct slope towards the floodplain margin
compared to the Gatberg floodplain. This could explain why the trend is weaker for the Minnehaha
system due to the longer distances that sediment-laden flood water must travel. Secondly, the
Minnehaha River has a lower sinuosity than the strongly meandering Gatberg River. Beyond the levee,
across-floodplain trends display a moderate to low decrease in mean particle size with distance from
the channel potentially because of the calibre of the sediment load- clay and silt accounted for over
85 % of the samples. The floodplain samples also exhibited a higher percentage of organic matter
content and total phosphorus concentration compared to those taken from the channel. The
distribution dynamics of phosphorus were mainly influenced by the organic matter content, such that

in general areas with higher organic matter content also have higher total phosphorus concentrations.

The patterns and trends of surface sediment characteristics were more pronounced when the
floodplain was divided into geomorphic units. The analysis of floodplain geomorphic units revealed
that both floodplain systems had the highest Dso particle size and percentage of the sand fraction in
the bank and levee, as well as in the proximal floodplain units. These units also had the lowest per
cent clay fraction, organic matter content, and total phosphorus concentrations. These geomorphic
units form the potential exchange zone and where channel processes have the greatest effect. In the
Minnehaha River floodplain system, the oxbows and backswamp units had the lowest Dso particle
sizes and per cent sand fractions. These units had the highest per cent clay fraction, organic matter
content, and total phosphorus concentrations. This suggests that these features experience lower flow
velocities and are therefore less at risk from erosion and are likely to store sediment for longer periods.
In the Gatberg River floodplain system, like the Minnehaha system, the oxbow geomorphic unit had
the lowest Dso particle size and percentage sand fractions, as well as the highest clay fraction, organic
matter content, and total phosphorus concentrations. This alludes to the importance of oxbows in
trapping fine sediment, phosphorus, and organic carbon. However, the backswamp unit had the
second-highest percentage sand fraction, which may indicate a secondary input of sand from the
surrounding hillslopes. The relationships between geomorphic unit type, hydraulic conditions,
processes within the unit, sediment size characteristics, organic matter content, and phosphorus

concentrations found in this study are highlighted in Table 8.1.

Field observations in both the Gatberg and Minnehaha River floodplain systems revealed that both

oxbows and backswamps were frequently flooded during the wet season. This suggests a strong
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connection between these systems and their channels, with multiple occurrences of overbank

floodwaters throughout the wet season.

Therefore, the evidence of selective deposition strongly suggests that particle size is the main factor
that determines sediment-characteristic deposition. The distribution of particle sizes is influenced by
various factors, such as the type of geomorphic unit, the distance from the channel, the frequency,
depth and velocity of floodwater, and the length of time the particles spend in the area (residence
time). By comparing the hydraulic conditions that occur in specific geomorphic units with the observed

size distribution of particles in over-bank deposits, the different modes of deposition can be inferred.

The wider implication of preferential deposition is its significant impact on the fate of contaminants.
Although fines can be easily washed on and off the floodplain, a considerable portion of fines can
settle and be deposited during ponding where floodwaters are retained. Consequently, contaminants
like heavy metals and nutrients such as phosphorus, which readily bind to fines, may become
concentrated in the floodplain environment. This study sheds light on the preferential accumulation
of fine sediment in floodplain environments, such as oxbows, emphasizing its environmental
implications for water quality and floodplain pollution. The accumulation of heavy metals on
floodplains may have adverse effects on environmental health, particularly for livestock grazing in
polluted areas. Additionally, this study provides empirical data to complement numerical models of
sediment transport and deposition. Lastly, the study highlights that morphological units and

hydrological conditions, play a significant role in the functioning of these systems.
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Table 8.1 The general characteristics, processes, and relationships identified for the different geomorphic unit types used in this study

. . . . Gatberg Minnehaha
. . . - . Sediment particle size ~ Organic matter Total phosphorus > R .
Geomorphic unit Hydraulic conditions Processes operating . . floodplain floodplain median
characteristics content concentration .
median values values
Overbank floodwaters; high energy; Advective transfer of sediment; preferential Higher Dso particle Low organic Low total Dso= 81um; Sand=  Dso= 25um; Sand=
turbulent conditions; shallow water depths; deposition of coarser sediment fractions; size; higher matter content phosphorus 59%; Clay and 10%; Clay and silt=

Bank and levee

Proximal floodplain

Floodplain surface

Oxbow

Backswamp

low residence time; rough vegetation;
channel-floodplain interactions

Overbank floodwaters; high energy;
turbulent conditions; slightly deeper water
depths (especially in the lower elevation
area behind the levee; low residence time;
vegetation changes (shrubs to a mixture of
shrubs and grass)

Variable energy regime dependent upon
discharge magnitude; water depths deeper
than above; variable residence times
dependent on microtopography (higher
areas will only be inundated in very large
floods); vegetation is grass

Stilling of floodwaters; low energy;
moderate to high water depths; longer
residence times (some oxbows contained
water all year round); some were covered in
reeds

Shallower water depth; sheet flow;
perpendicular flow along the floodplain
margin was observed; livestock tracks may
play a role in routing flow to this area from
the higher floodplain surface geomorphic
unit; moderate energy; remobilisation of
sediment; vegetation is grass

potential bank erosion (lateral migration)

Advective transfer of sediment; sediment
may be remobilised in subsequent floods;
potential high zone of sediment exchange
(deposition and erosion)

Deposition and remobilisation of sediment;
livestock tracks may play a role in the
movement and deposition of sediment; some

perpendicular flow was observed; most of the

floodplain surface was covered in water for
the whole of the wet season

Retention ponding; sediment settles out in
situ; in these two floodplains distance did not
play a role because the whole floodplain was
inundated in the wet season

Deposition and remobilisation of sediment;
livestock tracks may play a role in the
movement and deposition of sediment; some

perpendicular flow was observed; most of the

backswamp was covered in water for the
whole of the wet season; adjacent hillslopes
and the unpaved road played a role in
introducing sand to the backswamp
geomorphic zone in the Gatberg floodplain
system

proportion sand
fraction; Low clay and
silt fraction

Exponentially finer
than above

Slightly finer than
above; a lower
proportion of sand; a
higher proportion of
clay and silt

Very fine sediment;
lowest proportion of
sand; high proportion
of clay and silt
fraction

Same as above,
except for the input of
sand from the
adjacent hillslopes in
the Gatberg
floodplain system

(oMC)

Slightly higher
organic matter
content than
above

Very slightly
higher organic
matter content
than above

High organic
matter content

Slightly lower
organic matter
content than
above

concentration (TP)

Slightly higher total
phosphorus
concentration than
above

Minimal change in
total phosphorus
concentrations from
above

High total
phosphorus
concentration

Slightly lower total
phosphorus
concentration than
above

silt= 41%; OMC=
3%; TP=0.07 g kg

Dso= 15um; Sand=
9%; Clay and silt=
91%; OMC= 9%;
TP=0.10g kg

Dso= 12um; Sand=
8%; Clay and silt=

92%; OMC= 12%;

TP=0.08 g kg

Dso= 9um; Sand=
7%; Clay and silt=
93%; OMC= 12%;
TP=0.13gkg

Dso= 10um; Sand=
7%; Clay and silt=

93%; OMC= 11%;

TP=0.12gkg

90%; OMC= 8%; TP
0.11gkg

Dso= 28um; Sand=
11%; Clay and silt=
89%; OMC= 9%; TP=
0.12gkg

Dso= 20um; Sand=
8%; Clay and silt=
92%; OMC= 8%; TP=
0.12gkg

Dso= 22um; Sand=
10%; Clay and silt=
90%; OMC= 13%;
TP=0.21gkg

Dso= 19um; Sand=
9%; Clay and silt=
91%; OMC= 7%; TP=
0.08 g kg
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8.4 TEMPORAL AND SPATIAL PATTERNS OF SEDIMENT AND PHOSPHORUS DEPOSITION

Floodplains provide valuable social and ecological functions and understanding the rates and patterns
of overbank sedimentation is critical for river catchment management and rehabilitation. The
accumulation of alluvium typically represents a long-term aggrading environment (Chapter 6).
However, it has been documented that overbank deposition is not uniform across the floodplain but
is often associated with local preferentially aggrading sites. Thus, floodplains are composed of
segments of different ages and sedimentological character (Brown and Keough 1992; Simm 1993;
Thonon 2006; Swanson 2013). To gain a more comprehensive understanding of the role of storage in
providing ecosystem services in floodplain systems, it is crucial to acquire additional information on
the extent and spatial variations in overbank sedimentation rates. This is necessary for quantifying the
involved processes, developing effective policies and management actions, and establishing a
foundation for the development and calibration of models, as emphasised by Pizzuto (1987) and

Nicholas and Walling (1996, 1997).

The information on sedimentation rates and patterns of contemporary sedimentation along the
Gatberg River and Minnehaha River floodplain systems (Objective 3; Chapter 6) has emphasised their
importance as sediment sinks and sediment storage units along the river systems, as well as their

importance as component of the sediment budget of the two catchments.

The results of this study suggest that the Gatberg and Minnehaha floodplain systems store a significant
amount of sediment and associated phosphorus (see Chapter 6). Geochronology cores were
positioned to target the main geomorphic units found in the floodplain systems (identified in Chapter
5). Field evidence (e.g., debris and fine sand deposits) was observed at the locations of the cores on
the meander bends which confirmed that these levels were still active and were inundated frequently.
The oxbows were located further away from the channel, however, observations in the field suggest
that these were still connected to the channel during flooding and experienced inundation as well as
deposition. The backswamp areas were observed to be inundated throughout the wet season (2019-
2021). This suggests that all geomorphic units remained active and frequently inundated during

overbank flood flows.

The average amount of sediment deposited on the Gatberg River floodplain was 1.1 g cm™ yr™". The
sedimentation in the Minnehaha River floodplain system was slightly more, on average 1.2 gcm ~2yr™.
The sediment accumulation across the different geomorphic units showed clear patterns, related to
the distance from the main channel, sediment particle size, inundation frequency, and local relief. In
both systems, accumulations of larger sediment Dso particle sizes and the sand fraction with low

organic matter content occurred in the proximal floodplain geomorphic zone (Table 8.2). Oxbows in
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both systems were found to have a high clay fraction and organic matter content with lower
sedimentation rates. The backswamp in the Minnehaha system had the lowest sedimentation rates
and the highest clay fraction. There was one unexpected outlier in the Gatberg floodplain system: the
backswamp had one of the highest sedimentation rates. This was thought to be related to additional
inputs from the surrounding hillslope and connectivity to the adjacent uncapped gravel road. Total
phosphorus accumulation rates followed a similar pattern as the sedimentation rates. This study
found that sedimentation rates were difficult to separate using the aridity index (a numerical measure
of how dry the climate is at a specific location). The ranges of sedimentation rates were wide and
varied a large amount across the climatic zones when categorised by the aridity index. The study found
that specific hydrological, morphological, and physiological factors were more important in predicting

sedimentation rates.

To place the estimates of floodplain storage of both sediment and sediment-associated total
phosphorus within the broader context of the sediment and total phosphorus budgets for the two
research catchments, it is useful to compare them with estimates of the estimated annual suspended
sediment and sediment-associated phosphorus yield for their respective catchments (Chapter 6). The
results summarised in Table 8.2 indicated that the Gatberg floodplain deposition accounts for an
average of 16 % of the mean estimated suspended sediment input. The Minnehaha floodplain
deposition accounts for an average of 44 % of the mean estimated suspended sediment input, and 8
% and 49 % (respectively) of the equivalent sediment-associated total phosphorus flux (Table 8.2).
This was further divided into geomorphic units to estimate the relative importance of each unit to the
sediment and total phosphorus budget. For the Gatberg floodplain system, the greatest potential
proportion of sediment stored on the floodplain surface of the total sediment yield was for the
backswamp zone. The proximal floodplain zone and the oxbows had the same mean proportion
(Figure 8.2). For the Minnehaha floodplain system, the greatest potential proportion of sediment
stored on the floodplain surface of the total sediment yield was for the oxbow geomorphic unit,
followed by the proximal floodplain zone and the least proportion was estimated for the backswamp

zone (Figure 8.3).

To compare the Gatberg and the Minnehaha floodplain systems' ability to trap sediment and
phosphorus the total sediment and phosphorus trapped by each floodplain can be normalised by
dividing the total values of sediment and phosphorus (t km? yr™') by the catchment extent. The
normalised sediment and phosphorus trapped by the Gatberg floodplain system were 9.76 and 0.0007
t km? yr™", respectively. For the Minnehaha floodplain system, the normalised sediment and
phosphorus trapped were 26.84 and 0.003 t km? yr™", respectively. These results suggest that the

Minnehaha floodplain system has a greater influence on the sediment and phosphorus fluxes by
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trapping significantly more sediment and phosphorus. These results show the importance of the

relative size of the floodplain system to the catchment extent.

The storage of sediment and sediment-associated total phosphorus represents an important
component of the suspended sediment and phosphorus budgets of the study catchments. Floodplain
storage has important implications for both the routing of sediment through fluvial systems and the
determination and interpretation of downstream sediment fluxes. The dynamic nature of sediment
storage and remobilisation adds to the complexity of this issue. Additionally, sediment storage on
floodplains also has important implications for the fate of nutrients, such as phosphorus, and
contaminants associated with fine-grained sediment. Further research which uses field measurements
is needed to quantify the storage (both alluvial and colluvial) and routing of sediment in a wider range
of river catchments. Such studies should be carried out at a variety of different spatial scales since
many geomorphological processes have scale dependencies, which means that the fraction of

sediment in storage is likely to be proportional to the catchment size.

Table 8.2 Comparison of the general characteristics, sediment and phosphorus accumulation rates, and the mean proportion
of sediment and phosphorus trapped by each geomorphic unit within each floodplain system

12.8

8.8

4.4

4.4

45.3

0.2

0.1

Proximal floodplain Oxbows Backswamp
Gatberg Minnehaha Gatberg Minnehaha Gatberg Minnehaha
floodplain  floodplain floodplain floodplain | floodplain  floodplain
Dso (um) 25.4 32.8 18.0 17.8 19.1
Sand fraction (%) 15.0 21.2 8.4 8.1 7.8
Clay fraction (%) 13.6 10.7 16.3 16.8 15.9
Organic matter content (%) 5.2 4.9 9.3 6.9 5.5
Total phosphorus concentration (mg kg™) 99.3 79.8 92.3 129.2 64.5
Sedimentation rate (g cm™2yr™") 1.0 1.4 0.7 1.0 1.4
Total phosphorus accumulation rate (g m™2 yr™) 1.0 1.0 0.6 1.1 0.9
Mean proportion of total suspended sediment
yields trapped by each geomorphic unit (%) 3 16 3 20 10
Mean proportion of total phosphorus yields
trapped by each geomorphic unit (%) 3 16 2 29 4
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Figure 8.2 Sediment and total phosphorus mass balance estimates for the Gatberg River floodplain
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Figure 8.3 Sediment and total phosphorus mass balance estimates for the Minnehaha River floodplain
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8.5 EROSION AND RECYCLING

While floodplains are predominantly formed through the accumulation of alluvial deposits, they are often
subject to erosional forces that shape and modify their surface (Rhoads 2020). Channel erosion, although
a natural and dynamic process integral to the migration of meandering rivers, significantly influences the
sediment and sediment-associated nutrients and contaminants budget. River meander migration plays a
key role in the unsteady “conveyor belt” of sediment redistribution from source to sink areas. This impact
stems from the movement, sorting, and dispersion of sediment and sediment-associated nutrients,
contaminants, and organic materials caused by channel and floodplain surface erosion. Like depositional
processes, the efficiency of erosional processes varies spatially and depends on the type of river. Erosional
processes have the potential to re-work deposited material on floodplain surfaces, thereby transforming
it into a source of sediment, nutrients, and contaminants. Therefore, estimating floodplain sediment and

nutrient retention should consider the net flux of both depositional and erosive processes.

The Gatberg and Minnehaha Rivers are both categorised as mixed-bed single-thread meandering rivers
with the channel beds mostly consisting of the sand fraction and banks predominantly comprised of very
fine to fine sand. Both channel beds and banks in both systems had < 10 % organic matter content (see
Chapter 5). Field observations showed that bank erosion, collapse, and slumping occurred in both river
systems during the wet seasons. Chapter 7 (objective 4) evaluated contemporary channel bank erosion
and deposition, historical channel alterations, lateral migration rates, changes in channel geometry, and
the potential for future channel adjustments using a combination of aerial and historical image analysis,

fieldwork, and ArcGIS software.

The median volume of eroded material from the meander bends measured over the study period was low
(3.4 m3for the Gatberg floodplain system and 2.3 m3 for the Minnehaha floodplain system). These median
values were extrapolated to the whole floodplain (520 t yr™' for the Gatberg and 359 t yr™' for the
Minnehaha- see Chapter 7; Figure 8.2 and Figure 8.3). The greatest proportion of the eroded material was
sand for both systems, suggesting that the eroded material comes from the channel banks and point bars.
The median extrapolated volumetric estimates of total phosphorus were 0.3 t yr™" for the Gatberg and 0.2

t yr™' for the Minnehaha.

Historical satellite imagery was utilised to conduct a temporal analysis for both the Gatberg and
Minnehaha River floodplain systems. The analysis of historical images for the Gatberg River floodplain
system revealed three instances of meander bend cutoff events between 1958 and 1993, suggesting an

inferred frequency of one event every nine years. Field observations conducted in 2022 identified one
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meander bend in the process of being cut off. All three-meander bend cutoff events, along with the
meander bend currently undergoing the process, took place between the two tributaries entering the
system. Within the Minnehaha River floodplain system, a total of four meander bend cutoff events were
identified along the length of the system between images from 1958 and 2015, indicating an average
frequency of approximately one event per seven years. However, numerous meander bend cutoffs have
occurred in the pre-1958 period, which is seen in the form of traces of oxbows on both floodplain systems.
Meander bend cutoff events can have significant implications for sediment transport and storage within
river systems: 1) meander cutoffs can create oxbows, which are often characterised by slower water
velocities compared to the main river channel. As a result, sediment carried by the river water tends to
settle out and accumulate within these abandoned channels, leading to sediment trapping; 2) after a
meander cutoff event, the river's energy is concentrated in the new, shorter, and straighter channel. This
increased energy can lead to greater erosion along the new channel's banks and bed, as well as
downstream. Consequently, sediment that was previously stored in the abandoned meanders is re-
mobilised and transported downstream, contributing to sediment recycling within the river system. Both
floodplain systems were partitioned into four zones to delineate and compute alterations in river length
and sinuosity indices between the historical river course and the present river course. In both floodplain
systems, most zones exhibited a decrease in sinuosity from the historical river course to the current
course, reflecting the occurrence of the few identified meander bend cutoff events within each zone.
Meander cutoffs play a crucial role in river morphodynamics by elevating the local channel slope, reducing
river sinuosity, and limiting floodplain access. They also significantly influence the sediment and
phosphorus flux during the respective periods by reintroducing a substantial amount of sediment back

into the river system.

The lateral migration rates were estimated by Carbon geochronology from a nested oxbow sequence on
the Gatberg River floodplain system. This data was supplied by de Villiers (2022). The two oxbows were
in the upper section of the floodplain system. The abandonment of the oldest oxbow followed a meander
bend cutoff approximately 3627 years before the present (BP), succeeded by another meander bend
occurrence around 2830 BP. These meanders bend cutoff events have led to episodic channel migration,
with an average lateral migration rate of approximately 0.03 meters per year. The rates of floodplain
reworking in the Gatberg River floodplain, akin to other wetlands in South Africa, are notably lower than
those in humid regions worldwide (Black et al. 2010; Keen-Zebert et al. 2011). Nevertheless, the Gatberg
system compares well with migration rates observed in rivers within dryland regions (Owens 1998; Ellery

et al. 2003; Grenfell 2007; Tooth et al. 2014; Larkin et al. 2017). The low estimated lateral migration rates
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of the Gatberg River floodplain system could be due to a combination of very low slope, low stream power,

low sediment supply and cohesive channel banks.

The river and oxbow morphological analysis revealed that the mean ratio of curvature to bankfull width
values decreased from 2 for the oxbows, 2.1 for the channel in 1958, to 1.8 for the current channel in the
Gatberg system. All the curvature to bankfull width ratios were below or close to the curvature to bankfull
width values (between 2 and 3) that coincide with peak migration values as supported by many studies
(e.g., Finotello et al. 2018; Hudson and Kesel 2000; Hooke 2003; Glineralp and Rhoads 2008; Nicoll and
Hickin 2010), further indicating that channel migration on the Gatberg River floodplain occurs slowly. In
contrast, the mean curvature to bankfull width ratios in the Minnehaha system was 3 for the oxbows, 2.2
for the meander bends in 1958, and 2.6 for the meander bends in 2015. These figures indicate a higher
frequency of migration for the Minnehaha River floodplain system compared to the Gatberg floodplain

system.

To assess the likelihood of future channel alterations within the Gatberg and Minnehaha River floodplain
systems, two processes were examined by analysing the dimensions of the existing channel courses (see
Chapter 7). Within the Gatberg floodplain systems, only one meander bend exhibited a high potential for
future neck cutoff (< 1), whereas in the Minnehaha floodplain, no meander bends were identified with a
high potential for neck cutoff. Visual evaluations identified 5 meander bends meeting chute cutoff stability

criteria in the Gatberg floodplain and 20 in the Minnehaha floodplain.

Measuring river change is crucial for effective river management for several reasons: 1) to understand
natural processes. Rivers are dynamic systems that undergo continuous changes in response to natural
processes such as erosion, sediment transport, and channel migration. Measuring river change helps
managers understand these natural processes and their impacts on river morphology, hydrology, and
ecosystems; 2) to evaluate environmental impacts. River change can have significant environmental
impacts, affecting aquatic habitats, biodiversity, water quality, and ecosystem services. Monitoring and
measuring river change allow managers to assess these impacts and identify areas of concern where
intervention may be necessary to mitigate negative effects on the environment; 3) assess floodplain
inundation and flood risk. Changes in river morphology, such as channel widening, meander migration, or
sediment accumulation, can affect the flow capacity of rivers and alter floodplain inundation frequency
and flood risk levels. By monitoring river change, managers can assess changes in flood risk and implement
appropriate measures to mitigate flood hazards; 4) optimise water resource management. Rivers are vital

sources of freshwater for various human activities, including agriculture, industry, and municipal water
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supply. Understanding river change is essential for optimising water resource management, including
water allocation and hydropower generation. Measuring changes in river flow, sediment transport, and
water quality provides valuable data for decision-making in water resource planning and management; 5)
effective river management is crucial for promoting sustainable development that balances socio-
economic development with environmental conservation. Measuring river processes helps ensure that
development activities along rivers are conducted in a sustainable manner that minimises negative

impacts on the environment while maximising socio-economic benefits.

Overall, understanding river and floodplain processes is fundamental for informed decision-making in
river management, enabling managers to maintain the ecological integrity of river systems, reduce risks
to human communities, and sustainably utilise water resources for the benefit of present and future

generations.
8.6 CONCLUSION

Floodplains play a crucial role in providing essential ecosystem services to both local communities and
those downstream by effectively retaining floodwaters, sediments, and associated nutrients. These areas
exhibit a dynamic nature in which they can accumulate sediment and nutrients through deposition, while
simultaneously exporting materials downstream through erosion. The provision of these ecosystem
services is vulnerable through the loss of floodplain functioning brought on by land use change, climate
change and degradation. By the assessment, quantification, and valuation of floodplain dynamics, we can
start to predict the importance of functional floodplain systems on human well-being and provide
information on trade-offs between development pressures and conservation goals to improve

management and rehabilitation priorities.

Floodplain wetlands in dryland settings, including South Africa, are widespread and dynamic
environments found along drainage lines. Floodplain wetlands are hot spots for ecosystem service
provision and form critical areas of resilience and buffers against climate and anthropogenic changes.
Globally and in South Africa there has been widespread wetland deterioration and exploitation, and this
has driven large-scale investment into the conservation and rehabilitation of these systems (Ellery et al.,
2009; Kotze et al., 2009; Dini and Bahadur 2018). In South Africa, this amounted to approximately R826.6
million from 2004 for the rehabilitation of about 1000 wetlands across the country (DFFE: Working for
Wetlands Program n.d.). However, there is a lack of empirical data on how these systems naturally
function, to what extent they provide ecosystem services, and whether season, climate, geomorphology,

and humans affect these processes and to what extent. Current management and rehabilitation protocols
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in South Africa for wetlands are mostly focused on surface hydrological and ecological principles based on
the hydrogeomorphic classification system, with very little focus on process-based geomorphology
evaluations, such as sediment dynamics (McCarthy et al. 2010; Grenfell et al. 2019; Grenfell et al. 2020).
Understanding and quantifying the spatial and temporal variability, availability and composition of
suspended sediment mass fluxes, phosphorus fluxes, and floodplain storage has significant implications
for future management and rehabilitation programs for floodplain systems as well as supplying data for
calibration of sediment and scenario models. This research, using two case studies, has generated a
baseline knowledge and provides quantification and insights into the efficacy of the two floodplain
systems in regulating downstream fluxes of suspended sediment and associated total phosphorus
concentrations. The research has provided sedimentation and phosphorus accumulation rates for
different floodplain geomorphic units, highlighting the spatial diversity and complexity of sediment and

phosphorus storage within these systems.

Although sediment is a natural component of aquatic ecosystems, excess fine-grained sediment can cause
many negative impacts on the health of these environments and impact local and downstream users.
Understanding the potential catchment source assemblages and their relative connectivity to the river
system is critical to understanding catchment use and impairment and where to target potential water
quality improvement management practices (Novotny and Chesters 1989; Gellis et al. 2016). A complete
understanding of sediment sources, movement, fate, and delivery, to tailor management measures in a
way that would minimise downstream loading of sediment and its detrimental effects is required.
Landscape connectivity in both the Gatberg and Minnehaha River catchments are naturally high due to
the generally steep landscape, however, this has been increased due to anthropogenic land use changes.
This means that the sediment and associated phosphorus that is mobilised throughout the catchments
are more likely to be transported to the river, especially during high-intensity summer rainfall events that

are a natural occurrence in this environment.

The results of the study make it clear that sediment and associated phosphorus dynamics in floodplain
systems are complex and can change over both spatial and temporal scales. Floodplain system research
requires the use of both desktop analysis and field observations and measurements to understand the

processes that underpin the sediment dynamics and storage of these systems.
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8.7 LIMITATIONS AND SOURCES OF ERROR

- COVID-19 lockdown and movement restriction had a huge effect on field investigations and the
thesis in general. Field equipment could not be downloaded, checked and re-installed. Laboratory
work could not be conducted.

- Time-integrated samplers were intended to be collected every month during the wet season;
however, high flow conditions made it unsafe to do so and could have led to sediment loss during
removal, potentially misrepresenting and underestimating data such as trapping efficiencies.
Additionally, it was found that astroturf mats and small PVC samplers installed on the floodplain
surface were unsuitable for sediment capturing in these systems as the PVC samplers captured
little to no sediment and the astroturf mats were either eaten by livestock or burnt, limiting the
representation of seasonal or monthly variations in sediment accumulation. Consequently, the
study used sediment cores for a longer-term investigation into the sediment dynamics of these
systems.

- Thestudy field investigations were limited to two years, research over a longer period would give
key trends and potentially a better indication of the natural range of variability.

- Due to time and funding constraints limited the number of cores investigated. Increasing the
number of cores in each of the floodplains would increase the spatial resolution and give a better
indication of the sedimentation and phosphorus rates of the different geomorphic features.

- Using sediment yield data from another catchment that is a different size, with a slightly different
land use configuration (although scaled by area to my research sites) might introduce inaccuracies
and uncertainties in the trapping efficiency values estimated for the study sites, especially as the
method was sensitive to the input yield values.

- Erosion from the channel banks on straight sections was not conducted this may have introduced
uncertainties in the estimation of the contributions of sediment and phosphorus from the channel
bank. Time and funding constraints limited the assessment of the channel erosion to visual
observations and desktop analysis rather than direct measurement.

- Maps and aerial photographs serve as representations of reality and are affected by factors such
as scale, geometric transformations, and projections. Inaccuracies from photo and map
representations and digitising could be significant.

- Rainfall measurement is only representative of the area measured by the rain gauge, thus

upscaling a single point measurement to the catchment scale will introduce error.
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- Sediment chronology introduced significant errors. The measurement error of laboratory
equipment was in the range of 2-10 %. Using the data in models introduced a further error of 10-
30 %. Dating-related errors could thus be high, which excludes the representativeness of the

actual field sampling.
8.8 DIRECTION FOR FUTURE RESEARCH

Further research should focus on quantifying sediment and phosphorus storage in floodplain systems in
other climatic zones as well as investigations in other types of wetlands in South Africa this would create
a robust baseline database in which management and rehabilitation practices could make informed and
nuanced policies and implementation strategies. Hydrological and vegetation monitoring in the two study
sites would provide more in-depth knowledge of the spatial dynamics of sediment and phosphorus across
the floodplain surface. Future research could attempt to establish the relationship between rainfall
variability and sediment trapping over longer periods. Attempts to include the different forms of
phosphorus (e.g. metal-bound phosphorus and organic phosphorus) would add valuable insights. This
research only examined two of the water-quality improvement ecosystem services outlined by the MEA
(2005), and further research could investigate a wider range of water-quality improvement scenarios to
create a more holistic view of the ecosystem services that these floodplains provide. A larger number of
geochronological cores will provide a better temporal and spatial resolution of the sediment dynamics in
these systems. Long-term monitoring should be conducted to validate the conclusions that were drawn

from this study.
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APPENDIX 1- CHAPTER 4 MAPS
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Soil properties for the Gatberg River catchment (spatial dataset from Dijkshoorn et al. 2008)
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Soil properties for the Minnehaha River catchment (spatial dataset from Dijkshoorn et al. 2008)
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A slope map indicating gentle (< 5), moderate (5-20) and steep (> 20) slopes for the Gatberg River catchment. Also indicated are the geological
provinces.
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The potential sediment and phosphorus source maps of the Gatberg River catchment are displayed indicating north-facing slopes. Also
indicated are the geological provinces.
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The potential sediment and phosphorus source maps of the Gatberg River catchment are displayed indicating the cultivated fields (currently
and previously) and fallow land. Also indicated are the geological provinces.
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The potential sediment and phosphorus source maps of the Gatberg River catchment are displayed indicating the erosional gullies. Also
indicated are the geological provinces.
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The potential sediment and phosphorus source maps of the Gatberg River catchment are displayed indicating the roads. Also indicated
are the geological provinces.
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The potential sediment and phosphorus source maps of the Gatberg River catchment are displayed indicating towns and villages. Also
indicated are the geological provinces.
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The potential sediment and phosphorus source maps of the Gatberg River catchment are displayed indicating commercial forestry. Also
indicated are the geological provinces.

375



A slope map indicating gentle (< 5), moderate (5-20) and steep (> 20) slopes for the Minnehaha River catchment. Also indicated
are the geological provinces.
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The north-facing slopes in the Minnehaha River catchment. Also indicated are the geological provinces.
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The cultivated fields (currently and previously) and fallow land in the Minnehaha River catchment. Also indicated are the
geological provinces.
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The erosional gullies in the Minnehaha River catchment. Also indicated are the geological provinces.

379



The roads and livestock tracks in the Minnehaha River catchment. Also indicated are the geological provinces.
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The towns, villages, and residential buildings in the Minnehaha River catchment. Also indicated are the geological provinces.
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The commercial forestry in the Minnehaha River catchment. Also indicated are the geological provinces.
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APPENDIX 2- CHAPTER 5 FLOODPLAIN SEDIMENT STATISTICS
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Comprehensive analysis showing the trend analysis (R? values), to explore the relationships between sediment properties and the morphological

and geometrical properties of the Gatberg floodplain surface samples

Dependent variable

Independent variable (5:\:) (E::) (E:l: Sand fraction (%) ::::Zt?:: (iz; Clay fraction (%) OMC(%) TP(gkg™) Fe(gkg™) Al(gkg™) Mgl(gkg™)
Vegetation density per m? 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.2 0.0 0.0 0.1
Vegetation height (m) 0.1 0.2 0.2 0.1 0.1 0.1 0.2 0.4 0.1 0.0 0.0
Vegetation stem diameter (m) 0.1 0.1 0.1 0.1 0.1 0.0 0.1 0.1 0.2 0.0 0.0
Distance from channel (m) 0.2 0.3 0.2 0.1 0.1 0.2 0.2 0.0 0.0 0.1 0.0
Distance downstream (m) 0.1 0.2 0.1 0.1 0.1 0.2 0.0 0.0 0.0 0.1 0.0
Relative elevation (m.a.s.l) 0.3 0.3 0.3 0.2 0.2 0.3 0.1 0.1 0.2 0.1 0.0
Floodplain perpendicular slope (%) 0.2 0.3 0.3 0.2 0.2 0.2 0.3 0.1 0.1 0.1 0.0
Floodplain downstream slope (%) 0.2 0.2 0.1 0.1 0.1 0.2 0.0 0.0 0.0 0.2 0.0
Floodplain width (m) 0.1 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.2 0.0
::t’i‘;d”'a'" width/ channel width 0.1 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.2 0.0
Channel slope (%) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0
Sinuosity 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ds6 particle size (um) 0.2 0.1 0.1 0.2 0.0
Dso particle size (1um) 0.4 0.3 0.2 0.3 0.0
Ds,4 particle size (1um) 0.5 0.3 0.1 0.4 0.1
Organic matter content (%) 0.5 0.5 0.3 0.0
Sand fraction (%) 0.4 0.3 0.1 0.4 0.1
Clay and silt fraction (%) 0.4 0.3 0.1 0.4 0.1
Clay fraction (%) 0.3 0.1 0.1 0.2 0.0
Total phosphorus concentration (g 03 03 0.0

kg™)
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Comprehensive analysis showing the trend analysis (R? values), to explore the relationships between sediment properties and the morphological

and geometrical properties of the Minnehaha floodplain surface samples

Dependent variable

Independent variable Dis Dso Dsa Sand Clay and silt Clay omcC TP Bioavailable TP Ca(gkg™) Fe(gkg™) Al(gkg™) Mg(gkg™)
(um) (um) (um) fraction (%) fraction (%) fraction (%) (%) (gkg™) (gkg™)
Vegetation density per m? 0.1 0.1 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.2 0.0
Vegetation height (m) 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.1
:’r:)getatm" stem diameter 0.2 0.2 0.2 03 03 0.2 0.0 0.1 0.1 0.0 0.1 0.2 0.0
Distance from channel (m) 0.3 0.2 0.1 0.0 0.0 0.3 0.1 0.3 0.0 0.3 0.3 0.2 0.2
Distance downstream (m) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.1 0.0
Relative elevation 01 01 00 0.0 0.0 0.1 0.1 0.0 0.1 0.0 0.0 0.2 0.0
(m.a.s.l)
Floodplain perpendicular 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
slope (%)
Floodplain downstream 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
slope (%)
Floodplain width (m) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Floodplain width/ channel 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.1 0.0
width ratio
Channel slope (%) 0.1 0.1 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.1 0.0
Sinuosity 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.1 0.0 0.0 0.1 0.0
D6 particle size (um) 0.0 0.2 0.1 0.2 0.2 0.1 0.1
Dso particle size (um) 0.0 0.1 0.0 0.1 0.2 0.1 0.0
Ds,4 particle size (1um) 0.0 0.1 0.0 0.0 0.1 0.0 0.0
(oo/rfa"ic matter content 05 0.1 0.4 0.2 0.2 0.4
()
Sand fraction (%) 0.0 0.1 0.0 0.0 0.1 0.0 0.0
Clay and silt fraction (%) 0.0 0.1 0.0 0.0 0.1 0.0 0.0
Clay fraction (%) 0.0 0.2 0.1 0.2 0.3 0.1 0.1
Total phosr:vhorus . 0.3 0.5 0.6 0.4 0.4
concentration (g kg™)
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APPENDIX 3- CHAPTER 7 OXBOW AND MEANDER BEND STATISTICS
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Oxbows identified on the Gatberg River floodplain

Oxbow Distance from Area(m?)  Length (m) AYerage bankfull  Diversion  Radius of

number channel (m) width (m) angle (°) curvature (m)
1 46 210 25 5 80 8
2 47 1864 189 9 60 24
3 90 1564 176 10 70 22
4 33 191 34 8 82 8
5 37 3291 46 6 85 32
6 59 356 60 9 90 11
7 90 556 89 13 75 13
8 145 950 165 12 94 17
9 28 166 49 6 90 7
10 70 233 119 7 83 9
11 45 435 25 5 90 12
12 57 1281 70 6 80 20
13 53 1353 91 7 80 21
14 46 594 65 9 85 14
15 21 303 34 8 92 10
16 54 562 65 9 70 13
17 65 1147 97 9 95 19
18 39 459 50 10 90 12
19 84 688 80 5 75 15
20 39 1356 165 9 85 21
21 32 242 56 9 94 9
22 50 483 101 9 100 12
23 18 166 36 7 87 7
24 26 998 30 5 89 18
25 58 633 43 9 90 14
26 13 378 44 8 100 11
27 38 605 45 8 82 14
28 71 210 52 7 87 8
29 103 777 76 9 98 16
30 23 236 63 9 80 9
31 64 1989 33 9 79 25
32 42 544 130 10 80 13
33 87 528 27 6 79 13
34 61 2600 104 8 78 29
35 56 305 144 10 85 10
36 23 202 34 7 89 8
37 25 896 43 5 80 17
38 72 429 64 6 86 12
39 29 922 37 10 88 17
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40 20 128 124 7 105 6
41 37 1889 20 6 78 25
42 73 358 131 12 92 11
Oxbows identified on the Minnehaha River floodplain
mumber _ coamet(my | Area(m) Length(m)  JERER IR BERRCT  anvature ()
1 38 10279 430 8 90 57
2 53 4961 175 7 94 40
3 50 665 131 7 95 15
4 45 3208 118 6 100 32
5 39 4536 303 12 102 38
6 36 4106 322 10 94 36
7 19 936 52 9 90 17
8 19 1075 443 9 105 19
9 114 484 50 6 120 12
10 57 2078 65 7 80 26
11 31 926 78 8 82 17
12 17 991 74 11 85 18
13 24 1563 116 8 75 22
14 31 2002 72 11 70 25
15 43 2451 197 13 72 28
16 27 2248 83 7 80 27
17 20 2724 189 13 83 29
18 7 1192 123 8 65 19
19 10 236 44 8 85 9
20 32 575 55 6 115 14
21 17 1052 128 9 70 18
22 11 1028 86 8 90 18
23 7 1381 113 9 90 21
24 13 3393 320 5 90 33
25 12 1407 143 6 110 21
26 41 1574 79 8 105 22
27 36 921 91 8 75 17
28 15 790 109 10 90 16
29 22 3526 109 12 105 34
30 33 680 174 11 80 15
31 56 384 47 13 105 11
32 6 463 84 6 98 12
33 11 327 59 6 95 10
34 5 4929 203 9 45 40
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Measurements of the meander bends found in the Gatberg River system

Meande Area Wavelengt Bend Meande chut Amplitud radiusof Mean Tightnes  Type of meander bend (Frascati  Models of meander bend
r bend (m?) h (m) lengt rbend e e (m) curvatur  bankful s of and Lanzoni 2009) change (Hooke 1977)
number h(m) neck ratio e (m) | width  bend
width (m)
(m)
1 493 148 54 28 2 29 13 6 2.1 Upstream-skewed Extension and rotation
2| 361 129 55 43 1 27 11 7 15 SDk'; V\x{z‘ream' fg:g;::” expansion, and
3 122 80 37 24 2 31 6 5 1.2 Upstream-skewed Extension and rotation
4 328 78 44 34 1 27 10 5 2.0 Upstream-skewed Extension and rotation
5 292 67 30 26 1 24 10 7 1.4 Symmetrical Extension
6 269 66 26 23 1 14 9 7 1.3 Symmetrical
7 202 193 93 40 2 61 8 7 1.1 Compound Extension and rotation
8 104 54 23 20 1 14 6 7 0.8 Symmetrical
9 106 48 17 16 1 13 6 7 0.8 Symmetrical
10 207 71 37 25 1 25 8 8 1.0 Upstream-skewed Extension and rotation
11 391 82 41 38 1 19 11 6 1.9 Symmetrical
12 231 78 36 19 2 37 9 6 1.4 Upstream-skewed Extension and rotation
13 236 127 74 21 4 59 9 7 1.2 Upstream-skewed Extension and rotation
14 62 141 19 18 1 10 4 7 0.6 Symmetrical
15 153 179 72 34 2 37 7 7 1.0 Upstream-skewed Extension and rotation
16 | 705 191 82 39 2 73 15 7 21  Compound f::j;i':” expansion, and
17 233 113 34 28 1 15 9 7 1.2 Symmetrical
18 | 398 97 42 23 2 25 11 6 1.9 ?&"\‘;ﬁream' Extension and rotation
19| 163 173 99 33 3 71 7 6 12 Compound f;‘::;;':” expansion, and
20 410 175 58 39 1 29 11 6 1.9 Upstream-skewed Extension and rotation
21 1134 121 55 44 1 29 19 7 2.7 Symmetrical Expansion
22| 283 89 23 19 1 20 9 6 16 Sli‘fl’vr:;ream' Extension and rotation
23 359 68 37 20 2 28 11 7 1.5 Upstream-skewed Extension and rotation
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Measurements of the meander bends found in the Minnehaha River system

Meand
Ben Mean
Meand d er chut Angle bankf  Tightn
er Wavelen len bend e Amplitu of radius ull esgs of Type of meander bend (based on  Models of meander bend
bend gth (m) g neck rati de(m) curvatu of . Frascati and Lanzoni 2009 change (Hooke 1977)
th . o width  bend
numbe (m) width o re (°) curvatu (m)
r (m) re (m)
1 417 107 84 1 98 16 53 17 3 Downstream-skewed Extension
2 450 149 129 1 39 15 45 14 3 Symmetrical Extension
3 435 60 40 2 27 10 22 14 2 Downstream-skewed Extension and rotation
4 326 34 33 1 10 10 12 6 2 Symmetrical
5 149 31 31 1 10 8 11 5 2 Symmetrical Expansion
6 104 45 30 2 28 30 15 5 3 Symmetrical
Compound downstream-
7 125 67 33 2 41 20 12 6 2 skewed . Extension and rotation
Multiple
8 56 31 30 1 18 30 15 5 3 Symmetrical loops
9 87 43 24 2 21 40 12 6 2 Symmetrical Extension
10 133 44 22 2 22 10 9 4 2 Symmetrical Multiple
11 130 53 42 1 15 28 16 4 4  Symmetrical loops Extension
12 106 45 24 2 41 20 12 5 2 Compound downstream-skewed Extension and rotation
13 88 36 18 2 19 21 8 4 2 Upstream-skewed Extension and rotation
14 75 15 13 1 8 10 8 3 3 Symmetrical Extension
15 97 33 31 1 15 23 12 4 3  Compound Extension
16 160 27 16 2 42 25 6 5 1 Downstream-skewed Extension and rotation
17 193 153 79 2 71 50 52 4 13 Compound Multiple Extension and expansion
18 134 39 23 2 18 6 8 5 2 Symmetrical loops
19 209 40 25 2 29 20 15 5 3 Downstream-skewed Extension and rotation
20 193 43 21 2 18 15 11 3 4  Downstream-skewed Extension and rotation
21 46 18 16 1 7 15 6 3 2 Symmetrical
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